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ABSTRACT
Understanding

the

mechanisms

underlying

the

joint

action

of

xenoestrogens
Abnormal sexual development in man and wildlife and the rise in the incidence of
testicular and breast cancers are causing widespread concern. It has been suggested
that these effects might be related to environmental chemicals which are able to mimic
endogenous oestrogens. However, the low potency of many of these so-called
xenoestrogens has suggested that they pose negligible health risks when considered
individually. We became interested in testing whether weakly oestrogenic chemicals in
combination were able to produce an effect significantly different from the one
observed for the isolated compounds. The oestrogenic effects of eight chemicals of
environmental relevance were recorded using a recombinant yeast oestrogen screen
(YES). All agents were combined at a mixture ratio proportional to their potency. The
combination effects of this mixture were predicted on the basis of the concentrationresponse curves of all the components by using the concepts of concentration addition,
independent action, effect summation and the toxicity equivaiency factor approach. The
experimental data confirmed the combination effect predicted by concentration
addition, showing a clear additive effect. Crucially, there were substantial mixture
effects even though each chemical was present at levels that were, individually,
insignificant.
Although the action of many of the known oestrogenic compounds is well
explained by their ability to bind and activate the oestrogen receptor (ER), there are still
uncertainties concerning the mode-of-action of some others. Studies were undertaken
to clarify the mechanism by which compounds such as the organochlorine pesticide pHCH exert their oestrogenic activity. This chemical promotes proliferation of breast
cancer cells, but does not bind to the ER. In order to delineate between cell
proliferation via ER activation and other possible pathways, we measured the action of
this compound on the expression of the TFF1 gene (which is dependent on activation
of the ER) in MCF-7 and MDA-MB-231 breast cancer cells, by reverse transcriptioncompetitive polymerase chain reaction (RT-cPCR). Furthermore, we evaluated its
influence over important cell signalling pathways such as the mitogen activated protein
kinase (MARK) cascade. Our results suggest that p-HCH is capable of activating the
nuclear ER, by ligand independent activation via the MARK cascade.
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CHAPTER 1 - INTRODUCTION

The endocrine (endo = within; crin = to secrete) system is responsible for the
transmission of messages and the co-ordination of various functions of the
body. It comprises a group of ductless glands that affects bodily activities by
releasing chemical messengers called hormones {hormone = set in motion),
into the bloodstream. These hormones act in virtually any part of the body and
are essential for the control of the general well-being of the organism. They are
capable of dealing with emergency demands such as infections, traumas,
emotional stress, dehydration, starvation, haemorrhage and temperature
extremes, but also assume a more sustained role in the smooth, sequential
integration of growth, development and reproduction.
The amount of hormone released by an endocrine gland or tissue is
determined by the body’s need for the hormone at a given time. Secretion is
finely regulated so that there is no overproduction or underproduction of a
particular hormone. However, this equilibrium is occasionally disturbed and if
not recovered in time, disease occurs.
Hormones are most frequently grouped into 3 principle classes: amines,
proteins and peptides, and steroids. Due to the nature of the work presented
here, it seems irrelevant to progress with detailed information on all the classes
of hormones. Therefore, we will continue by expanding on the class of steroidal
hormones, with particular attention given to the production and function of our
hormones of interest, the oestrogens.

1.1. Steroid hormones

Three major classes of steroid hormones have been described on the basis of
biological assays: vitamin D3, the adrenal steroids, including cortisol and
aldosterone and the sex steroids (progesterone, oestrogen and testosterone).
The different classes play very diverse roles in target cells, not only controlling a
vast array of physiological responses in tissues, but also regulating proliferation
and differertiation of certain types of cells. Vitamin D is necessary for normal
12

bone development and differentiation, and is essential for calcium metabolism.
The adrenal steroids widely influence body homeostasis, controlling glycogen
and mineral metabolism as well as mediating the stress response. The sex
steroids provoke the development and determination of the embryonic
reproductive system, define sexual characteristics in the brain at birth, control
reproduction and reproductive behaviour in the adult and control development
of secondary sexual characteristics (Reviewed in Evans, 1988).
These distinct classes have in common the fact that their actions are
mediated by intracellular receptors, which function as ligand-dependent
transcription factors and regulate the expression of different subsets of genes.
This is achieved either directly, by binding of the receptor to response elements
in the target genes, or indirectly by modulating the activity of other transcription
factors.

7.7.1 Synthesis, storage and release o f oestrogens

In humans, the synthesis and secretion of oestrogens are regulated by trophic
hormones from the anterior pituitary, such as follicle stimulating hormone and
luteinising hormone.
In the woman, oestrogens are mainly synthesised in the ovaries. Other
sites of oestrogen production are the corpus luteum, the foetoplacental unit
during pregnancy and to a lesser extent, the adrenal cortex. The biosynthesis of
ovarian oestrogens involves the formation of androgens (androstenedione,
which can be converted to testosterone) from the precursor progesterone. This
latter steroid is synthesised from pregnolone, which is derived from cholesterol
(choie = bile; stereos = solid). The rate-limiting step in this synthesis is the
cleavage of the side chain from cholesterol to yield pregnolone. The
predominant oestrogen synthesised

is 17p-oestradiol (E2), followed by

oestrone, and oestriol (Figure 1.1.).
In the male, the main production site is the testis. However, many target
tissues, such as pituitary cells and hypothalamic neurons, convert circulating
testosterone into E2. As can be seen in Figure 1.1., testosterone and
androstenedione can be converted to E2 and oestrone by aromatisation. This
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reaction is carried out by a cytochrome P450 aromatase enzyme, which is
expressed in the granulosa cells of the ovaries, Ley dig cells of the testis and
many other tissues including the placenta, brain, liver and adipose tissue
(Reviewed in Conn, 1997).

Cholesterol

Pregnolone

Progesterone

17a-Hydroxypregnolone

17a-Hydroxyprogesterone

Dehydroepiandrosterone

Androstenedione

OH

Testosterone

Oestrone
pH

,0 H

•OH

Oestradiol

Oestriol

Figure 1.1. Biosynthesis of oestradiol.

Over 70% of circulating oestrogens are bound to a plasma protein called
sex hormone binding globulin (SHBG), which also binds testosterone. Another
25% is non-specifically bound to plasma albumin. The remaining unbound
fraction is considered biologically active as it can freely diffuse into tissues
during transit in the bloodstream (Toniolo etal., 1995).
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Plasma oestrogen concentrations differ from men to women and in the
latter, vary through the menstrual cycle and throughout life (Table 1.1.).

Table 1.1. Reference ranges of total oestrogens in adult human serum. Taken from De
Croat and Jameson, 2001.
Sex

Phase

Male

-

<37-210

Female

Follicular

< 37 - 360

Mid-cycle

625 - 2830

Luteal

6 9 9 - 1250

Post-menopausal

< 37 - 250

Serum levels (pmoles/l)

The metabolic conversion of E2 to its less potent derivatives and
conjugation to yield excretory products occurs chiefly in the liver. Metabolism
includes oxidative metabolism, mainly hydroxylation at the C-2 (Zhu et al., 1993;
Suchar et al., 1995), C-4 (Liehr et al., 1995) and C-16 (Huang et al., 1998)
positions of the steroid. The conjugation, i.e. glucuronidation, sulfonation and Omethylation, produces more water soluble derivatives, such as sulphates and
glucuronides. These can then be excreted via the bile or urine.

1.1.2. Physiological actions o f oestrogens

The most important actions of oestrogens occur in the female, where they are
essential for the differentiation of the secondary sexual characteristics and the
development and maintenance of the reproductive tract. They also play an
indispensable role in the menstrual cycle, acting on the uterus, fallopian tubes,
cervix and vagina. Moreover, they stimulate the growth and development of the
ductile systems in the breast, an effect which is of particular relevance to
pregnancy and lactation. During pregnancy, they promote stimulation of
myométrial growth and sensitise the myometrium to the action of oxytocin prior
to parturition (De Croot and Jameson, 2001).
Apart from these sex specific effects, oestrogens induce mild salt and
water retention by stimulating angiotensinogen production in the liver, and
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induce a decrease in circulating cholesterol. They also play an important role in
bone development and maintenance, and in the cardiovascular system, where
they have vasoprotective effects (Mendelsohn and Karas, 1994; Farhat et al.,
1996).
The actions of oestrogens in the brain are not yet clearly defined, but it is
believed that they are responsible for the specific sexual behaviour in both
males and females.

1.1.3. The oestrogen receptors

As mentioned previously, the actions of oestrogens are mediated by nuclear
receptors that act as transcription factors for certain target genes. These
oestrogen receptors (ER) are part of a superfamily of intracellular receptors,
which also includes those for the remaining steroid hormones, thyroid
hormones, retinoids, and an even larger group of proteins termed orphan
receptors, whose ligands are as yet unknown (Beato et a!., 1995; Mangelsdorf
etal., 1995).
The nuclear human ER was first described in 1985 by Walter and
colleagues. For many years, this receptor, now named ERa, remained the only
receptor known to have E2 as a ligand. However, it has been shown that a
second receptor (ERp) is also able to respond to this hormone. ERp was cloned
by degenerative polymerase chain reaction (PCR) from rat prostate (Kuiper et
al., 1996), human testis (Mosselman et ai, 1996), and mouse (Tremblay et ai,
1997), but its precise physiological role remains to be elucidated. It shares
some similarities with the ERa, but also exhibits some differences. Their DNA
binding domains show a high degree of homology (only three amino acids
differ), but the ligand binding domains show only 53% homology (Figure 1.2 ).
The biological significance of the existence of two ER subtypes is at the
moment unclear. Perhaps the different distribution of both receptors throughout
the body, provides an explanation for the selective actions of oestrogens in
different target tissues (Gustafsson, 1999).
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AF-1

A F -2
180

263

302

553

595

ERa

149

214 248

500 530

ERP
LBD

DBD

Figure 1.2. C om parison of the structures o f E R a and ERp. T he figures
above the receptor representations indicate the num ber of am ino acids, with
num ber 1 being the N-terminal. T h e numbers within E R p represent the
percentage of homology between the different dom ains. AF-1 and A F -2 are
the transcriptional activation functions 1 and 2 respectively, D B D represents
the D N A binding domain and LBD the ligand binding dom ain.

Like other members of the superfamily, both

ER

forms

(E R a

and

ERp)

have a modular structure consisting of distinct functional domains. The C region
corresponds to the DNA-binding domain (DBD), which is responsible for specific
binding to oestrogen response elements

(E R E )

al., 1991). The carboxyl-terminal region

E

of target genes (Gronemeyer et

contains the ligand binding domain

(LBD) and a ligand-inducible transcription activation function (AF-2), whose
activity is dependent upon the binding of an agonistic ligand (Lees at a!., 1989;
Tora at a!., 1989; Tasset at a!., 1990). Another transcriptional activation function
(AF-1) is present in the

ER

amino terminal A/B region and has been shown to

function in a hormone independent manner when isolated from the LBD (Lees
at a!., 1989; Tasset at a!., 1990).
In the absence of ligand, or any source of activation, the ER is
sequestered in an inactive, repressed complex by molecular chaperones, the
heat-shock proteins (hsp) (Picard at a!., 1990). Hormone binding to an ER’s
LBD induces a conformational change in the receptor that releases it from the
inactive complex, facilitates dimérisation (Kumar and Chambon, 1988) and
subsequent modulation of target gene expression in association with
corepressors and coactivators (Bevan and Parker, 1999; Di Croce at a!., 1999).
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On the other hand, it has been suggested that the ER may also be
activated in a ligand-independent manner, by a variety of agents such as the
neurotransmitter dopamine (Smith et al., 1993a), cAMP (Cho et a!., 1994) and
growth factors (Ignar-Trowbridge et a!., 1992; Bunone et a!., 1996). In addition,
E2 produces rapid, non-transcriptional responses similar to those induced by
growth factor peptides. Some examples of these rapid effects are induction of
the release of intracellular calcium (Morley et a!., 1992), stimulation of adenylate
cyclase (Aronica et a!., 1994) and activation of the tyrosine kinase/Ras/mitogenactivated protein kinase (MARK) pathway (Migliaccio et a!., 1996). An example
of the possible interactions between cell signalling and ER pathways is given in
Figure 1.3.

Oestrogens

Growth factors

Cell m em brane

Raf/MEKK
MAPKK/MEK
MAPKs/Erk

Nucleus
CBP/300

! '# A F ,2
AF-1

AF-1

G en e
transcription

Figure 1.3. Schem atic representation for ER ligand dependent and
independent activation. T h e ligand independent activation of the E R is
triggered by growth factor signalling pathways through activation of the
R a s/R a f/M A P K cascade. This leads to phosphorylation of ER AF-1 serine
residues. Phosphorylated AF-1 will then allow a functional interaction with
coactivators such as S R C -1 , which results in receptor-m ediated
transactivation of target genes. Activation of the E R by growth factors does
not exclude the oestrogen-m ediated activation pathw ay as both can occur
concomitantly. Adapted from Tremblay and Giguère, 2001.
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The mechanism of cross-talk between signal transduction pathways and
ER activation is a topic of great current interest, but still not fully understood. It
has been hypothesised that the rapid effects caused by E2 are mediated by a
plasma membrane ER (Reviewed in Filardo, 2002). Although evidence from
numerous laboratories supports the existence of such a receptor (Razandi et
al., 1999; Filardo et al., 2000; Powell et al., 2001), it is yet to be isolated and
structurally or functionally characterised.
In Chapters 4, 5 and 6 we will be concentrating on both the genomic and
non-genomic effects of oestrogens, as well as the cross-talk between ER and
cell signalling pathways. For this reason, we will not, at this point, present
detailed information on these events.

1.2. Can oestrogens have detrimental health effects?

Based on what has been discussed, it becomes clear that oestrogens are
indispensable for the maintenance and correct functioning of the human body.
However, a substantial body of experimental, clinical and epidemiological
evidence suggests that oestrogens also play an important role in the aetiology
of several human carcinomas, namely those of the breast, endometrium,
prostate and testis (Nandi et al., 1995; Feigelson and Henderson, 1996). The
theory behind this is that carcinogenesis may result from the ability of
oestrogens to highly stimulate cell division in certain target organs, such as the
endometrium and breast (Quarmby and Korach, 1984; Holland and Roy, 1995).
This high rate of proliferation might lead to the accumulation of DNA mutations
due to less time being available to repair the damage that can normally occur
with each round of DNA synthesis. The combination of such genetic errors may,
ultimately, produce the neoplastic phenotype (Henderson et al.,

1993;

Akhemedkhanov et al., 2001). In association with this highly mitogenic effect,
oestrogens are capable of a more direct genotoxic activity. A number of reports
have demonstrated that oestrogens and several of their metabolites are able to
directly interact with DNA resulting in DNA damage (Han and Liehr, 1994;
Mobley etal., 1999).
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It is not, however, only the endogenous oestrogens that seem to be
linked to increases in human carcinomas. It has been hypothesised that
steroidal hormones administered in the form of oral contraceptives and
hormone replacement therapy are related to an increased incidence of the
disease. (Henderson etal., 1988; Feigelson and Henderson, 1996).
Non-steroidal exogenous oestrogens have also been implicated in the
aetiology of carcinomas. The antiestrogen tamoxifen, widely used to treat or
prevent breast cancer, due to its ability to block the activating effects of
oestrogens in these tumours, acts as an oestrogen in the uterus, where it
increases the cancer risk. Also, exposure in utero to the potent oestrogen
diethylstilbestrol (DES) is linked to the development of rare vaginal clear-cell
adenocarcinoma in women (Herbst et a!., 1971), and testicular cancer in men
(Henderson et a!., 1988). Finally, prolonged use of anabolic steroids is
associated with an increased risk for developing hepatocellular adenomas and
carcinomas (Palmer ef a/., 1989).
Based on this, it is plausible that oestrogens might contribute to an
increase in the incidence of hormone related cancers. However, is there
sufficient epidemiological evidence to support such an idea?

1.2.1.

A

link

between

oestrogens

and

cancer -

evidence

from

epidemiology and animal studies
1.2.1.1. Hormone related female cancers

The importance of oestrogens in the aetiology of endometrial cancer has long
been

recognised.

Early

studies

of

women

with

endometrial

cancer

demonstrated evidence of high oestrogen levels. Also, epidemiological studies
have established that obesity (which is linked to high levels of circulating
oestrogens) is a major risk for endometrial cancer in post-menopausal women
(Reviewed in Henderson etal., 1982).
A correlation between oestrogens and the development of breast cancer
was suggested for the first time by Lacassagne in 1932, when he observed that
injections of oestrone evoked mammary cancer in “each of three male mice”.
20

Since then, animal studies have repeatedly demonstrated that oestrogens can
induce and promote mammary tumours in rodents (Welsh, Jr. et al., 1982) and
that removing the ovaries or administering an antiestrogenic drug has the
opposite effect (MacKenzie, 1955; Osborne et a!., 1985; Brunner et a!., 1989).
For a long time, however, epidemiological research seeking direct evidence on
the role of endogenous oestrogens in human breast cancer produced conflicting
results, and it was not until the mid-1990s that some conclusive observations
were made.
In the 1960s and 1970s, several hospital-based case-control studies
analysed the relationship between urinary and blood oestrogens and breast
cancer (England et a!., 1974). The enthusiasm generated by this work led to the
development of similar studies, but this produced inconsistent results. Although
a few found a modest, positive relationship between E2 and breast cancer
(MacMahon et a!., 1983), the majority failed to see any association (Reed et a!.,
1983).
In 1981, a report by Siiteri suggested that only the free and albuminbound fractions of E2, rather than the fraction bound to SHBG were relevant to
breast cancer (Siiteri, 1981). This meant that the measurement of the total
levels of oestrogens in blood and urine, current practice at the time, could
obscure a possible association between the hormone and breast cancer. A
number of subsequent case-control studies were able to confirm these
observations (MacMahon et a!., Y983; Bruning et a!., Y985). However, the
impact of these reports was moderate as the observed association was too
weak to explain the breast cancer epidemiology.
Nearly all of the case-control studies conducted to this date were
hospital-based case-control studies in which specimen sampling was performed
well after the clinical appearance of the disease. As pointed out by Toniolo
(Toniolo, 1997), these measurements might have been inadequate as they
could have been influenced by the presence of the tumour, or by other factors
such as emotional distress and thus, might not be a good representation of the
long-term endogenous hormone levels. Based on this fact it became clear that
prospective cohort studies should be used, where healthy women are followed
for a number of years and the levels of oestrogens of those that develop breast
cancer is compared with the ones that remain free of the disease.
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Following this new study design, a few additional studies were carried
out and in the interval of two years, the results of four of these were published
(Helzlsouer et al., 1994; Toniolo et ai, 1995; Berrino et ai, 1996; Dorgan et ai,
1996). In contrast with previous data, all of these reports saw an unequivocal
link between high levels of free oestrogens in serum and development of breast
cancer in post-menopausal women. Moreover, in at least two of these, SHBG
appeared to have a protective effect towards the development of the disease.
Before the link between E2 and breast cancer could be demonstrated, a
large body of epidemiological research had provided indirect evidence of such a
connection.

Among

non-demographic

factors,

the

most

consistently

documented risk factors for breast cancer are early age at menarche, late age
at menopause, late age at first full term pregnancy and weight. (Henderson et
ai, 1982). As can be noted, all these can be understood as measures of the
cumulative exposure of the breast tissue to oestrogens.
Early age at menarche has been demonstrated as a risk factor for breast
cancer in most case-control studies (MacMahon et ai, 1973). In general, an
approximately 20% decrease in breast cancer risk results from each year that
menarche is delayed. Furthermore, it has been shown that this increase in risk
is associated not only with the early onset of puberty, but also with the rapid
establishment of regular ovulatory cycles (Henderson et ai, 1982). Further
supportive evidence for the concept that the cumulative number of ovulatory
cycles, i.e. cumulative oestrogen exposure, leads to an increase in breast
cancer risk was supplied by MacMahon and colleagues who observed that, in a
number of populations, the highest number of ovulatory cycles was consistently
associated with the highest breast cancer risk (MacMahon et ai, 1982).
In the same way that early menarche and regular ovulation are related
with a greater cumulative lifetime exposure to oestrogens and higher risk of
developing breast cancer, late occurrence of menopause and the lengthened
exposure to ovulatory cycles also increases the risk of the cancer. It has been
demonstrated that women reaching menopause before the age of 45 have half
the risk of developing breast cancer compared to those whose menopause
occur after the age of 55 (Trichopoulos et ai, 1972).
MacMahon et al. (1970), also observed a decreased risk in breast cancer
with increased parity. They found that nulliparous women, whether single or
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married, had the same increased risk of breast cancer, and this was 1.4 times
the risk of parous women. They have demonstrated that this apparent protective
effect of parity was actually due to a protective effect of early age at first birth.
Obesity has also been strongly linked to an increased breast cancer risk.
This link, however, is critically dependent on age. For women aged under 50,
elevated weight has little or no effect on the risk of developing breast tumours,
but by the age of 60 a 10 kg increment in weight results in approximately an
80% increase in breast cancer risk (Tretli, 1989). This is probably due to the fact
that the primary source of oestrogens in post-menopausal women is from the
conversion of androstenedione to oestrone in adipose tissue. Thus, post
menopausal obesity increases the risk of breast cancer through increased
production of oestrogens. Obesity is also associated with decreased SHBG
production, leading to increased proportions of free and albumin bound E2,
which are considered to be the biologically active fractions (Reviewed in
Feigelson and Henderson, 1996).
A high fat intake is reported to affect circulating oestrogen levels. In
particular, women who reduce their fat intake exhibit a reduction in serum E2
levels (Goldin et al., 1982; Rose et a!., 1993). Although animal studies suggest
that specific dietary fats may increase the levels of circulating oestrogens
(Hilakivi-Clarke et a/., 1996), it is still unclear whether the same occurs in
humans. The majority of cohort studies have failed to find an association
between dietary fat intake and breast cancer risk (Hunter et a!., 1996).
However, a recent pooled analysis suggests that a high intake of saturated fats
increases the risk of developing the disease (Smith-Warner etal., 2001).
Finally, it is well established that a family history of breast or ovarian
cancer also constitutes a risk factor for breast cancer. Advances in molecular
biology and the studying of cancer-prone families have led to the identification
of two breast cancer susceptibility genes, BRCA1 and BRCA2. The inheritance
of germline mutations in these tumour suppressor genes has been widely linked
to increased risk of breast cancer, especially when in combination with other
risk factors such as oral contraceptives (Ursin etal., 1998), and high body mass
index (BMI) (Reviewed in Hilakivi-Clarke et al., 2002). These mutations may be
responsible for as much as 90% of breast and ovarian cancers in some families,
but no more that 10% in all breast cancers (Castilla et al., 1994).
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In spite of all the efforts identifying risk factors for breast cancer, it is still
the most frequent malignancy among women in developed countries, as
worldwide incidence rates continue to rise. Its 1,050,346 cases and 372,969
deaths in 2000 also make it the second most common incident cancer (after
superficial skin cancer) and the second leading cause of cancer death (after
lung cancer). Although in some countries mortality rates are stable or
decreasing slightly, over one-half of the reported breast cancer deaths
worldwide still occurred in developed countries (GLOBOCAN, 2000).
Although long-term exposure to the female steroid hormone is an
undeniable factor in the high occurrence of breast cancer, especially at later
age, it does not entirely explain the worrying increase of this type of malignancy,
as only about 50% of the breast cancer risk can be attributed to the established
risk factors (Reviewed in Snedeker, 2001). Some of the recorded increase in
breast cancer reflects improved detection (White et ai, 1990). However,
changes in known risk factors for the disease cannot completely explain recent
patterns. A study by Feuer and Wun that estimated age-specific rates of
mammography, concluded that much of the recorded increase in incidence in
the 1980s may have been due to mammography, but that a sustained 1%
annual increase in breast cancer mortality has occurred since the 1940s (Feuer
and Wun, 1992).
Furthermore, all the risk factors identified to date seem to be related to
an increase of post-menopausal cancer due to cumulative exposure to
oestrogens. However, there is still no clear evidence of the association between
high oestrogen exposure during early adulthood and reproductive years and
increased breast cancer risk in pre-menopausal women (Hilakivi-Clarke at al.,
2002 ).

Thus, if only a small proportion of the reports of increases in detrimental
health effects is accounted for by long-term exposure to endogenous
oestrogens, what other factors could be involved?
The hypothesis that hormone responsive cancers might be related to
exposure to exogenous oestrogens has gathered support not least in the
aftermath of the occurrence of the DES cases.
DBS is a synthetic oestrogen that was used to prevent spontaneous
abortions in women between 1948 and 1972, when its use was banned.
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Daughters whose mother’s took DES suffered reproductive organ dysfunction,
abnormal pregnancies, a reduction in fertility, immune system disorders and
periods of depression (Reviewed in Colborn et al., 1993). As young adults these
women also suffered increased rates of vaginal clear-cell adenocarcinoma
(Herbst at al., 1971; Swan, 2000). This cancer is usually found in older women
(from their fifties onwards), but very rarely in women in their twenties. The
adverse effects caused by DES were not restricted to female offspring.
Substantial increases in the incidence of cryptorchidism (maldescent testes),
hypospadias (urethral abnormalities) and decreased semen volume and sperm
counts were detected in the sons of these women (Swan, 2000).
The DES experience raised the possibility that similar synthetic
chemicals found in the environment could also disrupt foetal development or
pose other reproductive threats. It was hypothesised that the increase in
numerous hormone related pathologies seen in women could be related to
exposure to environmental endocrine disrupting chemicals able to mimic DES
and, therefore, E2 (Reviewed in McLachlan, 1993).
At the same time, the similarities between the adverse effects caused by
DES and the progressive changes observed in male reproductive development
and function raised the question whether these changes were also a reflection
of the increased exposure to these environmental oestrogens, so-called
xenoestrogens, during foetal development. (Sharpe and Skakkebaek, 1993).

1.2.1.2. Male reproductive tract disorders and malformations

Several studies have suggested that semen quality has declined in the last 4060 years (Irvine et al., 1996; Andersen et al., 2000; Swan et al., 2000). In a
comprehensive meta-analysis of 61 studies published between 1938 and 1990,
Carlsen et al. (1992), concluded that mean sperm counts had almost halved in
the 50 years the studies covered. Likewise, there are indications that the
incidence of cryptorchidism (Paulozzi, 1999), and hypospadias (Paulozzi, 1999;
Baskin et al., 2001 ; Pierik et al., 2002), have suffered an increase in several
countries. Also, it has been established that testicular cancer has increased in
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the last 50-90 years, being now the most common malignancy of young men in
many countries (Toppari etal., 1996; Moller, 2000).
Viewed individually, the data supporting a “general” decline in male
reproductive health is unconvincing (Safe, 2000). However, some researchers
support the hypothesis that the various disorders listed above may be inter
connected and may, therefore, be the symptoms of one single underlying entity,
the testicular dysgenesis syndrome (TDS). It is hypothesised that TDS is a
result of disruption of embryonal programming and gonadal development during
foetal life, i.e. malformation of the testis (testicular dysgenesis) (Sharpe, 2001;
Skakkebaek et al., 2001).
The key factor about the normal development of the male foetus is that
the relevant hormones (particularly androgens and anti-Mullerian hormone) are
produced in the testis. Therefore, any disturbance of testicular development or
function during early life will probably result in the abnormal development of
other organs of the reproductive system.
Testicular dysgenesis is associated with abnormal function of Sertoli and
Leydig cells, which results in a series of downstream consequences. Incomplete
masculinisation

(hypospadias

and

cryptorchidism)

can

occur

due

to

subproduction of androgens by the Leydig cells. The abnormal testicular
environment also appears to induce the formation of aberrant gonocytes (foetal
germ cells) which result in increased incidence of testicular cancer (Skakkebaek
etal., 1987; Toppari etal., 1996).
As described by Sharpe (1998), the normal development of the male
reproductive system depends on a very fine balance between androgens and
oestrogens. In apparent agreement with this description are the recent findings
that seem to link testicular dysgenesis with the maldevelopment of gonocytes
(Reviewed in Sharpe, 2001). Basically, the hypothesis gaining support suggests
that lowered androgen production, resulting from abnormal Sertoli or Leydig cell
function, leads to altered oestrogen production and it is the oestrogens that act
on gonocytes via the ERp (Saunders et al., 1998), and lead to aberrant cell
proliferation.
Clearly, such effects may not be exclusive to endogenous hormones.
Evidence suggests that anti-androgens (and to some degree, exogenous
oestrogens) may also cause male reproductive disorders when exposure is
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during critical developmental windows (Toppari et al., 1996; Gray, Jr. et a!.,
1999 Foster ef a/., 2000).

1.2.2. Wildlife and xenoestrogens

Some of the strongest evidence for the link between exposure to xenoestrogens
and reproductive health disorders in wildlife came from research at Lake
Apopka in the state of Florida, USA. Here, the alligator population suffered a
decline of 90 per cent over the years 1980 - 1984 and has continued to diminish
throughout the years (Guillette Jr. et al., 1995). The alligators were also found to
present reproductive disorders including reduced hatchability, reduced viability
of offspring, demasculinization of males (including reduction of penis size) and
high levels of plasma sex steroids (Guillette Jr. et al., 1994; Guillette Jr. et al.,
1996). These disorders were attributed to exposure of the population to high
levels of chlorinated pesticides such as 1,1,1 -trichloro-2,2-(bischlorophenyl)
ethane (DDT) and its metabolites, 1,1 -dichloro-2,2-(bischlorophenyl) ethane
(DDD) and 1,1 -dichloro-2,2-(bischlorophenyl) ethylene (DDE), following an
extensive spill of a mixture of pesticides from the former Tower Chemical
Company in 1980 (Guillette, Jr. et al., 1994).
Multiple abnormalities such as behavioural changes, reproductive loss
and early mortality in off-spring have also been documented in bald-eagles and
several different species of marine birds, that consume fish from the highly
contaminated Great Lakes in California (Colborn et al., 1993; Fry, 1995). These
disturbances were related to a massive use of DDT in the area since the early
1940s.

However,

in

addition

to

DDT,

these

birds

showed

elevated

concentrations of other oestrogenic chemicals, such as chlordane, dieldrin and
polychlorinated biphenyls (PCBs).
Exposure to endocrine disrupting chemicals in the environment has been
associated with abnormal sexual development of many other wild animals such
as turtles (Bishop et al., 1996; de Solla et al., 1998) and even mammals
(Facemire ef a/., 1995).
Perhaps the most extensively researched species in this field, however,
is fish. Regardless of the site of use, very large amounts of synthetic chemicals
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end up in the aquatic environment due to physico-chemical, hydrologie and
atmospheric processes (Reviewed in Arukwe and Goksoyr, 1998). Cameron
and colleagues (1998), have reported that whiting caught near the coast of The
Netherlands and off the Rhine river estuary presented high chromosomal and
embryo malformations. These aberrations were found to be positively correlated
to the levels of organochlorines such as PCBs, DDT and DDE in gonads and
livers of the studied fish.
Purdom et al. (1994), demonstrated that sewage effluent contained
estrogenic chemicals that induced male trout to synthesise the egg yolk
precursor vitellogenin. A mixture of chemicals including alkylphenols resulting
from degradation of detergents during sewage treatment seemed to be the
causal agent of this endocrine disruption. Studies performed in the United
Kingdom’s freshwater and marine environments have demonstrated that rivers
and estuarine systems where oestrogenicity occurred were also recipients of
sewage treatment works (Sumpter, 1995; Harries et a!., 1996; Lye et a!., 1997).
Numerous other reports detailing reproductive effects of contaminants of the
aquatic environment on marine organisms are reviewed by Arukwe and
Goksoyr (1998).

1.3. Do environmental oestrogens pose a real risk to human health?

From the epidemiological evidence it seems clear that worrying changes are
occurring to the reproductive health of both humans and wildlife. However, the
association made between such adverse observations and the increased
exposure to environmental endocrine disrupting chemicals is still debatable.
In nearly fifty years of research concerning the oestrogenic action of
environmental chemicals, a vast amount of information has accumulated.
The

first

man-made

chemicals

identified

to

possess

significant

oestrogenic activity were technical grade DDT and methoxychlor (Bitman et a!.,
1968), as they were able to cause an increase in uterine weight in rats and
mice. Subsequent reports showed that these compounds were also weakly
oestrogenic in human breast cancer cell lines (Soto et a!., 1995; Andersen et
a!., 1999). Throughout the years, a variety of in vitro and in vivo studies have
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documented the oestrogen icity of a vast number of xenobiotics, and the
discovery of xenoestrogens continues to increase at a vertiginous rate. Apart
from the organochlorine pesticides, such as DDT, hexachlorocyclohexane
(HCH), methoxychlor, and chlordane, the group includes PCBs and their
hydroxylated derivatives, the pesticides toxaphene, dieldrin and endosulfan,
antioxidants such as t-butylhydroyanisole, and alkylphenols, and plasticizers
such as benzylbutylphthalate and bisphenol-A (Harris et al., 1997). Very
recently, a few more examples were identified, including UV screens (Schlumpf
etal., 2001) and preservatives and antioxidants (Miller etal., 2001).
Although these chemicals promote oestrogenic effects in laboratory
assays, epidemiological studies have not yet provided evidence of the
association between exposure and development of reproductive malignancies
in humans. The role of such compounds in the aetiology and progression of
endocrine related disorders is still controversial.
Occupational and accidental exposure to high levels of xenoestrogens in
humans is known to lead to strong adverse effects: In 1949, aviation crop
dusters handling DDT were found to have reduced sperm counts (Singer,
1949). Two decades later, workers at a plant producing the insecticide kepone
were reported to have lost their libido, become impotent and had low sperm
counts (Guzelian, 1982). Analysis of chemical plant workers revealed more than
a two-fold increase in breast cancer in female workers exposed to dioxin
contamination (Manz et al., 1991). Elevated breast cancer rates were also
detected in an analysis of women exposed to extensive environmental
contamination in Japan (Reviewed in Davis etal., 1993).
In contrast, exposure to such chemicals at the concentrations usually
found in the environment, has produced contradictory evidence. In 1992 and
1993, two studies showed elevated levels of DDE and PCBs in breast cancer
patients vs. patients without breast cancer (Faick et al., 1992; Wolff et al.,
1993). However, a subsequent follow-up on the work published by Wolff et al.
(2000) did not confirm these previous observations of increased breast cancer
risk with higher body burden of DDE. A case-control study conducted in
Germany has reported a positive relationship between tissue levels of DDE and
breast cancer risk (Guttes et al., 1998). In contrast, prospective nested casecontrol studies carried out in North Carolina have not confirmed a relationship
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between DDE and PCBs exposure and breast cancer risk (Heizlsouer et al.,
1999).
A large number of studies have been published examining breast cancer
risk in relation to organochlorines (Reviewed in Aronson at a!., 2000; Snedeker,
2001). In some, compared with controls, women with breast cancer had high
levels of some chlorinated compounds including total PCBs, some PCB
congeners, DDE and the pesticides p-HCH, HCB and dieldrin (MussaloRauhamaa at a!., 1990; Hoyer at a!., 1998; Dorgan at a!., 1999). In others,
compared with controls, cases had lower concentrations or similar levels of
DDE (Schecter at a!., 1997; Olaya-Contreras at a!., 1998), p-HCH (Zheng at a!.,
1999a), and HCB (Zheng at a!., 1999b).
Based on these data, many scientists believe “it is highly unlikely that the
industrial oestrogens play a significant role in breast cancer in women and
reproductive disorders in males" (Safe, 1995). As the vast majority of these
chemicals are considerably less potent than the steroidal oestrogens and are
usually present in human tissues at levels that induce insignificant effects in
laboratory assays, it is suspected that they pose negligible health risks. Their
low potency in relation to E2 is often used to argue that oestrogens in
combination with steroidal oestrogens will not produce effects distinguishable
from those of the steroid (Safe, 1995). In addition, due to the exposure to other
types of compounds, such as anti-oestrogens and “beneficial” oestrogens, such
as phytoestrogens, it is believed that these compounds “balance out” the
potential adverse actions of the environmental contaminants, and the overall
risk will be negligible (Safe, 1995).
An alternative explanation for the claimed adverse effects seeks to take
into account that humans and wildlife are exposed not to single agents, but to
mixtures of multiple oestrogenic chemicals. It is hypothesised that these
chemicals, even at low ineffective concentrations, can act together to produce a
significant effect.
The argument that xenoestrogens are innocuous due to their low
concentrations in the environment has led to the belief that synergistic
interactions between xenoestrogens needed to be invoked to explain the
possible health risks to humans and wildlife. Initial reports of synergisms
seemed to provide the necessary evidence to back up such an assumption. In
30

1996, Arnold et al., reported dramatic synergisms between binary mixtures of
oestrogenic pesticides. However, the results could not be reproduced by other
laboratories (Ashby et a!., 1997; Ramamoorthy et a!., 1997), and the paper was
later retracted (McLachlan, 1997). This episode has led many to question the
overall importance of combined effects of low levels of endocrine disrupters, as
synergisms were absent.
Kortenkamp and Altenburger (1999), recently highlighted the reasons
why studies of mixture effects often lead to conflicting results. It is frequently
assumed that the combined effects of a mixture can be predicted simply by
adding the effects of its individual components. However, this method produces
unreliable results when dealing with agents that exhibit sigmoidal doseresponse curves as is the case of xenoestrogens. They also suggested more
adequate approaches for the accurate assessment of the joint action of
xenoestrogens. A detailed explanation of the different concepts that can be
used to predict the effects of mixtures will be given in Chapter 2.

1.4. Scope of the thesis

As highlighted in the introduction above, relatively little is known about the
effects of simultaneous exposure to several xenoestrogens. Hazard and risk
assessments for these chemicals are usually carried out by considering the
effects of single compounds, without taking joint effects and possible
interactions into consideration. Chapters 2 and 3 are intended to fill this gap.
In order to investigate the effects of mixtures, it is necessary to reliably
predict the effect of multi-component mixtures from data on individual agents. In
Chapter 2 we assess whether the effect of multi-component mixtures of
xenoestrogens

can

be

accurately

predicted

based

on

single

agent

concentration-response analyses. Moreover, we present an evaluation of the
applicability of the pharmacological concepts of concentration addition and
independent action, which have been previously used to assess the effect of
multi-component mixtures in other areas (Altenburger et ai., 2000; Backhaus et
ai., 2000). The model of concentration addition is based on the assumption that
chemicals act in a similar way, i.e. have a common site of action. In contrast,
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the concept of independent action assumes that compounds act on different
sub-systems in organisms, with different sites of action.
Typically,

xenoestrogens

are

present

in

the

environment

at

concentrations that induce insignificant responses in laboratory assays. This
fact, in conjunction with the low potency of xenoestrogens relative to the
endogenous hormone E2, is often paraded as the reason why xenoestrogens
are rarely conclusively linked with detrimental health effects (Safe, 1995).
However, it is plausible that, due to the multitude of xenoestrogens found
in animal tissues and environmental media, these chemicals act together to
elicit effects higher than those produced individually. In other words, the
question arises as to whether combinations of weakly active xenoestrogens can
produce significant effects, even when combined at concentrations that
individually would yield negligible effects. Chapter 3 begins to answer this
complicated question at the simplest level, i.e. using a receptor based assay
system.
The results presented in Chapter 2 and 3 have been recently published
(Silva etal., 2002).
The work on combinations of oestrogenic chemicals presented in
Chapters 2 and 3 has crystallised an important issue: chemicals that bind to,
and activate the ER, can be referred to as “oestrogenic” in the strict sense of
the word. However, some compounds elicit effects typical of steroidal
oestrogens but without binding the receptor. Gillesby and Zacharewski (1998),
have proposed that such substances be called oestrogen-like chemicals. The
pesticide p-HCH is a case in point. Although it induces cell proliferation in
oestrogen-dependent cells, such as MCF-7 (Soto et al., 1995; Steinmetz et al.,
1996), it has no apparent affinity for the ER. Therefore, how will p-HCH interact
with other oestrogenic chemicals? Answers to this question necessitate more
detailed investigations of the mechanisms underlying p-HCH action. It was the
report from Ignar-Trowbridge and colleagues (1992), that first raised the
possibility of an alternative ligand-independent pathway for ER activation. Here,
it was demonstrated that epidermal growth factor (EGF) could induce
oestrogenic effects in mouse uterus, in the absence of the cognate ligand.
Subsequent work has demonstrated the existence of a complex cross-talk
32

between

growth

factor signalling

pathways

and

ER activation

These

observations led us to question whether oestrogen-like chemicals, such as pHCH, may interfere at one or multiple points with these alternative cell signalling
pathways.
In Chapters 4, 5 and 6 we evaluate the possible mechanisms of action
of

oestrogen-like

agents

and

compare

these

with

chemicals

that

characteristically bind to the ER. This work allows us to further our
understanding of the possible ways in which oestrogen-like effects occur. It will
raise the possibility of characterising more oestrogen-like chemicals, and will
facilitate their classification as similarly or dissimilarly acting agents. This will
enable us, in the future, to predict the effects of these chemicals when
combined with other oestrogens.
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CHAPTER 2

-

COMBINATION EFFECTS O F MIXTURES

-

COMPARISON OF THE ACCURACY OF PREDICTION
MODELS

2.1. Assessing mixture effects

As described in the introduction, high levels of xenoestrogens are capable of
causing severe detrimental health effects in humans and wildlife. Fortunately,
exposure to such high concentrations of these chemicals is rare and only
usually seen in cases of accidental or occupational exposure. In comparison,
exposure of the general population is several orders of magnitude lower.
These low levels of xenoestrogen exposure are used as one of the main
arguments against the hypothesis that exposure to environmental oestrogens
pose a risk to humans and animals (Safe, 1995; Safe, 2000). Another reason
for such scepticism is their low potency in relation to steroidal oestrogens. E2 is
from 50 to 10,000 times more potent than the majority of the xenoestrogens
found in the environment (Soto et al., 1995). This has led to claims that
xenoestrogens, in combination with steroidal oestrogens, will produce effects
indistinguishable from those induced by the endogenous hormones (Safe,
1995).
However, the environment is polluted with a multitude of man-made
potentially oestrogenic chemicals. For this reason, humans and wildlife are
continuously exposed to complex mixtures of weak xenoestrogens (Gillesby
and Zacharewski, 1998). It is, therefore, conceivable that a number of these
chemicals may act together to produce effects, even when present at very low
concentrations.
The importance of evaluating the effect of mixtures of xenoestrogens has
long been emphasised, and is practised increasingly (Payne et a!., 2000b;
Payne et a!., 2001; Carpenter etal., 2002; Rajapakse et al., 2002). The issue is
also regarded as a major research priority by governmental agencies (Reiter et
al., 1998). Nevertheless, much of the published literature on the subject (Soto et
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a/., 7994; Sumpter et al., 7995; Arnold et al., 7997) shows that the theoretical
basis of mixture analysis is poorly understood in the endocrine disrupter field.
For this reason, many of the studies tend to be ill-conceived, and often lead to
erroneous conclusions (Kortenkamp and Altenburger, 1998).
The discrepancy between the high concentrations of oestrogenic
chemicals that are needed to elicit effects in laboratory assays and the levels
found in the environment has fuelled the expectation that synergisms between
oestrogenic chemicals need to be evoked to explain possible health risks. This
has motivated a systematic search for synergistic combination effects (Soto et
al., 1994; Sumpter et al., 1995; Arnold et al., 1997). In 1996, a paper published
by Arnold et al., reported spectacular synergisms between binary mixtures of
various

weakly

oestrogenic

pesticides,

including

endosulphan,

dieldrin,

toxaphene and chlordane. However, subsequent studies carried out in a
number of laboratories failed to reproduce their findings (Ashby et al., 7997;
Gaido et al., 7997; Ramamoorthy et al., 7997), and the original paper was later
withdrawn (McLachlan, 1997). This episode has led to increasing doubts on the
importance of the synergistic effects between weakly xenoestrogens, and even
on the overall relevance of mixture studies.
Although the successful demonstration of synergisms will justifiably
always heighten concerns about health risks, the possible implications of
apparently less spectacular additive combination effects have not received
adequate attention (Charles et al., 2002). In our opinion, the incessant search
for synergisms in an attempt to justify deleterious health effects is very
unhelpful. By not detecting synergisms, many presume it to indicate “no risk”,
implying that “mere” additive combination effects between xenoestrogens are
not relevant to the negative health effects observed.
Thus, with this work we try to answer two pertinent questions. Firstly, can
we accurately predict combination effects of xenoestrogens and secondly, are
there mixture effects when xenoestrogens are combined at low, ineffective
concentrations?
In order to correctly assess combination effects of chemicals it is crucial
to formulate a hypothesis about the expected effect of the mixture. This
hypothesis (“null-hypothesis”) provides the necessary basis for evaluating
mixture effects in terms of synergy or antagonism. An appropriate reference
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point for such analyses is the expectation that joint effects are the result of
purely additive interactions of all mixture components (Berenbaum, 1989).
Therefore, if a mixture produces an effect that is higher than would be predicted
on the basis of an additivity expectation, considering the individual effects of the
mixture components, the combination effect is synergistic. If the mixture is less
effective than expected, there is antagonism and if expectations are met, the
combined effect is additive.
The assessment of the combination effects in terms of synergy,
antagonism and additivity, relies on the accurate prediction of the expected
effects of a mixture. There is much debate on how additive effects should be
calculated. All too often, mixture effects have been assessed without explicit
reference to additive expectations, or even these expectation were inaccurately
set (Soto etal., 1994; Arnold etal., 1996a).
Thus, how can the expected effect of a mixture be defined?

2.2. Models for calculating additivity expectations
2.2.1. Effect summation

An intuitively appealing way of predicting additive effects has been used by
many authors when studying the mixture of oestrogenic chemicals (Soto et al.,
1994; Sumpter and Jobling, 1995). It’s popularity is probably due to the fact that
it is based on a simple and straightforward experimental design. For effect
summation to be applied, only one dose level of both the single agents and the
mixture needs to be tested. It is based on the expectation that the effect of the
mixture equals the arithmetic sum of the effects produced by its individual
components.
However, the generalised use of this method may lead to major logical
inconsistencies with agents that exhibit sigmoidal dose-response curves
(Kortenkamp and Altenburger, 1998; 1999) (Figure 2.1.). As demonstrated by
Berenbaum (1989), it is only applicable to linear dose-effect curves that pass
through the origin of the dose-effect plot. Linear dose-responses are very rarely
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seen in toxicology and have not been observed with oestrogenic chemicals
(Soto et al., 1994; Rajapakse at a!., 2001).

d
£

Observed effeci (2 X 0.3n M )

0.6
0.4

Expected effect (2 X 0.3 p M )

0.2

Effect at O.SpM

0.0
0.1

1

10

Concentration (pM )

Figure 2.1. D em onstration of the inappropriateness of
E ffect sum m ation for mixtures of agents with sigm oidal
d ose-response curves. An oestrogenic agent A exhibits a
sigmoidal dose-response curve. At a concentration of 0 .3 pM
agent A causes an effect of 0.1 7 arbitrary units (solid black line).
Based on the expectation of effect summation, the combination
of agent A with itself at a concentration of 0.6 pM (2 x 0 .3 nM)
will produce an effect of 2 x 0 .1 7 = 0.3 4 units (dashed line). In
fact, the dose-response curve shows that 0.6 pM of this
compound induces a response of 0.6 8 (solid red line). This
result will lead to the illogical conclusion that agent A interacts
with itself in a synergistic manner. Adapted from Berenbaum

(1988) and Kortenkamp and Altenburger (1998).

For this reason, there are serious doubts whether effect summation can
be regarded as a reliable method, although it may have merits in predicting
combination effects in the low effect range.
Two competing pharmacological models for the calculation of expected
additive mixture effects have emerged: concentration addition and independent
action. Although both methods have gained wide acceptance in fields as
diverse as pharmacology, ecotoxicology and chemotherapy, their application in
the endocrine disrupting field has only recently been considered (Kortenkamp
and Altenburger, 1998; Payne et ai., 2001; Thorpe et al., 2001; Rajapakse et
al., 2002).
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2.2.2. Concentration addition

The origins of concentration addition can be traced to Fraser (1872) and Loewe
and Muischnek (1926). The concept rests on the assumption that the
components of a mixture act in a similar way, i.e. have the same mechanism of
action. Consequently, each compound in the mixture can be replaced by an
equi-effective concentration of another, without diminishing the overall mixture
effect. By implication, this means that every mixture component contributes to
the overall combination effect in proportion to its concentration, even below zero
effect levels.

B

A

0.5 effect isobole

1.00
_

Ü

0 .7 5

^0.50
0 .2 5

Dose [Z]
Dose [Y]
Dose [Y]

Figure 2.2. Derivation o f an isobologram - a graphical application of
concentration addition. The concentration-response relationships for two
hypothetical compounds, Y and Z, which produce inhibitory responses are
plotted (A). A mixture of the two agents is tested and a response (0 .5 units)
is m easured (pink circle). Is this combination effect additive, or not? From the
single agent concentration response relationships it is possible to interpolate
the concentration of each agent that would individually give an effect of 0.5
(red and black dotted lines). This can be represented as an isobole or iso
effect graph (B, green line). Concentration addition states, that for a given
effect, a portion of one component can be replaced by an equi-effective
portion of another. On the 0 .5 effect level isobole this m eans a num ber of
combinations of Y and Z will give that effect if their joint action is additive and
a mixture effect will therefore lie on the green line. T h e tested mixture lies
below this additivity isobole indicating synergism, i.e. lower than expected
concentrations of Y and Z are required to give an effect of 0.5.

There is a consensus that concentration addition is a suitable and valid
concept for the prediction of mixture effects of similarly acting agents
(Altenburger et al., 2000), whether it is applicable to mixtures of agents that
show differing modes of action is the topic of a long-standing controversy
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(Berenbaum, 1985) and is vehemently denied by some experts (Poch, 1993).
Concentration addition has found application in the method of isoboles (Loewe
and Muischnek, 1926) (Figure 2.2), toxic unit summation (Sprague, 1970) and
the toxic equivalency factor approach (Safe, 1990) which we will discuss below.

2.2.3. Toxic equivalency factor approach

The toxicity equivalency factor (TEF) approach is an application of the
concentration addition model. Here, the overall toxicity of a mixture is defined by
the concentration of the individual compounds multiplied by their relative
potencies or TEFs. The TEF values for each chemical are usually determined
relative to the activity of a standard or reference compound. In the instance of
oestrogenic chemicals, the reference compound is the hormone E2. For this
model to be applicable, it relies on a series of assumptions. Firstly, the
individual compounds all have to act through the same biological or
toxicological pathway. Secondly, the effect of individual chemicals in a mixture
are necessarily additive at submaximal levels of exposure. Thirdly, the
organotropic manifestations of all the constituents must be identical over the
relevant range of doses. Finally, the dose-response curves for the different
components should be parallel to the reference compound, so the TEFs will be
the same for any given effect level. If parallelism is not assured, the TEF values
will vary with the effect level chosen and this will result in erroneous conclusions
being drawn. (Reviewed in Safe, 1998). This approach has been applied to
different classes of compounds, including polycyclic aromatic hydrocarbons
(PANs), dioxins and endocrine disrupters. As will be shown in this chapter, if the
requisites are fulfilled, this approach produces predictions that are very similar
to those produced with concentration addition.
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2.2.4. Independent Action

Originally under the name “independent joint action”, the concept of
independent action was developed by Bliss (1939) on the basis of stochastic
considerations. It is often applied to mixtures composed of agents with
dissimilar modes of action (Backhaus et al., 2000), as it assumes that mixture
effects are the result of interactions of individual mixture constituents with
different subsystems of an organisms. Therefore, the effects of the individual
mixture constituents are independent from one another, i.e., the relative effect
of a chemical remains unchanged in the presence of another compound (Faust
et al., 2001). Thus, chemicals that are present below “zero” effect levels are not
expected to contribute to the total mixture effect.
There are doubts concerning the general utility of the concept of
independent action (Greco et al., 1995). Applications of independent action
include effect multiplication (Colby, 1967) and Joint independent action (Plackett
and Hewlett, 1948).

2.3. Discriminating between the different modeis

As yet, few attempts have been made to discriminate systematically between
predictions resulting from the two concepts of concentration addition and
independent action (Altenburger et al., 2000; Backhaus et al., 2000). Quite
often, effect summation, concentration addition and independent action yield
very similar predictions of additive combination effects. In previous work carried
out in our laboratory, the effect of mixtures of up to four xenoestrogens were
predicted and assessed. It was found that concentration addition and
independent action produced almost identical additivity expectations, both with
mixtures of ER agonists in the yeast oestrogen screen (YES) (similarly acting
agents) (Payne et al., 2000b) and with combinations of mitogenic agents
showing diverse modes of action in the E-SCREEN assay (Payne et al., 2001).
If we were to choose an assay system where chemicals could only
interfere with one and the same target (i.e. receptor activation), concentration
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addition would be expected to produce valid calculations of the predicted joint
action of the tested compounds. The toxicity equivalency factor approach
should also produce accurate predictions, provided the equivalency factors
were accurately estimated and concentration-response curves of all mixture
components were parallel (Safe, 1998). Conversely, the concept of independent
action should prove to be unreliable as it assumes the chemicals have differing
mechanisms of action. Finally, effect summation would only produce accurate
predictions of the combination effects, if the chemicals tested yielded linear
dose-response curves. Thus, based on the understanding of the assay system
utilised and the concentration-response relationships obtained, it should be
fairly straightforward to define the more adequate prediction model. However,
definitive evidence to support these notions is as yet, not available.
Drescher and Boedeker (1995) have shown that concentration addition
may give higher or lower (and sometimes identical) mixture effect predictions
than those derived from independent action. This is dependent on the number
of mixture components, their concentration ratio, the steepness of their
concentration-response functions and the biometrical model used to describe
the relationships between concentrations and effects of single agents.
Thus, the first part of our work with mixtures of xenoestrogens, which is
presented in this chapter, concentrated on resolving the issue of valid mixture
assessment concepts.

The challenge was to construct a mixture

xenoestrogens where

the

combination

effect

predictions

derived

of

from

concentration addition and independent action were sufficiently different to
permit decisive experimental discrimination.
To avoid the disproportionate contribution of a single xenoestrogen to the
overall mixture effect, it was imperative to choose concentration ratios that
reflected the individual potency of mixture components. Assuming that a
suitable biometric model is not open to experimental manipulation, large
discrimination between mixture effect predictions could be achieved only by
increasing the number of mixture components, and choosing those that
produced dose-response curves with the appropriate steepness.
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2.4. Selection of the assay system

The ability to utilise the previous concepts in the prediction of mixtures effects
depends on the knowledge of the exact composition of the tested mixture. Also,
for the prediction of an entire concentration-response curve at a given mixture
ratio, information about the complete dose-response relationship of all single
agents is necessary (Backhaus etal., 2000).
Obviously, these requirements place very high demands on the
reproducibility and accuracy of the assay system of choice. This has to be able
to produce large amounts of highly reliable data for every component of the
mixture, in a relatively short period of time.

2.4.1. Assessing oestrogen icity

Due to the increasing numbers of oestrogenic chemicals tainting our
environment, the need for reliable short-term methods to identify such
chemicals is clear, in order to characterise and control the environmental load,
and to evaluate human and wildlife exposures.
In vivo assays are, obviously, considered the most relevant in the
assessment of toxicity effects and in vivo confirmation of in vitro activity is
generally required before any considerations about an agent’s toxicity.
The most widely used in vivo oestrogen assay, the rodent uterotrophic
assay, relies on the ability of chemicals to stimulate uterine growth in
ovariectomised or immature rodents (Shelby et al., 1996; Odum et al., 1997)
This assay is often regarded as the “gold standard" in the assessment of
oestrogenic activity. However, there is still reference to inconsistencies in the
results, especially depending on the route of administration and the response
that is monitored (Milligan et al., 1998). Other alternatives for in vivo
determination are the vaginal cornification assay in rodents (Ashby et al., 2000)
and the induction of vitellogenin in juvenile rainbow trout or the fathead minnow
(Sumpter et al., 1995; Ranter et al., 2002). This latter being a very sensitive
assay, and extremely relevant when considering the contamination of the
aquatic environment.
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The advantage of the in vivo approach is that it takes into consideration
the effects of absorption, metabolism, distribution and excretion of the chemical.
In vivo systems incorporate all aspects of the endocrine system including
plasma-protein binding and alternative pathways for endocrine disruption. On
the other hand, these methods are costly, time consuming and labour intensive.
Moreover, most governments have increasingly tight regulations on the use of
animal testing, so it is minimised when possible.
For these reasons, in vitro assays are becoming more and more
important in the identification and assessment of endocrine disrupters. These
assays, which are mechanism-based, provide an efficient and cost-effective
mean of screening a large number of compounds in a short period of time
(Zacharewski, 1997). The in vitro assays currently used range from competitive
binding assays, which rely solely on the compound's ability to bind the ER
(Jobling et al., 1995), to more complex systems where the chemical binds to
and activates the receptor. These latter assay systems include the proliferation
of the human breast cancer cell line MCF-7 (Soto etal., 1995), vitellogenin gene
expression in hepatocyte cultures (Jobling et ai., 1995) and yeast-based assays
expressing either rainbow trout (Petit et al., 1997) or human ERs (Routledge
and Sumpter, 1996; Gaido et al., 1997). The disadvantage of these methods is
that they do not take into consideration factors that may affect their activity in
the intact organism (Reviewed in Gillesby and Zacharewski, 1998).
In view of the requirements for a low cost and ethical assay, that rapidly
produces highly reproducible data, we have chosen a recombinant yeast
oestrogen screen (YES). This in an in vitro assay that tests agents that are able
to bind and activate the human ERa (hERa).

2.4.2. The YES

The YES was developed by the genetic department at the former Glaxo Group
Research Ltd. for the identification of oestrogenic chemicals that can interact
with the hERa and was described for the first time by Routledge and Sumpter
(1996). In this system, the DNA sequence of the hERa was integrated into the
main chromosome of the yeast (Saccharomyces cerevisiae). The yeast cells
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also contain expression plasmids carrying the reporter gene lac-Z, which
encodes for the enzyme p-galactosidase (P-gal) (Figure 2.3.).
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(re d )

Figure 2.3, Schem atic of the YES. T h e h E R a,
integrated into the main genom e, is expressed
(1) in a form capable of binding to oestrogen
response elem ents (E R E ) within a hybrid
promoter on
the
expression
plasmid
(2).
Activation of the receptor (3), by binding of a
ligand causes expression of the reporter gene
Lac-Z (4), which produces the en zym e pgalactosidase. This enzym e is secreted into the
medium (5), w here it acts to convert the
chromogenic
substrate
CPRG
(6),
into
chlorophenol red, a change that is m easured by
absorbance. Adapted from Routledge and
Sumpter (1996).

The yeast cells constitutively express the hERa in a form capable of
binding EREs, which are situated within a strong promoter sequence of the
expression plasmid. Upon binding of a ligand, the receptor interacts with the
ERE, which induces the expression of the reporter gene Lac-Z. This leads to
the production of p-gal, which is then excreted into the medium. Here the
enzyme metabolises the substrate chlorophenol-red-p-D-galactopyranoside
(CPRG), which is normally yellow, into a red product that can be measured by
absorbance at 540 nm.
Several other yeast-based oestrogen assays have been reported to date
(Arnold et a!., 1996b; Coldham et al., 1997; Gaido et ai., 1997; Petit et al.,
1997). However, the Glaxo developed YES was found to be preferable due to
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its simplicity in assaying the levels of expression of the target gene. (Beresford
et al., 2000). In the YES, as explained above, the yeast cells excrete the p-gal
into the assay medium, where it causes a progressive concentration-dependent
colour change. Therefore, at the end of the experiment the colour development
can be directly measured by determining the absorbance of the yeast media.
Conversely, in other yeast-based assays (Arnold et a!., 1996b; Coldham et a!.,
1997; Gaido et ai., 1997) the p-gal is retained inside the yeast cells. Hence, the
cells have to be broken open to release the enzyme, which is then measured
using a traditional enzyme assay.
One of the disadvantages of this type of assay is the fact that it only
measures events immediately after receptor activation. Therefore,

it is

incapable of monitoring the effects of alternative pathways, feedback loops, etc.
Also, the intracellular levels of certain xenoestrogens may be affected due to
the complex cell wall and transport systems characteristic of yeast membrane
(Kralli et a!., 1996). Finally, like receptor binding assays, it does not differentiate
between ER agonists and antagonists (Beresford et a!., 2000).
Nevertheless, the YES is ideal for use in the field of combination effects
as it is rapid, reproducible and very sensitive (Routledge and Sumpter, 1996;
(Beresford etal., 2000; Rajapakse etal., 2002).

2.5. Selection of the mixture components

From the wide range of oestrogenic compounds accessible to us, our prior
consideration was to select those that were able to interact with the ER and
therefore, produce positive results in the YES. Moreover they had to pose
possible exposure risk to humans or wildlife.
Another important criterion in the chemicals’ selection was their ability to
elicit maximal possible effects comparable to those of steroidal oestrogens. This
was essential, because, for mathematical reasons, the concentration addition
concept cannot predict mixture effects that exceed those of the mixture
component with the lowest saturating level. Incomplete additivity predictions can
result, and this has, in the past, led to some complications in comparing the
performance of competing prediction concepts (Rajapakse etal., 2001).
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As previously explained, the choice of the compounds was also
conditioned by the desired separation between concentration addition and
independent action models.

Using the single

agent’s data,

modelling

experiments were carried out in order to assess how the number of constituents
in the mixture and the steepness of their concentration-response curves
affected the separation between the two models (data not shown). As expected,
the higher the number of chemicals the better separation was achieved. It was
found that a mixture of eight compounds, exhibiting curves of similar slope to
E2, produced a very clear separation between the concentration addition and
independent action predictions.
Based on these pre-requisites, eight oestrogenic chemicals were
selected for in-depth studies of mixture effects. They included plasticizers such
as bisphenol A, a number of 4-hydroxy lated polychlorinated biphenyls,
genistein, parabene, benzophenone and related compounds.

2.6. Experimental section
2.6.1. Test agents

E2 (98+% purity) and genistein (98% purity) was purchased from Sigma
Chemical Company Ltd. (Dorset, U.K.), resorcinol monobenzoate (99% purity),
benzyl-4-hydroxyparabene (99% purity) and 2,4-dihydroxybenzophenone (99%
purity) from Aldrich Chemicals (Dorset, UK), bisphenol A (4,4’-isopylidenediphenol; 97% purity) from Acros Organics (Geel, Belgium), 4’-chloro-4biphenylol (+95% purity), 2’,5’-dichloro-4-biphenylol (95% purity) and 2’,3',4’,5’tetrachloro-4-biphenylol (95% purity) from UltraScientific (North Kingston, Rl,
U.S.A.). All agents were used as supplied and prepared in HPLC-analysed
absolute ethanol (Mallinckrodt Baker, Deventer, Holland) as 1 mM stock
solutions. Mixtures of test agents were made by combining appropriate volumes
of stock solutions. All stock solutions and subsequent dilutions were kept in
critically cleaned glass containers and stored at -20°C. All other chemicals used
were research grade from Sigma Chemical Company Ltd. (Dorset, UK), unless
otherwise stated.
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2.6.2. The YES

The yeast oestrogen screen was carried out following the protocol developed by
Routledge and Sumpter (1996).
Briefly, 50 ml of growth media were inoculated with 125 of lOx
concentrated yeast stock and grown overnight in an orbital shaker at 28°C until
turbid (absorbance at 640 nm of 1.0). The assay medium consisted of 50 ml of
growth medium, chlorophenol red-p-D-galactopyranoside (10 mg/l, CPRG,
Boehringer Mannheim, East Sussex, UK) and 2 ml of the overnight yeast
culture.
Single agent and the mixture stock solutions were serially diluted in
HPLC-analysed ethanol. Aliquots of 10 pi of the dilutions were transferred to 96well, optically flat bottom microtiter plates and allowed to evaporate to dryness.
All plates included a row of ethanol controls (i.e. no test agent) and a row of
assay medium without yeast cells (blanks). To each well, except the blanks, a
volume of 200 pi of yeast-seeded assay medium was added. To minimise
evaporation, during the subsequent incubation time, the outer wells were not
used for test agents, instead being filled with sterile water.
Plates were sealed with autoclave tape and shaken vigorously for 2 min
on a microtiter plate shaker before incubating at 32°C in a humidified box for 72
h. During this period they were again shaken at 24 h and 71 h. Plates were then
analysed spectrophotometrically at 540 nm (colour) and 620 nm (turbidity) using
a Labsystem Multiskan Multisoft plate reader. Data shown in graphs are
corrected for turbidity and constitutive Lac-Z expression seen in the ethanol
controls as follows:

Corrected absorbance = test540nm - test620nm controleaonm - control540nm
Samples were run in duplicate and experiments repeated twice, often
three times. Nominal concentrations were used.
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2.6.3. Dosimetry

Scatter plots of corrected absorbance values (“effect”) versus log concentration
were constructed and analysed using the best-fit approach (Scholze et al.,
2001). The best fit from a number of non-linear regression models was selected
for final data analysis. In these studies we have used the asymmetric (or three
parameter) Hill function

(2 .1 )

E f f e c t = M in + —

where Min and Max are the minimal and the maximal observed effects,
respectively, c is the concentration of test agent, EC50 is the concentration of
test agents yielding half-maximal effects, and p is a slope parameter. Because
of the correction for readings in untreated controls, Min equalled zero. The 95%
confidence intervals of the best estimate of mean responses were also
calculated, as were the 95% confidence intervals of the population mean of
untreated controls (n=20). Nonlinear regression analysis was carried out using
SigmaPlot software (version 5.0, SPSS Inc., Chicago, U.S.A).

2.6.4. Experimental design

The effect of the eight-component mixture was determined and assessed using
the fixed ratio design described by Altenburger at a/., (2000) and Backhaus at
al., (2000). To this end, a master solution (1 mM) of the eight selected
xenoestrogens was made, at a given mixture ratio. The ratio chosen was
proportional to equieffective (effect level of 0.5 a.u.) concentrations of each
chemical which were established from the single agent data. While keeping the
mixture ratio constant, the total concentration of the mixture was varied so that
a complete concentration response relationship could be recorded.
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2.6.5. Calculation o f expected mixture effects

On the basis of the Hill regression model for each single mixture component,
the joint effect of a mixture with known composition was calculated in four
different ways by using the concepts of concentration addition, toxicity
equivalency factor approach, effect summation and independent action. The
equations for each one of the models are as follows:

Concentration addition
The concept of concentration addition is defined by:

where

q

is the concentration of agent i in a mixture that produces an effect E of

known magnitude. ECj is the concentration of agent i needed to produce effect
E on its own. Equation (2.2) can be used to calculate a mixture concentration
that produces a defined effect, provided the EQ of the individual mixture
components and their relative abundance in the mixture are known. The
concentration q of agent i in the mixture is related to the total mixture
concentration by

(2.3)

Cj = Pj X ECfpjx

where Pi is the fraction of chemical i in the total mixture concentration ECmix that
is required to produce effect E. Substitution of q in equation (2.2) gives

and rearranging yields

(2.5)

EC„„

> D ,"'

Z p ,

EC,
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Equation (2.5) allows the calculation of the concentration ECmix of a
mixture composed of chemicals 1-i that provokes an effect E of defined
magnitude, provided we have knowledge of the mixture composition and of the
concentrations of each mixture component that on its own produce effect E.
By repeating this calculation for a large range of different effects it is
possible to construct a concentration-response relationship that describes the
expected additive effects of chemicals 1-i. The effect concentrations EC; of the
single agents were calculated from the best fits of the relevant concentrationresponse models by using the inverse expression of the asymmetric Hill
function.

ii- p

(2 .6 )

ECj = E C 5 0 X

M a x -M in
(c -M ln )-l

Toxicity equivalency factor approach

By using a toxicity equivalency factor approach, the concentrations of a
reference compound required to produce the same effect as each individual
chemical present in the mixture of interest are calculated. The overall effect
concentration of the mixture is then estimated by building the arithmetic sum of
the “standardised” concentrations of each mixture component. Thus, the
method is an application of concentration addition.
(2 .7 )

T E Q = ECm i, = T E F ix 2 ^ C |

where TEQ is the toxic equivalent of the mixture, TEFj a toxicity equivalency
factor for chemical i and q its concentration in the mixture. With xenoestrogens,
the reference compound of choice is the steroid hormone E2. The TEF of an
oestrogenic chemical i can be defined as the ratio between the potency of E2
and of test agent i. As a measure ofpotency, theconcentrations of E2 and of
test agent i that induce the same effect(effect concentrations)were used:

(2 .8 )

TEFj =

ECd
^
ECj
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where ECr is the effect concentration of the reference compound (E2) and

ECj

that of the mixture component i. The TEF’s for the eight chemicals used in this
study were derived from the ratios of effect concentrations producing 50% of the
maximal possible effect,

i.e. the maximal effect seen with

resorcinol

monobenzoate.

Effect summation

As mentioned previously, this method assumes that the combined effect of
compounds is the arithmetic sum of the effects they produce when acting on
their own.

(2 .9 )

^mix

where Emix is the predicted additive effect of the mixture and E(Cj) the effect E of
chemical i at concentration c, when applied singly.

Independent action

The model of independent action allows it to calculate the predicted effects emix
of a mixture of known composition by using the expression

(2.10)

independent action is a probabilistic model, i.e. E(Cj) is a fraction of a
maximal possible effect that cannot exceed 1.
Thus, when applying this model to ER-activating effects AE(q), a
maximal effect Emax has to be defined. For this purpose, the maximal effect of
saturating concentration of resorcinol monobenzoate was chosen as a
reference point. The effects of test agents were expressed relative to the
maximal effect of resorcinol monobenzoate:

(2.11)

E(Ci) = - ^ ^
^max
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If the concentration-response relationships of all mixture constituents i
are described by an appropriate regression model Fj (here: the asymmetric Hill
function), the effect AE(Cj) can be estimated from the mean effect Fj(Ci)
predicted by the regression model. Thus,

(2 .12)

AE(c|) = F|(ci)

and

e (c |)

=^
-max

Substitution of E(Cj) in equation (2.10) gives

(2 .1 3 )

mix

1 -n

In order to ensure comparability of the independent action prediction with
those of the other methods, the fractional effects in (2.13) were rescaled by
multiplication with Emax, thus.

(2 .1 4 )

^m ix - ^m ax ^ ®mix

^m ix ~ ^m ax

1 -n

-max

2.7. Results
2.7.1. Variability o f the assay

The variability of the YES from one experiment to another was minimal. Figure
2.4. represents two dose-response curves obtained with one of the test agents,
in two independent experiments, carried out within 3 months. The closeness
between the duplicates from each individual run also shows that there was little
intra-experimental variation. This plot is representative of the data obtained
throughout the study for all the test compounds and mixtures.
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Figure 2.4. Inter-experim ental variability o f data obtained in
the YES for genistein. Replicate data (orange and grey
circles) for experim ents run on separate occasions. T he
regressions fit to the separate experim ents using the
asym m etric Hill function are also shown.

Some variation was observed between different long-term stocks of the
yeast cells (data not shown). In order to overcome this, we ensured that all the
experiments were conducted using the same batch of cells.

2.7.2. Concentration-response analysis for individual mixture components

All tested compounds induced concentration-dependent increases in the activity
of p-galactosidase, indicative of activation of the ERa in the recombinant yeast
cells. The following Figures 2.5.-2.9. represent the scatter plots and best fit
regression models for all the agents. As can be appreciated, the data showed
little experimental variation.
The curves for all the agents exhibited essentially identical maximal
effects, shapes and slopes. However, the potencies, as assessed by comparing
median effect concentrations, varied considerably. The two most potent of the
eight

chemicals,

2’,3’,4’,5-tetrachloro-4-biphenylol

and

2’,5’-dichloro-4-

biphenylol, were over 250 times more potent than resorcinol monobenzoate, the
weakest of the compounds.
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2.7.2.1. Hydroxylated polychlorinated biphenyls (PCBs)
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Figure 2.5. Concentration response relationships for (from top
to bottom) 2’,3’,4’,5’-tetrachloro-4-biphenylol, 2 , 5 -dichloro-4biphenylol and 4-chloro-4-biphenylol in the YES. Experimental

data (blue circles) from three independent experiments, with the
best fit regression model (black sigmoidal line) and the upper and
lower confidence limits of the best estimates of mean responses
(black dashed line). Horizontal lines are the mean and 95%
confidence interval of the mean of untreated controls. Shown in blue
are the chemical structures of the corresponding agents.
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PCBs are no longer used or produced by developed nations. However, prior to
their ban, they were extensively utilised in a wide variety of products, such as
transformers and other electrical equipment.
These

halogenated

aromatic

compounds

are

still

ubiquitous

environmental contaminants and are identified in almost every component of
the global ecosystem (WHO, 1993). Their high persistence and lipophilic
character permits their concentration in the food chain and exposure has been
seen in terrestrial and marine mammals (Kannan etal., 1989).
In 1988, Korach and co-workers reported for the first time that, similarly
to PCBs, their hydroxylated congeners were able to activate the ER and
promote ER agonist activities. Some of these oestrogenic actions include
induction of MCF-7 human breast cancer cell proliferation, increased uterine
wet weight in ovariectomized mice and reversal of temperature-dependent sex
ratios (male-female) in turtles (Korach etal., 1988; Bergeron etal., 1994).
Based on their reported oestrogenicity (Coldham et al., 1997), we
decided to test three hydroxylated PCBs in the YES.

2.7.2.2. U Vscreens

The growing public concern about skin damage by UV light has led to a
dramatic increase in the use of UV screens. Chemicals that are able to absorb
UVA and UVB are not only incorporated in sunscreen products, but also in a
wide variety of cosmetics such as beauty creams, lipsticks and hair sprays for
product stability and durability. Due to their high lipophilic nature, these
chemicals are able to accumulate in the environment and wildlife and human
tissues (Reviewed in Schlumpf ef a/., 2001).
At present, the toxicity of UV screens is still considered negligible.
However, it has been demonstrated that some of these phenolic compounds,
such as benzophenone-3, can act as oestrogens not only in vitro by inducing
proliferation of MCF-7 breast cancer cells, but also in vivo, by increasing the
uterine wet weight of immature rats (Schlumpf et al., 2001).
Recently, Miller et al. (2001) carried out a thorough examination of
phenolic additives used as sunscreens and UV inhibitors. Using the yeast
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oestrogen screen, they identified several as being oestrogenic. In our study we
included

two

UV

inhibitors:

2,4-dihydroxybenzophenone

and

resorcinol

monobenzoate, both reported to have oestrogenic action in the YES (Miller et
al., 2001). Our data agreed well with the values presented by Miller and
colleagues

for

resorcinol

monobenzoate,

however,

in

our

hands,

dihydroxybenzophenone was more potent than communicated

2,4-

by these

authors, presenting a median effect concentrations of 0.7 pM vs 4 pM.
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2.7.2.3. B enzyl-4-hydroxyparabene

Other phenolic additives extensively used in the cosmetic industry include alkyl
esters of 4-hydroxybenzoic acid, namely methylparabene, n-propylparabene
and /7-butylparabene. These compounds are employed

as antimicrobial

preservatives in an extensive range of cosmetics, food and pharmaceutical
products (Routledge et al., 1998). Studies have shown that parabenes can bind
to uterine ERs in competitive binding assays (Blair et a!., 2000). They induce
the expression of the reporter gene in the recombinant yeast oestrogen screen
(Miller et a!., 2001), and increase proliferation of MCF-7 cells (Byford et a!.,
2002). Their oestrogenic activity has also been detected in vivo in fish and in
the uterotrophic assay (Routledge et al., 1998)

HO.
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F ig u re 2.7. C o n c e n tra tio n -re s p o n s e c u rv e fo r b e n z y l-4 h y d ro x y p a ra b e n e . D a ta from th ree in d e p e n d e n t e x p e rim e n ts
w e re fitted to th e a s ym m etric Hill function.

In our work we included the chemical benzyl-4-hydroxyparabene that
was shown to have substantial oestrogenic effect in the study by Miller et al.,
(2001 ). Our data agreed well with the values reported by these authors.
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2.7.2A. Bispheno!A

Bisphenol A is a monomer used in the manufacture of polycarbonate, epoxy
and polyester resins. Due to their desirable qualities (transparency, moldability
and high impact strength), polycarbonate and epoxy resins are widely used in
food packaging and dental sealants. The exposure of humans to bisphenol A is
not insignificant as it has been shown that it can migrate from the coating of
food cans into foods (Brotons et al., 1995), and from dental sealants into saliva
(Olea et a!., 1996). Its oestrogenic activity is well documented both in vivo and
in vitro. It is, for example, able to bind the ER, induce proliferation of MCF-7
breast cancer cells (Krishnan et ai., 1993) and increase uterine weight in
ovariectomized mice (Papaconstantinou et ai., 2000).
In the YES, the response to bisphenol A was in agreement with data
reported previously (Routledge and Sumpter, 1996; Gaido et ai., 1997).
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Figure 2.8. Dose-response relationships for bisphenol A.
Experiments w ere run three times in duplicate and fitted to the
asym m etric Hill function.

2.7.2.5. Genistein

Epidemiological data indicate a great disparity between breast cancer risk in
Western and Eastern countries. Historically, the risk of American women
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developing breast cancer has been as much as seven times higher than Asian
women (Dunn, 1975). This difference has been attributed to the soy-based diet
characteristic of Eastern cultures (Adlercreutz et al., 1995).
Soy contains very high level of phytoestrogens, mainly genistein (4,5,7trihydroxyisoflavone). This is a compound that has been subjected to countless
studies due to its apparent contradictory ability to act as an oestrogen, and have
antiproliferative effects. However, opinions are still divergent (Reviewed in
Bouker and Hilakivi-Clarke, 2000).
The oestrogenic properties of genistein have been clearly shown. It binds
the ER (Martin at a!., 1978) and is able to activate a number of oestrogen
responsive genes, such as TFF1 and c-fos (Sathyamoorthy at a!., 1994; Hsieh
at a!., 1998). It is also capable of stimulating the growth of ER positive cell lines
(Hsieh at a!., 1998). In vivo experiments have demonstrated its uterotrophic
effects in a variety of species (Folman at a i, 1966; Leopold at a i, 1976).
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Figure 2.9. Data for genistein in the YES. Experim ents were
carried out in duplicate and repeated three times.

Table 2.1. shows a summary of the relevant data for each of the mixture
components. This includes the mixture ratio of all the constituents in the final
mixture and important parameters of the regression models, which were used to
calculate the predictions and to estimate ECqi values (see Chapter 3).
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Table 2.1. Parameters for the best-fit regression model describing the individual effects
of the mixture components.
Compound

^the^mix®"

Asymmetric Hill function parameters^
X 50 (pM )

P

Max

0.0027

0.061

2.20

1.71

2. 2 ’,5 ’-dichloro-4-biphenylol

0.004

0.060

2.70

1.71

3 . 4 ’-chloro-4-biphenylol

0.027

0.600

2.16

1.67

4. genistein

0.025

0.600

2.34

1.67

5. 2,4-dihydroxybenzophenone

0.045

0.700

2.62

1.71

6. benzyl-4-hydroxyparabene

0.040

0.790

2.52

1.70

7. bisphenol A

0.128

2.88

2.98

1.68

8. resorcinol monobenzoate

0.728

13.5

2.55

1.77

1 . 2 ’,3’,4’,5’-tetrachloro-4-biphenylol

® Ratio of the concentration of each component to total mixture concentration.
section. Absorbance units for Max.

Defined in Experimental

2.7.3. Predicted and observed combination effects

We used the regression models shown in Section 2.6.5. to predict the mixture
effects that are expected to occur from an additive interaction of the eight
oestrogenic chemicals. The combined effects were calculated for a large range
of responses by using concentration addition, the toxicity equivalency factor
approach, effect summation and independent action.
The TEFs shown in Table 2.2. were used to estimate concentration of E2
expected to be equieffective with the eight component mixture.

Table 2.2. Toxicity equivalency factors derived from the eight tested oestrogenic
chemicals^
Compound

Toxicity equivalency factor

1 . 2 ’,3’,4’,5’-tetrachloro-4-biphenylol

2.86 X 10 ^

2. 2 ’,5’-dichloro-4-biphenylol

3.00 X 10'^

3. 4'-chloro-4-biphenylol

0.281 X 10'^

4. genistein

0.288 X 10 ^

5. 2,4-dihydroxybenzophenone

0.253 X 10'^

6. benzyl-4-hydroxyparabene

0.224 X 10-3

7. bisphenol A

6.16 X 10 ^

8. resorcinol monobenzoate

1 .3 5 x 1 0 -3

E2 was used as the reference compound for these calculations
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For the calculation of the TEFs presented in Table 2.2., as all doseresponse curves are parallel, an arbitrary effect could be chosen (in this
instance: 0.8 absorbance units). The concentrations of the reference compound
(E2) and that of the 8 tested chemicals that produced the chosen effect were
extrapolated from the dose-response curves shown in Figure 3.1. The TEF for
each oestrogenic chemical is the ratio of reference to test chemical
concentration, as described in Section 2.6.5.
The combination effects were then tested experimentally and compared
with the calculated predictions. As shown in Figure 2.10., the eight-component
mixture produced a complete concentration-response curve, with experimental
variation highest in the linear portion of the curve. For the entire range of effect
levels, the observed combination effects confirmed decisively the responses
predicted by concentration addition.
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Figure 2.10. Predicted and observed effects o f a m ixture o f all
tested oestrogenic chem icals. Experimental effect data (grey circles)
from three independent experiments, with the best-fit regression model
(black solid sigmoidal line) and the upper and lower confidence limits of
the best estim ates of m ean responses (shading). T he red solid line
shows the predicted combination effects derived from concentration
addition. T he line labelled lA is the prediction derived from independent
action, ES is effect summation and T E F the toxicity equivalency factor
approach. T h e solid and dashed horizontal lines are the m ean and
9 5 % confidence interval of the m ean of untreated controls.
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The regression model for the steroid hormone was employed to calculate
the corresponding joint effects of the combination according to the toxicity
equivalency factor approach. In order to obtain a concentration-response curve
that could be compared with the prediction curves of the remaining concepts,
this procedure was repeated for a large number of concentrations. Confirming
that the conditions of the TEF approach were met, the resulting “TEF curve”
was almost congruent with the one obtained by using concentration addition
(Figure 2.10.).
In contrast, the concepts of effect summation and independent action led
to significant underestimation of the observed combination effects. The
predicted median effect concentrations were approximately 3-fold higher that
the experimentally observed ones. The steepness of the curves meant that
mixture concentrations predicted to yield effects of 5% of the maximal effect, in
reality produced significant responses (i.e. around the median effect level). The
steepness of the independent action prediction curve was comparable to that of
concentration addition. The maximal effect predicted on the basis of
independent action was slightly higher than experimentally observed. As
expected from its mathematical features, effect summation was unable to model
the levelling off of responses normally seen at higher concentrations. Instead,
this concept predicted a steep rise in response, even beyond effects observable
in the YES.

2.8. Discussion

In view of the excellent agreement between prediction and experimental
observation, there can be little doubt about the usefulness of concentration
addition for the prediction and assessment of the joint action of xenoestrogens
at the level of ER activation. The predictive power of concentration addition was
apparent for the entire range of effects.
In the absence of a generally accepted statistical method for assessing
agreement between mixture effect prediction and observation, we have used
the criterion of overlap between the predicted concentration response curve and
the 95% confidence interval of the best fit regression model of experimental
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effects. Figure 2.10. shows that a complete overlap was observed, underlining
the accuracy of concentration addition.
Our data also show that the toxicity equivalency factor approach is a
useful method for the assessment of joint effect of xenoestrogens. We attribute
this to the fact that the assumptions (Safe, 1998) underlying the TEF concept
were fulfilled in our case, namely that all mixture components act through the
same pathway (ER activation) and that the concentration-response curves for
all chemicals were essentially parallel. The TEF concept may, therefore, be
regarded as a convenient and easy to use alternative to concentration addition.
Against this however, we have to balance the resources and efforts needed to
ascertain that all mixture components indeed produce parallel concentrationresponse curves. This is an essential requirement, because toxicity equivalency
factors for individual mixture components will inevitably vary with the effect level
chosen for analysis, if the curves show different slopes. A dilemma may arise
with mixture components that elicit similar, but not exactly parallel curves. How
much deviation from the requirement of parallelism can be tolerated to justify
application of the TEF approach? As far as we are aware, there are no clearcut, rational criteria to decide this question. Considering these complications,
we favour the use of the concentration addition concept. Unlike the TEF
approach, it copes well with agents showing response curves with different
slopes (Berenbaum, 1985; Altenburger etal., 2000; Rajapakse etal., 2002).
The concepts of effect summation and independent action are clearly
unsuitable for the assessment of the joint effects of xenoestrogens in this assay.
This is highlighted by the fact that both concepts predicted effects of only 0.1
(corrected absorbance units) for the median effect concentration of the mixture
(2.3 pM). This represents 11% of the experimentally observed value of 0.85.
The inappropriateness of independent action may be explained in terms
of the features of the YES. The assay only screens the events leading up to,
and following, the activation of the ER protein by binding to its ligand binding
domain. It is blind to all other possible effects, except gross toxicity, which will
induce a loss of signal through yeast cell killing. On theoretical grounds
therefore, independent action could have been ruled out a priori as a concept
suitable for dealing with xenoestrogens in receptor activation assays, because
only similarly acting agents will be active in such systems. However, in previous
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studies conducted in our laboratory (Payne et al., 2000b), it was observed that
concentration addition and independent action produced almost identical
predictions for additive combination effects in the yeast oestrogen screen, which
agreed well with the experimentally observed mixture effects. Hence, evidence
was required that concentration addition is indeed appropriate for use with ER
agonists in this assay. The present study provides proof of this hypothesis. This
could only be achieved because the differences between the additivity
expectations derived from concentration addition and independent action were
sufficiently large as not to encounter problems with discriminating between
prediction and observation.
Considering the widespread, and often naive application of the effect
summation concept, our demonstration of a large underestimation of mixture
effects with this approach is of considerable practical importance. We show that
the combined effect of eight agents that individually produce oestrogenic effects
(corrected absorbance units) of e.g. 0.5, 0.4, 0.1, 0.15, 0.14, 0.17, 0.21 and
0.45 is not 2.12. The fatal flaw in simply adding up the individual effects of
mixture components is underlined by the fact that this method produces
combination effect predictions in wild excess of the biologically possible
maximal effects of 1.765. Inevitably, therefore, the effect summation curve in
Figure 2.10. shoots up steeply to unattainably high responses, beyond all
known biological reality. Crucially, the uncritical use of effect summation would
have led us to the erroneous conclusion that the joint effect of the eight
xenoestrogens studied here is synergistic. This is because the observed
combination effects far exceed those predicted by this model.
In conclusion, our study shows that the effect of multi-component
mixtures of oestrogenic chemicals can be predicted accurately from knowledge
of their individual potency. The concept of concentration addition and its
application, the toxicity equivalency factor approach, proved to be valid tools for
the calculation of additive mixture effects.
It is now necessary to evaluate whether concentration addition is a
generally valid concept for the assessment of joint oestrogenic effects. Can it be
used productively for the prediction of combination effects with endpoints further
removed from ER activation, e.g. cell proliferation or physiological responses?
And will it be applicable to all types of mixtures? Another question concerns the
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predictability of combination effects with mixtures composed of agents that do
not produce maximal possible effects.
In this chapter we presented evidence that the effect of a mixture of
oestrogenic chemicals can be correctly predicted based on the detailed
knowledge of the individual components, by using the model of concentration
addition. However, a more important question remains to be answered: Can this
eight component mixture yield significantly measurable effects, even when the
individual agents are present at ineffective concentrations? This issue will be
addressed in Chapter 3.
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CHAPTER 3

-

MIXTURE EFFECTS A T LO W EFFECT

CONCENTRATIONS

The argument that xenoestrogens pose negligible health risk to humans and
wildlife due to their low concentrations in the environment led us to test an
important question: Can environmental oestrogens, even at low ineffective
concentrations, act together to produce a significant response?
In order to answer this question we became interested in assessing the
occurrence of joint action when each oestrogen is present at levels that elicit
effects indistinguishable from those seen with untreated controls. This made it
necessary to estimate as accurately as possible low effect concentrations of all
tested agents. To achieve this, concentration-response relationships of tested
agents had to be recorded (data presented in Chapter 2.). These data formed
the basis for predictions of entire concentration-response curves for mixtures of
defined composition, assuming additive combination effects. The predictions
were made using the models of concentration addition, the toxicity equivalency
facfor approach, independent action and effect summation.

3.1. The relevance of low-effect concentrations

There are two main reasons why the correct determination of low effect
concentrations is so important.
The first relates to the models used to predict the joint effects. From the
definitions of the concentration addition and independent action models it is
apparent that the significance of low effect concentrations for both models is
different. Under the assumption of concentration addition, any concentration of
any mixture component is expected to contribute to the overall effect of the final
mixture. This means that there is no threshold concentration other than zero
itself. In contrast, independent action assumes that only those agents that are
present at concentrations that cause individual effects greater than zero will
contribute to the overall effect. Hence, the predicted effect of low effect
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concentrations will vary, depending on the value of the estimated “zero”. As can
be appreciated, the predictive assessment of mixture effects demands an
accurate estimation of low effect concentrations, especially so that a “zero”
effect level can be reliably approximated for independent action.
In the previous chapter, we demonstrated that concentration addition
accurately predicts the mixture effects of our eight test compounds, for a wide
range of concentrations. This model assumes that every mixture component
contributes to the total mixture effects in proportion to its concentration, even
when present at concentrations below “zero” effect level, where “zero” effect
level, or no effect concentration (NEC), is defined as the highest tested
concentration that produces no effect. Therefore, does the excellent agreement
demonstrated between experimentally observed combination effects and the
concentration addition prediction mean that not even NECs are safe when
dealing with large numbers of xenoestrogens in combination?
It is well established that it is impossible to determine NECs with
confidence, because true “zero effects” cannot be distinguished from very small,
albeit statistically insignificant responses. The statistical approach most
commonly used to deal with this uncertainty is hypothesis testing in which
treatment responses are compared with a control response to test the null
hypothesis that they are drawn from the same population. If the null hypothesis
is rejected, a multiple comparison test (e.g. Dunnett, or Tukey test) is used to
generate a no-observed-effect concentration (NOEC).

3 .1.1. The inappropriateness ofN O EC s

Thus, a NOEC value is derived from experimental data by applying statistical
hypothesis testing procedures and denotes the highest tested concentration at
and below which the effect is not significantly different from untreated controls
(van der Hoever, 1997).
However, the use of NOECs as the basis for estimating “zero” effects
has been severely criticised (Chapman et a/., 1996). It has been shown that
what is estimated as a NOEC depends to a large degree on the biological
variability of the test system and the number and spacing of test concentrations
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(Moore and Caux, 1997). Often, effects below 10% of a maximal possible
response cannot be distinguished reliably from the effects seen in untreated
controls (Moore and Caux, 1997). NOECs tend to increase, the fewer
concentrations tested and the larger the spacing between each concentration
(Moore and Caux, 1997). Thus, one of the major criticisms on the use of
NOECs is the fact that this can lead to false negative results, as NOECs are
highly dependent on the quality of the data being analysed. There is a high risk
of overlooking real low dose effects, if the data is poorly distributed
(Kortenkamp and Altenburger, 1998). Furthermore, most of the information in
the concentration-response curves (e.g. the slope and confidence intervals) is
lost and cannot be used, for example, to estimate risks of different severity.
In summary, NOECs define a range of concentrations where low effects
can neither be quantified nor ruled out with certainty.

3.7.2. Regression-based approach (benchmark concentrations)

So-called

benchmark concentrations

(EC%) are

increasingly viewed

as

alternatives to NOEC determinations (Chapman et a/., 1996; Van der Hoeven,
1997; Faust et a!., 2001). We became interested in comparing NOECs with
benchmark concentrations corresponding to low effects. These are estimated
by fitting a regression model equation (in our case the asymmetric Hill function)
to the observed effects and producing a dose-response relationship. The
benchmark concentration can then be obtained by interpolation or extrapolation
to the effect level of interest (Moore and Caux, 1997). Unlike NOECs, which are
derived from comparisons of only two concentrations (“treated” versus
“controls”), the benchmark concentration procedure utilises the information
contained in the entire concentration-response curve. Moreover, one can
confidently interpolate effects to untested concentrations.
In this chapter, we carried out further analyses of the mixture described
in Chapter 2. Here, we are interested in evaluating whether this eight
component mixture of xenoestrogens produces significant effects even when
each component is combined at concentrations below their individual NOEC or
ECoi levels.
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3.2. Experimental approach

Successful completion of our studies required the preparation of mixtures with
each component present at levels that did not produce statistically significant
effects. As described in Section 3.1. there are serious limitations to realising
such “ineffective” concentrations by estimating NOECs. For our purposes, the
determination of benchmark concentrations was considered a more appropriate
approach. In the light of these considerations we were interested in comparing
both procedures.
Therefore, we have not only estimated NOECs by using Dunnett’s test
(Dunnett, 1964) but also based our assessment on effect concentrations
yielding 1% of the maximal observed effect (ECoi) in the YES, i.e. that of
saturating concentrations of resorcinol monobenzoate, the compound with the
highest maximal effect. ECoi values, which are considered to be an appropriate
alternative for NOECs (Van de Hoeven, 1997), were estimated by interpolation
using the Hill regression model.

3.2.1. Calculation o f ECoi and NOECs

The calculation of ECoi involves interpolating or extrapolating the concentration
of test agent that results in 1% of the maximal response in the YES, i.e. an
effect equivalent to 1% of 1.7 absorbance units (arbitrary units, a.u.), from the
biometrical concentration-response analysis.
In estimating NOECs, a simple analysis of variance (ANOVA) was used
to compare all of the treatment groups, including the control group. ANOVA is
applicable when the variances are homogeneous, which was confirmed using
Bartlett’s test for homogeneity of variances (Sokal and Rohlf, 1981), and the
data are independent and normally distributed (Kolmogorov-Smirnov test). A
finding, with ANOVA, of “significant difference among the groups being
compared” indicated the need for further (post hoc) testing to establish which
groups differ significantly from other groups. A number of post hoc tests are
available and of those the most commonly used in toxicology are Duncan’s
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multiple range test, Scheffe’s test, Dunnett’s Mest, and Williams’ Mest. The
most appropriate of those tests for our purposes is the Dunnett’s Mest (Dunnett,
1955; 1964), which allows multiple comparisons of treatments versus control
and does not require that the control group be of the same sample size as the
treated groups.
Briefly, in a study with K groups (including the control) we will make {K-1)
comparisons. The Dunnett’s f-distribution is predicated by the assumption that a
test level is set for the entire set of (K-1) decisions and not for each comparison.
To use the Dunnett’s Mable (Bechhofer and Dunnett, 1988), the parameters
required are K and the number of degrees of freedom for the mean square
within group

(M S w g ).

The test value is given by

(3 .1 )

’wg'

where n is the number of observations in each of the groups, Tj is the mean of
the control group, and T is the mean of the appropriate treatment group.

3.3. R esults
3.3.1. Oestrogen icity o f the individual compounds.

All tested agents induced activation of the hE R a in a concentration-dependent
manner (Chapter 2). To emphasise the similarity, the best-fit regression lines of
all the mixture components were grouped together in one graph (Figure 3.1.).
E2 was also included, for comparison purposes. The regression models
presented in Figure 3.1. (the parameters of which can be found in Table 2.1.)
were used to estimate ECoi values of the single agents. As can be noted in
Table 3.1., the NOECs of the individual chemicals were lower than their ECoi
values in many cases.
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Figure 3.1. Regression models for the effects of all eight mixture
components and of 17p-oestradiol (E2). The horizontal solid and
dashed lines are the mean and 95% confidence interval of the mean of
untreated controls (n=20). The numbering of the chemicals is as
presented in Table 3.1.

Table 3.1. ECoi values and NOECs of the tested chemicals.
Fraction
In mix*

NOEC
(pM)

EC qi
(pM r

Gone (pM ) in 1.43
pM mixture‘s

0.0027

0.005

0.008

0.004

2. 2 ',5 ’-dichloro-4-biphenylol

0.004

0.011

0.011

0.0057

3 . 4 ’-chloro-4-blphenylol

0.027

0.054

0.074

0 .039

4. genistein

0.025

0.038

0.086

0.036

5. 2,4-dihydroxybenzophenone

0.045

0.073

0.124

0.064

6. benzyl-4-hydroxyparabene

0.040

0.116

0.13

0.057

7. bisphenol A

0.128

0.422

0.632

0.183

8. resorcinol monobenzoate

0.728

0.99

2.24

1.04

Compound^
1 . 2 ’,3’,4’,5’-tetrachloro-4-biphenylol

® Numbered as in Figure 3.1.
Ratio of the concentration of each component to total mixture
concentration. ®Concentration producing effect 0.017 absorbance units, i.e. ECoi of maximal responses in
YES. ‘^Calculated from the total mixture concentration (1.43 pM) by the multiplication with the fraction of
each component in the mixture, see Figure 3.2.

3.3.2.

Combination

effects

at

concentrations

producing

effects

indistinguishable from untreated controls.

Figure 3.2 displays the effects of individual mixture components that would be
observed if they acted alone at levels corresponding to 50% of their ECoi values
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(individual concentrations shown in Table 3.1.) Although individually none of
the eight xenoestrogens would have produced measurable effects, they yielded
a substantial response when combined at these concentrations. The observed
mixture effect, corrected for untreated controls, was 0.39 ± 0.02 absorbance
units (mean ± 95% confidence interval of mean responses), the effect predicted
by concentration addition was 0.35 absorbance units. Simple summation of the
individual effects of all the mixture components underestimated the observed
response by a factor of 20 (0.02 predicted vs 0.39 ± 0.02 observed).
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Figure 3.2. Effects o f individual m ixture com ponents present
in 1.43 |iM of the mixture. ES; Effect summation, I.e., expected
mixture effect obtained by calculating the arithmetic sum of
individual effects of agents 1-8. CA: concentration addition
prediction. MIX: observed mixture effect. Error bars are upper
95 % confidence limits of the best estim ate of m ean responses.
Concentrations of test agents in 1.43 pM of the mixture are
depicted in Table 3.1.

3.4. Discussion

The results of our experiments show convincingly that xenoestrogens act
together to produce effects when present at concentrations that individually
yield responses indistinguishable from those of untreated controls. There were
joint effects when the test agents were combined at concentrations equal to
50% of their individual ECoi values. These concentrations were below the
NOECs in all cases (Table 3.1.).
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It has been argued that NOECs are not appropriate for the estimation of
low dose effects. This is due to the fact that the derivation of NOECs varies,
depending on the assay system utilised. Also, if the lower range concentrations
tested are not finely spaced, or too few concentrations are tested, the NOECs
will increase significantly. For these reasons, the determination of an EC01 by
interpolation to the best-fit curve is considered the more accurate approach. In
our case, however, both approaches produced similar estimates. In many cases
NOECs were even lower than the equivalent EC0 1 . There are two possible
reasons for this. Firstly, due to the high reproducibility of the assay and to the
proximity between the lower tested concentrations, the calculated NOECs were
very low. Secondly, it can be related to the choice of the regression model to fit
the experimental data. As pointed out by Moore and Caux (1997): “Choice of
the model matters little when estimating median effects (e.g. EC50 ) as long as
the model fits the data. Choice of model is critical, however, when estimating
low toxic effects (e.g., EC01 ) because the resulting estimate often involves
extrapolation from the response data and is, therefore, model dependent”. If the
regression model is unable to fit the lower range of concentrations adequately,
the benchmark concentrations will increase. These considerations show that,
although clearly more reliable, the determination of EC01 by interpolation to the
best fit regression also has its limitations.
These results put into sharp relief the limitations of the traditional focus
on single agent effects during hazard assessment of endocrine disrupting
chemicals. The assertion that individual oestrogenic chemicals pose no risk
because they are present at low, ineffective levels in humans or in wildlife may
be irrelevant when dealing with mixed exposures. If every oestrogenic agent
contributes to the overall mixture effect in an additive fashion, well below
NOECs and EC0 1 , the task of identifying the potential risks associated with
oestrogenic exposures becomes first and foremost a question of establishing
the sheer number of oestrogenic chemicals in the environment.
These considerations force the conclusion that the recent focus on
searching for synergistic mixture effects with oestrogenic agents has been
unnecessary. Clearly, additive combination effects are of importance and
require urgent attention when assessing the potential risks oestrogenic agents
may pose for humans and wildlife.
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Despite our success in predicting the joint effect of oestrogenic
chemicals, it is of extreme importance to highlight a number of factors that are
likely to complicate the assessment of exposure to real existing mixtures of
xenoestrogens:
1. Reproducibility of bioassays. To a large extent, the good agreement
between prediction and observation was due to the high reproducibility of the
YES. It remains to be seen whether the methodology employed here can be
applied successful to bioassays that yield less reproducible data. Previous work
conducted by Payne et al., (2001) predicted and tested the combination effects
of a mixture of four xenoestrogens in the E-SCREEN, using a similar approach
to that described here. Their results were encouraging, although, due to the low
number of chemicals, there was no clear discrimination between the predictions
of independent action and concentration addition. Based on the data presented
here, it is probable that an increase of the number of mixture components would
yield satisfactory results.
2. Nature of oestrogenic components. To produce prediction curves that
covered a suitable range of effects, we had to select xenoestrogens that yielded
maximal effects very similar to those of steroidal oestrogens. This is due to the
fact that, for mathematical reasons, the concept of concentration addition
cannot predict mixture effects that exceed those of the mixture component with
the lowest maximal effect. It is necessary to continue exploring the predictability
of combination effects with mixtures of xenoestrogens that produce differing
maximal effects (Rajapakse et ai., 2001).
3. Endpoints. In the present study we have explored combination effects
at the molecular level, close to biological receptors. An important task will be to
investigate whether our findings hold true for biological effects at higher levels
of cellular organisation, e.g. oestrogen-mediated cell proliferation, or at the
organism level. A study of in vivo effects of mixtures of oestrogenic compounds
has been recently published (Thorpe et a/.,2001).
4.

The

biological

effects

of

endogenous

steroidal

oestrogens.

Endogenous steroidal oestrogens exert quite strong effects at the levels
normally found in body fluids and tissues. Therefore, it is crucial to explore
whether relatively weak xenoestrogens are able to create an impact on the
actions of endogenous oestrogens, when combined at low levels that
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individually produce undetectable effects. The work presented in this and the
preceding chapter has been pivotal in enabling us to recently address this very
point (Rajapakse et a/., 2002). Here, it was clearly demonstrated that a mixture
consisting of a large number of weak xenoestrogens is able to modulate the
effects of the potent steroidal oestrogen E2. This phenomenon occurred even
when each individual xenoestrogen was present at a level well below its effect
threshold.
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CHAPTER

4

-

REVERSE

TRANSCRIPTION

-

COMPETITIVE POLYMERASE CHAIN REACTION (RTCPCR)

-

VALIDATION OF THE METHOD

The data presented in the previous chapters confirm the usefulness of
concentration addition in predicting fairly accurately the combined effects of
xenoestrogens in the YES.
However, the YES measures events that occur very close to hERa
activation. Consequently, it does not allow the evaluation of how signal
transduction pathways and effector chains responsible for integral effects of
oestrogens, such as cell proliferation, impact on the predictability of the
combination effects. Also, it does not permit the assessment of the role of other
intervening factors, such as absorption, distribution and metabolism.
From this, an important question arises: When analysing combination
effects on more complex systems, such as mammalian cell lines, where many
of these factors contribute to the final oestrogenic effect, will concentration
addition still be the most appropriate predicting model?
This question is of extreme importance in defining the applicability of the
predicting models described in Chapter 2. Many pharmacologists regard
concentration addition as applicable only to agents that interact exclusively with
the same molecular target in a competitive and reversible way (Poch, 1993).
Using this strict definition of “similar action”, the interaction of multiple chemicals
with the same site does not necessarily imply that the resulting combination
effects will follow concentration addition at integral levels of response.
Defenders of this view would argue that additional binding to other targets or
differing toxicokinetics violate the premises of the concentration addition
concept. In these cases, the chemicals should be considered as having
dissimilar modes of action and the independent action concept should be
applied. The alternative view is that concentration addition represents the
“general solution” for the prediction of combination effects, being applicable in
every instance, with independent action a special case of concentration addition
(Berenbaum, 1989).
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These controversies may be settled by evaluating, side by side, the
validity of both concepts when testing mixtures of solely similarly and solely
dissimilarly acting chemicals. Two recent studies have addressed this problem
by testing mixtures of aquatic toxicants on bacteria and algae (Altenburger et
al., 2000; Backhaus et al., 2000). They have observed that multi-component
mixtures of strictly similarly acting chemicals followed the concentration addition
concept, while the effects of mixtures of chemicals with widely varying modes of
action were best described by independent action.
However, the application of this to oestrogenic chemicals is likely to be
more complicated. Due to all the possible ligand-dependent and ligandindependent pathways leading to receptor activation and oestrogenic action
(see Section 4.1.), and the lack of understanding of the specific mode of action
of most xenoestrogens, the classification as similarly or dissimilarly acting
chemical can be extremely difficult.
One clear example can be found with the chlorinated hydrocarbon pHCH. This “oestrogen-like” chemical is able to induce proliferation of the
oestrogen responsive MCF-7 cell line (Soto et al., 1995; Steinmetz et al., 1996;
Payne et al., 2000), but has no apparent affinity for the ER (Steinmetz et al.,
1996). For this reason, although inducing cell proliferation in a similar way to
steroidal oestrogens, it may be viewed as having a dissimilar mechanism of
action. Thus, how will p-HCH interact with “classical” oestrogenic chemicals?
Will it be considered similarly or dissimilarly acting?
It therefore appears, that first and foremost, it is essential to define
similarly and dissimilarly acting chemicals by understanding to a greater extent
their mechanisms of action. Thus, what pathways can be involved in the
ultimate oestrogenic effect, the activation of the ER?

4.1. Activation of the ER

As mentioned in Chapter 1, the classical mechanism of ER activation is similar
to that of other nuclear receptors (Hall et al., 2001). In the absence of
oestrogens, receptor monomers are associated with inactivating heat shock
proteins (hsp), such as hsp90, hsp70 and p59 (Smith et al., 1993b; Smith and
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Toft, 1993). This receptor-protein complex is able to shuttle between the cell's
nucleus and the cytoplasm, but is found predominantly in the nucleus (King et
al., 1984).
The hormone enters the cell by passive diffusion and is translocated into
the nucleus where it binds the LBD of the receptor, inducing a conformational
change (Beekman at a!., 1993). This favours dissociation of the inactivating
protein complex and tight binding to the DNA (Smith and Toft, 1993). The
receptors bind as homodimers to specific EREs that consist of inverted
palindromes separated by three nucleotides (Beato at a!., 1989). This induces
the interaction with basal transcription factors and coactivators (Ing at a!., 1992;
Onate at a!., 1995; Ratajczak, 2001), to induce the transcription of target genes.
The possibility of an alternative ER activation pathway, which does not
require the presence of the hormone, became apparent as a result of several
studies conducted in the early 1990s. In 1991, Nelson and colleagues observed
that the growth factor EGF had oestrogen-like effects in the promotion of cell
growth in the reproductive tract of ovariectomised female mice. Power at a/.,
(1992) demonstrated that the neurotransmitter dopamine was able to stimulate
transcriptional enhancement of ER and progesterone receptor (PR), which were
transfected

into CV1

monkey kidney cells.

In addition,

the

ability of

antiestrogens to suppress the induction of mitogenesis and elevation of PR
levels (classical oestrogen-inducible responses) by peptide growth factors in
MCF-7 breast cancer cells, suggested an interaction between growth factor
signalling and ER pathways (Vignon at a!., 1987; Katzenellenbogen at a!.,
1990). The final confirmation of this phenomenon was possible with the
observation that EGF was capable of promoting ER activation in the mouse
uterus, in the absence of the cognate ligand (Ignar-Trowbridge at a!., 1992).
Subsequent research has demonstrated that the transcriptional activity of
the ER can be stimulated in cells treated with EGF, although to a lesser extent
than in cells treated with physiological concentrations of E2 (Ignar-Trowbridge
at a!., 1993; Bunone at a!., 1996; El Tanani and Green, 1997a), and that the
ability of EGF to stimulate gene expression requires the presence of both the
ER and an ERE in the promoter region of a target gene (Ignar-Trowbridge at a!.,
1996). Taken together with the ability of the pure antiestrogen ICI 164 384 to
block EGF activation of gene expression (Ignar-Trowbridge at a!., 1993; Bunone
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et al., 1996), these data confirm that the EGF signalling pathway can cross-talk
with the ER and modulate the activity of this transcription factor.
In addition to EGF, several other growth factors are capable of activating
ER-dependent gene expression. These include transforming growth factor a
(TGFa) (Ignar-Trowbridge eta!., 1993), heregulin (Pietras eta!., 1995), insulin
and insulin-like growth factor I (IGF-I) (Aronica and Katzenellenbogen, 1993;
Newton et a!., 1994). Finally, activators of protein kinase A, cAMP (Aronica et
ai., 1994) and the neurotransmitter dopamine have also been shown to induce
activation of the nuclear receptor (Power eta!., 1992; Smith eta!., 1993a).
Activation of the ER by oestrogenic ligands is associated with increases
in

overall

receptor

phosphorylation

(Ali

et

a!.,

1993;

Aronica

and

Katzenellenbogen, 1993; Arnold et a!., 1994) which stimulates the ligand
dependent AF-2 region, facilitates transcriptional activity and enables binding to
the DNA (Denton et a!., 1992; Arnold et a!., 1995b). Likewise, the hormoneindependent activation of ER by growth factors leads to phosphorylation of
amino acid residues, namely Ser^^®, located within the AF-1 region of the
receptor (Ali et a!., 1993; Joel eta!., 1995).
Studies using deletion mutants of ERa have shown that AF-1, which is
not required for activation by E2, is indispensable for EGF and IGF-I action
(Ignar-Trowbridge et a!., 1993; El Tanani eta!., 1997b), thus implicating AF-1 in
the mediation of ligand-independent activation of ER.
Although AF-2 function is dependent upon ligand binding and AF-1
functions independently of the presence of a ligand, both regions are required
for optimal stimulation of ER transcriptional activity (Lees et al., 1989; Tora et
al., 1989; El-Tanani and Green, 1997b). The AF-1 region within the ER was
also found to be a target for phosphorylation by mitogen activated protein
kinases (MAPK) (Arnold et a!., 1995a; Kato et a!., 1995). Further reports have
demonstrated that, indeed, this cascade seems to mediate the effects of EGF
on the ER (Bunone eta!., 1996; Lee and Eghbali-Webb, 1998).
MAPK or extracellular signal-regulated kinases (ERK) are part of a
growth factor stimulated kinase cascade that involves the sequential activation
of Raf-1, mitogen activated protein kinase kinase (MAPKK or ERK kinase,
MEK) and MAPK. This cascade is activated by a variety of growth factors, such
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as EGF, insulin and IGF (Reviewed in Marshall, 1994; Favoni and Cupis, 2000).
ERKs are involved in signal transduction pathways. Their direct targets include
downstream protein kinases, nuclear transcription factors, cytoskeletal proteins
and other regulatory molecules (Cobb, 1999).
The theory implicating the MARK cascade in the ligand independent
activation of the ER has recently received support from a report by Atanaskova
et al., (2002). They demonstrated that expression of constitutively activated
MEK1, an immediate upstream activator of MARK, in oestrogen responsive
MCF-7 cells, causes an increase in ER transcriptional activity, followed by an
increase in the levels of the ER-regulated products, RR and trefoil factor I
(TFF1).
Recent studies have also proposed that, growth factors, such as EGF
and IGF-I, utilise the phosphatidylinositol-3 kinase (RI-3K)/Rrotein kinase B
(RKB) pathway to activate ER and confer hormone-independent growth
(Zimmermann and Moelling, 1999; Campbell et a!., 2001). It has been shown
that, in MCF-7 cells, both growth factors regulate the expression and activity of
ERa and lead to oestrogenic effects such as S-phase entry and cyclin D1
transcription by activating these pathways (Stoica et a!., 2000a; 2000b; Castoria
et a!., 2001). In summary, these data suggest that ER may mediate the
transcription of target genes by integrating different signals from growth factor
activated kinases and the binding of steroid hormone.
One of the ways to assess the activation of the ER can be based on the
quantification of changes in the expression of genes that are specifically
regulated by such a receptor. There is a wide variety of genes that, due to
containing a functional ERE, are regulated by the ER. Some of these are:
vitellogenin, prolactin, TFF1, cathepsin Dand c-jun (Ryder et al., 1995).
The most important parameter when selecting a marker gene for
receptor activation is that its expression is highly sensitive to the treatment, i.e.,
the levels of the corresponding transcriptional product must be very different in
oestrogen-treated cells and untreated controls. Moreover, the gene must be
directly regulated by oestrogens and not be dependent on prior induction of a
second gene, and its induction must be reversed by the pure antiestrogen ICI
182,780 (Jorgensen et ai., 2000). One of the genes that satisfies all of these
requirements is TFF1.
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4.2. The trefoil factor 1

The trefoil factor 1 (TFF1), previously known as pS2, BCEI or PNR-2, (Thim,
1997), belongs to a family of mucin-associated peptides, called trefoil proteins.
These contain one or more structurally characteristic trefoil domains, which are
defined as a sequence of 40 - 41 amino acid (a.a.) residues in which six
cysteines are linked by disulphide bridges in a 1 - 5, 2 - 4 and 3 - 6 configuration
(Thim, 1989). The a.a. sequence, together with the disulphide bonds, forms a
typical three-looped structure (Figure 4.1.), which has given this protein family
its name (Thim, 1989; Carr et al., 1994).
;ooH

Loop 3

Loop 2
Loop 1

F ig u re 4 .1 . T h e h um an tre fo il p e p tid e T F F 1 . T h e
circles correspond to the am ino acid sequence
(Jakowlew e t a!., 1984). T h e pink circles show the
seven cysteines characteristic of this peptide. Six of
these are linked by disulphide bonds (in black) in a
1-5, 2-4, and 3-6 configuration, to form the trefoil
domain (boxed). A dapted from Thim, 1997.

There are three known human trefoil proteins: TFF2 (previously known
as spasmolytic polypeptide, SP) containing two trefoil domains (Tomasetto et
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al., 1990), TFF3 (intestinal trefoil factor, ITFF) and TFF1, which only contain
one domain (Podolsky eta!., 1993; Polshakov eta!., 1997).
The predominant site of normal expression of TFF1 is the stomach (Rio
et a!., 1988). In gastrointestinal inflammatory disorders and carcinomas, it is
ectopically expressed at high levels (Wright at a!., 1990; Rio at a!., 1991;
Machado at al., 1996). This trefoil factor is involved in stomach ontogenesis and
in the maintenance of the integrity of the mucosa by inducing the formation of
protective mucus (Marchbank at al., 1998). It also contributes to the healing of
gastrointestinal ulcerations, as it induces tissue repair (Wright at al., 1990) and
increases cell motility (which results in the restitution of epithelial continuity)
(Williams at al., 1996). Finally, in gastric carcinomas, TFF1 acts as a tumour
suppressor (Lefebvre at al., 1996). This same peptide is also associated with a
wide variety of other carcinomas, such as those of the pancreas, large intestine,
lung, endometrium, uterus and breast (Reviewed in Ribieras at al., 1998),
however, its function in these tumours is still largely unknown.
The TFF1 gene was initially identified by differential screening of a cDNA
library derived from the human breast carcinoma cell line, MCF-7 (Masiakowski
at al., 1982). It was detected that, in MCF-7 cells, the transcription of this gene
occurred as a primary, dose-dependent response to E2 (Brown at al., 1984;
Jakowlew at al., 1984). This direct response to E2 was found to be mediated by
the

binding

of the

ER-E2

complex

to

a

13

base

pair

(bp)

ERE,

GGTCAcggTGGCC, located 400 bases upstream of the TFF1 transcription start
site (Berry e f al., 1989; May and Westley, 1997). Like the majority of known
oestrogen responsive genes, TFF1 contains an imperfect palindromic ERE. In
other words, its regulatory region contains a permutation of the consensus
vitellogenin ERE (vit-ERE: GGTCAcgaTGACC). Although the affinity of the ER
for the perfect palindromic vit-ERE is higher than for the variant sequence, the
imperfect ERE of TFF1 is active and capable of binding both ERa and ERp
(Nardulli atal., 1996; Loven atal., 2001).
TFF1 mRNA is relatively abundant and expressed at a basal level in all
oestrogen-responsive cell lines (May and Westley, 1986; Berry at al., 1989).
However, it is not usually found in ER negative cells (Brown at al., 7984; May
and Westley,

7997).

Its

levels are

strongly

induced

by

physiological

concentrations of E2 (May and Westley, 1986; Kida at al., 1989; Jorgensen at
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al., 2000; Dardes et al., 2002) and the effect promoted by E2 can be abolished
in the presence of antiestrogens such as tamoxifen, ICI 182,780 and ICI
164,384 (Kida etal., 1989; Zacharewski etal., 1994; Jorgensen etal., 2000).
The physiological role of TFF1 in breast cancer tissue is still unclear. The
fact that the peptide is a molecule of small size, exhibiting some structural
similarities with known cellular growth factors such as EGF and IGF, and is
produced in breast cancer cells in response to the growth-stimulating agent, E2,
raised the possibility that it might be an oestrogen-inducible growth factor.
However, in vitro and in vivo studies have failed to detect mitogenic activity of
TFF1 (Rio at ai., 1988; Kida et ai., 1989). Recent work by Prest and colleagues
(2002) has shown that, similar to what happens in the gastric system, TFF1 is
able to stimulate the motility of breast cancer cells. It is now believed that TFF1
could be involved in promoting tumour cell proliferation.
In spite of the lack of information on TFFTs functions, the measurement
of its levels has become a powerful clinical tool in the understanding of some
tumour's behaviour. This protein is expressed at varying concentrations in
approximately two-thirds of breast carcinomas, where it tends to be co
expressed with the ER (Rio etal., 1988; Gillesby et ai., 1999). TFF1 existence
in this particular tumour tissue is associated with a good prognosis for the
response to endocrine therapy (not only primary, but also metastatic tumours),
whereas patients that lack expression are considered to be at high risk for
recurrence and death (Henry et ai., 1991; Schwartz et al., 1991; Foekens et ai.,
1994).
Due to its characteristics, the expression of TFF1 has been considered a
marker for ER activation (Sathyamoorthy et ai., 1994; Jorgensen et al., 2000;
Nesaretnam et ai., 2000). The gene is strongly expressed in response to ER
activation, it is directly activated by the ER, not depending on the activation of
any other gene, and it responds not only to ligand-dependent, but also ligandindependent ER activation (Rio et ai., 1988; El Tanani and Green, 1997a). This
latter characteristic is of extreme importance as it allows the study of chemicals
that activate the ER by diverse mechanisms and signalling pathways.
Consequently, the study of this oestrogen-regulated protein in oestrogenresponsive cell lines, such as MCF-7, can be applied to the screening of new
oestrogenic chemicals (Sathyamoorthy et ai.,

1994; Soto et ai.,

1995;
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Jorgensen et al., 1997; Jorgensen et al., 2000). It may also help to understand
the

mechanism

of

action

of

oestrogens

and

oestrogen

antagonists

(Zacharewski etal., 7994; Tong etal., 7999; Nesaretnam etal., 2000; Dardes et
al., 2002). It was with this last objective in mind that we became interested in
evaluating the levels of TFF1 expression in MCF-7 breast cancer cells.
Although TFF1 response to oestrogen treatment is very strong, its basal
levels can be low. Thus, in order to evaluate changes in this gene’s expression
induced by test agents, it was necessary to select a very sensitive and specific
assay that allowed accurate measurement of low levels of gene expression.

4.3. Techniques for measuring gene expression

Numerous techniques have been developed to measure gene expression in
tissues and cells. These usually involve determining the production of
messenger RNA (mRNA) of the gene of interest. Examples of such techniques
include Northern hybridisation, RNAse protection assays, in situ hybridisation,
dot blots and SI nuclease assays.
Although still widely used with success (Ju et al., 2000; Cavailles et al.,
2002; Dardes et al., 2002), these procedures often lack the sensitivity required
to detect levels of mRNA in samples limited by either low cell number, as is the
case with tumour biopsies (Gattei et al., 1997; Knowlden et al., 1997), or low
copy number per cell, such as those encoding receptors and many intracellular
signalling molecules (Watzka et al., 1997; Zhang and Byrne, 1997; Lee et al.,
1999). Thus, they require time-consuming and expensive isolation of large
quantities of total RNA or poly (A+) RNA. Moreover, these methods permit only
crude quantifications of mRNA in single cells (Gilliland etal., 1990).
As alternatives to these conventional methods, there are those that
combine reverse transcription (RT) and polymerase chain reactions (PGR). Due
to their exquisite sensitivity (being about 1000 times more sensitive that RNA
dot blot analysis (Wang et al., 1989), and Northern blotting (Saiki et al., 1988),
versatility and specificity, these are currently considered the techniques of
choice for quantifying low amounts of mRNA (Maas et al., 1995). These
techniques can be used to determine the presence or absence of a transcript
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and to accurately estimate expression levels, not only in cultured cells, but also
in tumour biopsies.

4.3.1. Reverse transcription-polym erase chain reaction (RT-PCR) based
techniques

Understanding the regulation of gene expression depends, in part, on having
the ability to accurately measure mRNA species in defined cell populations.
As a result of its extraordinarily high sensitivity, the reverse transcription polymerase chain reaction (RT-PCR) has been widely used for amplifying
complementary DNA (cDNA) copies of low abundance mRNA (Maas at al.,
1995; Gooch and Yee., 1999; Leygue etal., 1999).
Developed in 1988 by Chelly and colleagues this method consists of
converting the mRNA into DNA by reverse transcription. Reverse transcription
is a process used by RNA viruses to convert their genomic RNA into DNA within
the host cell. In laboratory conditions, the enzyme reverse transcriptase, an
RNA-dependent DNA polymerase, is employed to generate a complementary
single strand of DNA (first strand cDNA) using the mRNA as a template. The
resulting cDNA is then directly amplified by PGR where the second strand of
cDNA is synthesised and the complete fragment amplified.
Two oligonucleotide primers are especially selected to flank the DNA
segment to be amplified (that corresponds to the mRNA of interest). The
amplification step (PGR) then involves repeated cycles of heat dénaturation of
the DNA, annealing of the primers to their complementary sequences and
extension of the annealed primers with DNA polymerase. These primers
hybridise to opposite strands of the target sequence and are oriented so that
the DNA synthesis by the polymerase proceeds across the region between the
primers. This leads to the doubling of that DNA segment. As the extension
products are also complementary to the primers, and able to bind these, each
new cycle leads to a doubling of the DNA synthesised during the previous cycle.
This results in the exponential accumulation of the specific target fragment,
approximately 2", where n is the number of cycles performed (Saiki at al., 1985;
Saiki atal., 1988).
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In summary, this produces a selective enrichment of the DNA sequence
and allows the detection of very low amounts of mRNA which would be,
otherwise, practically undetectable.
However, RT-PCR presents a major limitation. As the amount of PGR
product increases exponentially with each cycle of amplification, quantification
becomes highly unreliable. The relationship between the initial amount No of
target DNA and the amount N of DNA produced after n PGR cycles can be
expressed as follows:
(4.1.)

N = No(l + E)"
where E is the amplification efficiency of one reaction step (Ghelly et al.,

7988). E has a theoretical value of one, but it declines during multiple cycles of
amplification as a result of consumption of primer and nucleotides, production of
inhibitory pyrophosphates and deactivation of the polymerase. For this reason,
small variations of amplification efficiency will translate into large differences in
the amount of RT-PGR product after n cycles and significant error may result
from extrapolating the initial amount of DNA from the PGR products. Hence, the
difficulty in obtaining accurate quantifications of mRNA using RT-PGR is due to
the exponential nature of the amplification process.
In order to overcome this difficulty, approaches based on the concept of
competitive PGR (cPGR), have been developed.
Gompetitive PGR involves the addition of a known amount of either an
exogenous synthetic RNA to the RT medium (cRT-PGR) (Becker-Andre et a!.,
1989; Wang et a!., 1989), or a DNA fragment to the amplification mixture after
the RT step (RT-cPGR) (Gilliland et a!., 1990; Siebert and Larrick, 1992;
Anderson et a!., 1997). These RNA and DNA templates may be homologous, in
that they only differ from the target by having, between the primer recognition
sites, either a small intron, a mutated restriction enzyme site (Gilliland et a!.,
1990; McGulloch et a!., 1995) or a small deletion (Hayward-Lester et a!., 1996),
or they can be heterologous and their primer sites are engineered around an
unrelated nucleic acid sequence (Wang et a!., 1989; Uberla et a!., 1991; Ives et
a!., 1998).
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The exogenous RNA or DNA template (called competitor or mimic) must
contain sequences for the same primers used to amplify the cDNA of interest
(target cDNA). In this way, when the target cDNA and competitor are amplified
together, both templates will compete for the same set of primers. This co
amplification of the competitor with the target cDNA in the same tube
standardises the amplification process and accounts for any variability in
efficiency. Moreover, when using RNA competitors, the variability of the RT step
is also controlled (Figure 4.2.).
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Figure 4.2. Comparison between the oRT-PCR and RT-cPCR protocols. In c R T PG R,
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co m p etito r R N A . R e v e rs e transcription is p erfo rm ed , follow ed by P C R . T h e s a m p le s
a re th en a n a ly s e d by a g a ro s e gel ele ctro p h o re sis and th e intensity of th e resulting
b an ds d eterm in e d . W h e n th e ratio targ e t/c o m p e tito r e q u a ls 1, th e initial a m o u n t of
ta rg e t m R N A co rrespo n ds to th e a m o u n t o f com p etito r. In R T -c P C R , a s e t a m o u n t of
targ e t m R N A is re ve rse transcrib ed into c D N A . T h e n , a dilution s e rie s o f co m p etitive
D N A is a d d e d to fixed am o u n ts o f the ta rg e t c D N A . P C R , gel ele ctro p h o re sis an d
an aly sis o f th e s a m p le s a re p erfo rm ed as for c R T -P C R .

In competitive PCR, the ratio between the target and competitor must
remain constant during the amplification reaction. The quantification of this ratio
at the end of the PCR allows the determination of the initial amount of target.
Experimentally, when DNA mimics are used, PCR reaction tubes containing a
constant amount of the target cDNA are spiked with a dilution series of the
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competitor fragment. When the molar ratio of PCR products generated equals
one, the amount of target cDNA can be assumed to equal the competitor. Since
the amount of competitor is known, the amount of target can then be
determined (Siebert and Larrick, 1992).
The addition of a RNA standard to the sample of target RNA prior to
cDNA synthesis follows the same principles. Here, the reverse transcription is
carried out in the presence of a serial dilution of the competitor RNA fragment,
followed by the PCR step, where competition occurs. Similarly to RT-cPCR,
absolute quantification can be achieved by comparing the relative amounts of
the two PCR products, as long as it is assured that the target and competitor
anneal the same set of primers, and are amplified with the same efficiency
during the PCR step.
In both cRT-PCR and RT-cPCR one of the crucial requirements to
successful routine application is the selection and preparation of an appropriate
competitor. A good competitor should be amplified by the same primers as the
target cDNA yield PCR products that are easily distinguishable from those
resulting from the target cDNA (e.g. different sizes) and be easily purified and
obtained at a known quantity or concentration (Siebert and Kellogg, 1995;
McPherson and Moller; 2000). Nevertheless, defining the ideal competitor has
been the subject of some controversy.
Although it is sometimes assumed that the efficiency of cDNA synthesis
during RT is the same between reactions, in reality efficiencies may vary
between 5 and 90% (Newton and Graham, 1994). Consequently, RNA
competitors are considered by many as the most accurate, as they enable the
control of variability of the reverse transcription step and the determination of
the absolute amount of the target mRNA (Gilliland etal., 1990; Lee etal., 1999).
Since the use of DNA mimics does not account for the yield and efficiency of
the RT reaction, it only allows accurate determinations of cDNA amounts, not
initial mRNA levels.
On the other hand, the use of RNA mimics presents the disadvantage of
them being highly unstable and all to easily degraded. For this reason, it is not
possible to assure that the concentration of the mimics remains unaltered all
through the experiment and from sample to sample. Therefore, due to their
greater stability and greater ease of use, DNA standards are often the preferred
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option (Auboeuf and Vidal, 1997; Sumida etal., 2000). In this case, homologous
competitors, as opposed to heterologous mimics, are seen by many as the most
suitable as they maintain amplification efficiencies equivalent to the target DNA
(Anderson etal., 1997). However, several studies have been published showing
that the amplification efficiency is primarily determined by the primer sequence
(Wang et al., 1989) and that most heterologous mimics amplify with the same
efficiency as the target cDNAs (Siebert and Kellogg, 1995; Auboeuf etal., 1997;
Tian et al., 1998). Furthermore, heterologous mimics are often seen as more
adequate than homologous competitors, as the latter can lead to heteroduplex
formation between the products of the targets and the competitors’ during
amplification, and thus, affect the accuracy of the quantification (Zacharias et
al., 1994).

4.3.2.Alternative techniques for mRNA quantification

Alternative

methods for the

analysis of gene

expression

and

mRNA

quantification have been recently developed in response to the need for
simultaneous analysis of the pattern of expression of thousands of genes in a
large number of tissues. Two of the most popular and sensitive techniques are
real time RT-PCR and DNA microarrays (Pedram et al., 2002; Schafer et al.,
2002 ).
The recent introduction of fluorescence techniques to PGR, together with
instrumentation able to amplify, detect and quantify mRNA levels, has formed
the basis of kinetic or “real time” RT-PCR assays (Bustin, 2000). This technique
uses commercially available fluorescence-detecting thermocyclers to amplify
specific

nucleic

acid

sequences

and

measure

their

concentration

simultaneously. This avoids problems of contamination, results in short turn
around times for data acquisition and minimises hands-on time. Moreover, it
does not require the use of competitors and, as the amount of PCR product is
monitored throughout the reaction, it is not affected to a significant extent by
variations in the components of the reaction or by differences in the efficiency of
amplification. This is often the technique of choice for quantification of gene
expression due to its ability to measure concentrations of nucleic acids over a
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vast dynamic range, its high sensitivity and its capacity to process many
samples simultaneously (Bustin , 2002).
DNA Microarrays offer tremendous advantages over traditional “single
gene” methods such as northern hybridisation and RT-PCR as they allow the
simultaneous analysis of the patterns of expression of thousands of genes.
Using this technique, nucleic acid samples (usually cDNAs or oligonucleotides)
are delivered by a robotic system onto very small, discrete areas of coated
substrates (or chips) usually microscopic slides or membrane filters, and then
immobilised to the substrate. The resulting microarray is then hybridised with a
complex mixture of fluorescently labelled nucleic acids derived from a desired
source. Following hybridisation, the fluorescent markers are detected using a
high-resolution laser scanner. A pattern of gene expression is obtained by
analysing the signal emitted from each spot with digital imaging software
(Reviewed in Ozturk and Gozukirmizi, 2001 and Xiang et al., 2003). Microarray
technology may be used, for example, for simultaneously detecting expression
of many genes in different tissues, for comparing patterns of gene expression in
normal and diseased states and for analysing the response of cells to varying
treatment profiles.
The major disadvantage of both real-time RT-PCR and microarray
technology is cost. The machines are expensive to purchase and the
maintenance and running costs are considerable. For this reason, such
techniques are only advisable when analysing a high number of genes and
samples. As we only pretend to evaluate the expression of one single gene
(TFF1), we believe RT-competitive PCR to be, in our case, the most appropriate
technique. Here, we opted for DNA heterologous mimics due to their ease of
manipulation and preparation.

4.3.3. Norm alisation o f the am ount o f mRNA in sam ples using a
constitutively expressed gene

To precisely measure the expression levels of a target gene in cells, the RNA
amount applied in the assay should be normalised to a fixed amount, in order to
account for differences in RNA load. RNA levels can fluctuate from sample to
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sample due to differences in tissue mass, cell number, experimental treatment
or RNA extraction.
This normalisation can be achieved by utilising a second set of primers
and performing competitive RT-PCR to amplify a ubiquitously and constitutively
expressed mRNA. “Housekeeping” genes, such as p2 microglobulins, actins
and the enzymes dihydrofolate reductase and glyceraldehyde phosphate
dehydrogenase, are a popular choice for this purpose (Schmittgen et al., 2000;
Aselmann etal., 2001).
However, it has been documented that the mRNA levels of these genes
do not always remain constant (Siebert and Fukuda, 1985; Schmidt et al.,
1991), depending on the tissue, cell type and treatment performed. Therefore, it
is essential to evaluate the effects of experimental treatment on the expression
of potential internal control genes (Schmittgen etal., 2000).
P-Actin has been widely used as internal standard in studies of gene
expression in MCF-7 and other cells (Brown et al., 1984; Gillesby et al., 1999;
Gooch and Yee, 1999; Lorenzen et al., 2001; Dardes et al., 2002) following
treatment with E2 and other oestrogens. No variation in its expression levels
have been reported so far, under these circumstances.

4.4. The cell line of choice

Originally, the MCF-7 breast cancer cell line was derived from a pleural effusion
taken from a woman with metastatic breast carcinoma, who was previously
treated with radiation and hormone therapy. Soon after its isolation, the ER was
described in these cells and MCF-7 characterised as an oestrogen dependent
cell line (Reviewed in Levenson and Jordan, 1997). From then on, MCF-7 cells
have been widely used as an in vitro model for studying the mechanism of
tumour response to endocrine therapy and steroid hormones, as well as the
relationship between binding and biological action of these hormones (Bezwoda
and Meyer, 1990; Altucci etal., 1996; Burow et al., 1999; Powell etal., 2001).
Moreover, this cell line has been successfully employed to identify and
characterise a wide variety of exogenous oestrogens (Soto et al., 1995; Zava et
al., 1997; Olsen etal., 2002; Rattenborg etal., 2002).
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It has been documented that the proliferation rate of MCF-7 cells is
markedly modulated by the conditions under which they are grown and that a
short-term depletion of oestrogens not only decreases their proliferation rate,
but also enhances their response to the hormone when it is later added to the
culture medium (Katzenellenbogen et al., 1987). Recent work carried out in our
laboratory, has demonstrated that MCF-7 cells reach arrest after 48 h of serum
depletion or deprivation (Payne etal., 2000a).
In our study, cells were kept for 48 h prior to treatment in medium without
phenol red, which has been proved to be, itself, oestrogenic (Berthois et al.,
1986) and with serum charcoal/dextran treated to eliminate all known sources of
oestrogens. Cells were also kept in this medium when the test compounds were
added. With this, we not only increased the sensitivity of the cells for weak
oestrogens, but also assured that the gene expression observed was strictly
due to the added compounds.
Due to the unusual characteristics of p-HCH, we became interested in
investigating its mechanism of action. Understanding the mode of action of such
a compound will not only facilitate its classification as similarly or dissimilarly
acting in relation to “classical” oestrogens, but will help understanding
alternative ways for the oestrogenic effects of other oestrogen-like chemicals.
In summary, in this work, we were interested in evaluating the effect of pHCH and a number of other test agents on the transcriptional activity of the ER.
For this, we utilised the oestrogen dependent MCF-7 cell line and evaluated the
expression of a well known oestrogen responsive gene, TFF1.
The assay selected is known for being very sensitive and reproducible. In
the work described in this chapter, we evaluated the applicability of the RTcompetitive PCR technique, when using DNA heterologous competitors and pactin as the internal standard, to the analysis of TFF1 mRNA in MCF-7 cells.
The validation of the assay was achieved by assessing the quality of the
competitors produced and the variability associated with each step of the assay.
The characterisation of the TFF1 gene, in response to several concentrations of
E2 and increasing incubation periods was also obtained. This allowed us to
define experimental conditions for subsequent experiments with the test agents.
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4.5. Experimental section
4.5.1. Test agents and other chem icals

E2 (98+% purity) was purchased from Sigma Chemical Company Ltd. (Dorset,
U.K.). This was used as supplied and prepared in HPLC-analysed absolute
ethanol (Mallinckrodt Baker, Deventer, Holland) as 1 mM stock solution. The
stock solution and subsequent dilutions were kept in critically cleaned glass
containers and stored at -20°C. Unless othen/vise stated, all remaining
chemicals were purchased from Sigma Chemical Company Ltd. (Dorset, UK).
4.5.2. Routine cell culture

MCF-7 cells (obtained from M. Dufresne, University of Windsor, Ontario,
Canada) were maintained in 75 cm^ cell culture flasks (Greiner Labortechnik,
Frickenhausen, Germany) in modified Eagle's medium alpha with GLUTAMAX1 (MEM-a, Invitrogen, Paisley, UK) supplemented with 5% heat inactivated
foetal bovine serum (FBS, Invitrogen) and kept in a humidified incubator at 37
°C, 5% CO2. Cells were passaged at approximately 70% confluence over a
maximum of 10 passages and regularly tested negative for mycoplasma.

4.5.3. Rem oval o f endogenous E2 from human serum

In our routine cell maintenance, the preferred serum supplement is PCS as it is
one of the most common choices in cell culture techniques. However, as will be
described, at one stage of our experiment cells have to be deprived of all
oestrogenic agents. Although both FCS and human serum (HS) contain
endogenous oestrogens, the former may also include other growth promoters
(used to induce the animal’s fast development) that might interfere with cell
proliferation and, subsequently, with gene expression. For this reason, we
chose HS as the supplement during the 48 hour period prior to treatment.
In order to remove sex steroids present in the human serum, this was
treated with a charcoal/dextran mixture following a modification of a previously
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described protocol (Soto et al., 1995). This process is referred to as “stripping”.
Briefly, a suspension of 5% charcoal and 0.5% Dextran T70 (Amersham
Pharmacia Biotech Europe GmbH, Germany) was prepared in a volume of
ultra-high quality (UHQ) water that equalled the volume of serum to be stripped.
This was allowed to equilibrate by rolling for 30 min (10 cycles/m in) at room
temperature and centrifuged for 10 min at 1000 g. The supernatant was then
removed, before adding the serum (National Blood Transfusion Centre, London)
to the pellet and mixing by rolling (10 cycles/m in, room temperature, 60 min).
The mixture was finally centrifuged for 20 min at 50000 g (4°C) and the
charcoal-dextran stripped human serum (CDHS) filter-sterilised (0.2 pm,
Nalgene, Merck Ltd., Dorset, UK). The sterile CDHS was then kept at -20°C for
up to six months.
As different batches of serum normally vary in terms of fat and serum
protein levels, factors that could impact upon work of this kind, a single batch
was used throughout this work.

4.5.4. C ell treatm ent

Appropriate dilutions of the 1 mM E2 stock solution were made up in absolute
ethanol. The volume of the dilutions added to the cells was calculated so that
the final ethanol concentration did not exceed 1% (v/v). At this concentration the
vehicle was found to have no detrimental effects on MCF-7 cells (Payne et al.,
2000a). Final concentrations of E2 in treated 75 cm^ flasks ranged from 1 pM to
1000 pM. Nominal concentrations were used.
70% Confluent 75 cm^ flasks of MCF-7 cells were washed with 10 ml 1%
Hanks’ balanced salt solution without phenol red (HBSS, Invitrogen), before the
addition of 1 ml 0.25% trypsin-EDTA. Following incubation at 37°C for 3
minutes, the cells were detached by pipetting 20 ml MEM-a over the seeded
surface of the flask.
4x10^ MCF-7 cells were seeded in 75 cm^ flasks and grown for 48 h in
15 ml MEM-a. The cells were then washed with 10 ml HBSS and changed to
phenol-red free Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) with
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5% CDHS and 4 mM a-glutamine (stripped DMEM), where they were kept for a
further 48 h. The oestrogen deprivation period was based on previously
published data (Payne et al., 2000a) and on our growth curve determination
(see Appendix 1).
E2 was then added by replacing the previous medium with fresh stripped
DMEM containing the compound at the desired final concentrations. Controls
were treated with ultra-pure ethanol at a final concentration of 1%. Following the
dosing period (0, 4, 8, 12, 24 and 48 h), cells were harvested by the addition of
1 ml 0.25% trypsin-EDTA and incubation at 37°C for 3 min. They were then
detached by pipetting 10 ml full medium over the seeded surface of the flask
and the obtained cell suspension kept for RNA isolation.

4.5.5. RNA isolation and evaluation o f its p urity

Total RNA was isolated from cell suspensions using the RNAzol B kit
(Biogenesis,

Poole, U.K.) following the manufacturer’s instructions. The

obtained RNA pellets were then washed with 75% ethanol and solubilised in 10
|il of diethylpyrocarbonate (DEPC) treated RNAse free water.
The concentration and purity of the final preparations were determined
by

recording

the

ultraviolet

(UV)

spectrum

(MPS-2000

Shimadzu

spectrophotometer) of each sample between 200 and 340 nm. The absorbance
(Abs) at 260 and 280 nm were then measured and the ratios Abs 260/280
calculated. This ratio indicates the level of protein contamination as nucleic
acids absorb at 260 nm and aromatic amino acids of proteins at 280 nm. As
stipulated by the RNAzol B kit, the purity of the sample is deemed acceptable
when this ratio is higher than 1.7 (Figure 4.3.). Only samples that yielded ratios
above this value were used in further work. This ratio does not measure
genomic DNA contamination, as this absorbs at the same wavelength as RNA
(Table 4.1.). Genomic DNA contamination should be checked after the reverse
transcription step.
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Figure 4.3. Recordings of the UV
spectrum of 7 distinct RNA samples
between
200
and
340
nm
The
a b s o rb a n c e s a t 2 6 0 and 2 8 0 nm , as w ell as
the ratios A bs 2 6 0 /2 8 0 a re p res en ted In
T a b le 4 .1 .

Table 4.1. Determination of the level of protein contamination of the RNA samples 1-7
presented in Figure 4.3 T h e ratios A bs 2 6 0 /2 8 0 w e re c a lcu la ted from th e v a lu e s of
a b s o rb a n c e o b ta in ed from the s a m p le s ’ U V sp ectru m . T h e s e ratios re p re s e n t protein
co n tam in ation levels for ea ch o f the a n aly sed sa m p les. All th e ratios w e re h ig h er th at th e set
va lu e of 1.7, indicating a c c e p ta b le purity. O nly R N A s a m p le s yielding ratios h ig h er than this
va lu e w e re co n sid e re d su itab le to be used in fu rth er e x p e rim e n ts .

Sample

Absorbance
260 nm

Ratio Abs 260/280
280 nm

1

0 .1 8 0

0.0 91

1 .9 8

2

0 .2 3 0

0 .1 1 0

2 .1 0

3

0 .2 6 8

0 .1 4 5

1 .8 5

4

0 .2 7 0

0 .1 4 5

1 .8 6

5

0 .3 4 0

0 .1 8 6

1 .8 3

6

0 .3 5 7

0 .1 9 5

1 .8 3

7

0 .3 9 8

0 .2 1 9

1 .8 2
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The concentration of the total isolated RNA was calculated using the
following formula:

(4 .2 )

R N A yield (^ g / ^1) = D ilu tio n fa c to r x A b s 2 6 0 n m x 4 0

1000

4.5.6. P rim er design

PCR primers (Table 4.2.) were designed based on the mRNA sequences of
human TFF1 (Genebank NM 003225) and p-actin (Genebank NM 001101) in
order to amplify specific regions of the TFF1 and p-actin cDNAs.

Table 4.2. Gene specific primer pairs used in TFF1 and p-actin amplification and
generation of heterologous competitors for RT-cPCR.
cDNA

Primer sense

Primer sequence 5’ to 3'

F o rw a rd

TTTG G AG CAG AG AG GAG G CAATG

R e v e rs e

ACCACAATTCTG TCTTTCACG GG G

F o rw a rd

TG CTATCCAG G CTG TG CTAT

R e v e rs e

GATGG AG TTG AAGG TAG TTT

TFF1

Target size (bp)
146

253

p -actin

Both sets of primers were chosen such that they span one known intron,
thus permitting the detection of contaminating genomic DNA (Figure 4.4). If any
contaminating DNA is present in the RNA samples, during amplification it will
yield a band that is larger than the one obtained with the desired fragment.
The primers were also selected in a way to assure that the length of the
amplification products was different from the mimics produced. This guaranteed
a good separation between the final bands, which could then be visualised and
analysed.
The ideal primer pair was obtained based on the stability of each
nucleotide, its melting temperature and the possibility of dimers and hairloops
formation, with the aid of the computer program Oligo®. The primers were then
purchased in the lyophilised state and solubilised in Tris-EDTA buffer (10 mM
Tris-HCI, pH 8.0,1 mM EDTA) at a final concentration of 100 pmoles/pl.
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A
1 ATCCCTG ACT
F o rw a rd

CG G GG TCG CC
p r im e r

5

'

T TT G G A G C A G

AGAGGAGGCA

ATGG CCACCA

TT T G G A G C A G

AGAG G AG GCA

ATG

-

TG G A G A A C A A

-3 '

61 G G TG ATCTG C

G C C C TG G TC C

TG GTGTCCAT

G C TG G C C C TC

G G C A C C C TG G

CCGAGGCCCA

1 2 1 G ACAGAGACG

TG TACAG TG G

C C CC CG G TG A

AAGACAGAAT

TG TG GTTTTC

CTGG TG TCAC

-

G GG G C AC T

TTCTG TCTTA

A C A C C A -5 '

R e v e rs e

p r im e r

3

1 8 1 G C C C TC C C A G

TG TG CAAATA

A G G G C TG C TG

TTTC G A C G A C

AC CG TTC GTG

G GG TCCCCTG

2 4 1 G TG CTTCTAT

CCTAATA CCA

TCGACG TCCC

TC C A G A A G A G

G AG TG TG A AT

TTTAGACACT

3 0 1 T C TG C A G G G A

TC TGCCTG CA

T C C TG A C G G G

G TG C C G TC C C

CA G C A C G G TG

ATTAG TCCCA

3 6 1 G A G C TC G G C T

GCCACCTCCA

CCGGACACCT

CAGACACGCT

TC TGCAG CTG

TG CCTCG GCT

A'y^

ATTGACTG CT

CTGACTTTGA

CTACTCAAAA

TTG G CCTAAA

AATTAAAAG A

CACAACACAG

(

841

A T T G C A C C A C C A CTG G CG G C C G T G A C T C T G

TGTAAAGGCA TA GC TGG TG A TG C TG A TC A G

901

AG CCTCTGTAG TCTTAAATG A C TTTTC TA A

CTA A TTC TA A ATCTTCAG AA CCCATCG TAT

9611

A A A A A G G C C A T A C C T T C T G G A G G G A CG TCG

A T G G T A T T A G G A TA G A A G C A CC AG G G G ACC

0211

CC A C G A A C G G T G T C G T C G A A AC AG C A G C C C

T T A T T T G C A C A C TG G G AG G G C G T G A C A C C A

0811

G G A A A A C C A C A .'.T T C T G T C T T T C A C C G G lG

G CCA CTG TA C AC G TC TC TG A AAGTGCACAG

1411

-GTAAGAAGCA /vAG TA A G ’iT G

TGGGt. i C A A 'r

T C C T T G A T G T lA T C A T G C A C A C A C C C A T C C

2011

A G G T T C C T T C T C C A A T G A C A TG A G C A A G TG

TC G A G TG A G G C G G A T A T A A A A C C C TC A G G A

2611

- : GAGAGGG A G A C G T G G TC G T C A G A 'IC G T

3211

G A 'IG T G G A A A C A T T A C G G T C A G G G A A A A TG

GAGTTTGGAT

G 'm 'C 'I'A G G T A A G 'i'l'A T T T A T T C A C T T T T T

A A T T T C A A G A A A T G A T T A T T A A A T T 'i’TAG']'

CA ATAG .A'l'AA A T A l'T T A C T G A G C A C C A T T T

3961

A G TC TC C A C C T G C T T T T G C C

GATCCTGTAA

A T IG G A T A T A C T T T T A A G G G C C TA G A A C A G

4021

CACG TG GG AG AA AAGAGG 'I'G G TC A A A A A G A

'i'A 'i/-/i'G T A A A A C A G TG G C TG C TG G CG G A G G

4081

G '^G tX A G A G C TG GG GG TG GC

CCGACAGAGC

A G '.A A .'V .A G '': A C G C C T T A C C T G T C T G G G C C

4141

TC G G C C A G G G TG CC G A G G G C C A G C A TG G A C

A C C A G G A C C A G G G CG CA G A T C A C C T T G T T C

4201

TCCATGGTGGCC ATTG C CTC CTCTG TG GTC

G AAAGG CG AC C C C G A G TC A G G G A T / /

3381

JAAG GTG CCG C A G G T T T G T G

(. . .)

Figure 4.4. Selection of gene specific primers. P a n e l A sh o w s th e s e q u e n c e of T F F 1
m R N A , F orw ard an d R e v e rs e prim ers. In red is re p re s e n te d th e s e q u e n c e w h e re prim ers
a n n e a l. T h e e x p e c te d c D N A product is 1 4 6 bp long. P a n e l B ind icates th e s e q u e n c e of
T F F 1 g e n o m ic D N A . T h e s e q u e n c e in red co rres p o n d s to th e p rim e r recognition sites. In
b lue a re m a rk e d the sections of the tw o ex o n s th at will b e tra n s crib ed into m R N A and
am plified by th e selected prim ers. T h e s e q u e n c e in grey re p re s e n ts th e in te rm e d ia te
intron. F o rw ard an d R e v e rs e p rim ers w e re s e lecte d so th at th ey a n n e a le d in tw o d ifferen t
exon s. T h is p rev en ted ex p o n en tia l am plification o f possible c o n tam in atin g g e n o m ic D N A .

4.b.7. Competitor (mimic) generation

To perform competitive PCR, the DNA competitor needs to have correct primer
sequences at each end, and to be of different size than that of the reverse
transcribed target mRNA (Tian et al., 1998). In our study, these were prepared
for both TFF1 and p-actin around an unrelated nucleotide sequence (a part of
the ampicillin resistance gene) contained in the plasmid pBluescript, i.e.
heterologous mimics. The technique we followed was previously described by
Siebert and Kellogg (1995) and involves the amplification of the heterologous
DNA fragment with a pair of composite primers. These contain the target primer
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sequences contiguous to a sequence that anneals to the heterologous DNA
fragment. During PCR the target primer sequences are incorporated into the
products. Experimentally, the generation of the heterologous PCR mimics
comprised two distinct steps (Figure 4.5.).

<r

^

1111

11111 >

Composite primers

Heterologous DNA fragment

1TPC R with
,, composite primers
I I I I I'

-------- fe_________________
4 --------------------

2"^ PCR with gene
1r specific primers

Purification of PCR
1, products

Heterologous DNA mimic
(with gene specific end sequences)

Figure 4.5. Flowchart describing the generation of
competitive PCR mimics. Adapted from Siebert and
Kellogg, 1995.

In the first stage, the two composite primers were used. One of those
composite primers contained the upstream target primer sequence linked to 22
nucleotides that anneal to one strand of the heterologous DNA fragment. The
other composite primer contained the downstream target primer sequence
linked to 19 nucleotides that anneal to the opposite strand of the same DNA
fragment (Table 4.3.) The remainder of these primers was long enough to
ensure the annealing described above and the yield of the correct fragment
(390 bp and 383 bp for the TFF1 and p-actin mimic, respectively).
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Non-specific primer template complexes may be generated during the
preparation of the competitors at room temperature. In order to prevent
extension of these complexes, a hot start PCR method was employed (D'Aquila
et al., 1991). This involves the addition of the Tag polymerase to the reaction
after an initial dénaturation step at 94 - 95°C. This step is then followed by the
annealing process in the first cycle.

Table 4.3. Composite primers and size of the generated mimics. C om posite prim ers have
two distinct nucleotide sequences: the pBiuescript binding se q u e n c e (higher c a s e ) that anneal
to the ends of the plasm id during the first step o f the m im ic’s generation, yielding a fragm ent
with the g e n e ’s specific prim ers (low er c a s e ) incorporated on each end.

CDNA

Primer sense

Composite primer sequence 5' to 3’

Forward

TttggagcagagaggaggcaatgTT CT CTT ACT GT CAT GCCATCC

R everse

AccacaattctgtctttcacggggTTCCGTGTCGCCCTTATTC

Forward

T gctatccaggctgtgctatTTCT CTTACT GT CATGCCAT CC

R everse

GatggagttgaaggtagtttTTCCGT GTCGCCCTT ATT C

T FF 1 C

Mimic size
(bp)
39 0

38 3

p-actin C

The amplification reaction was performed in a total volume of 50 pi under
the following conditions: 5 pi lOx Tag buffer (HT Biotechnology, Ltd.,
Cambridge, UK.), 1 pi 10 mM deoxynucleotide (dNTP) mix (Stratagene, Texas,
U.S.A.), 0.5 pi 100 pmoles/pl of each composite primers (Invitrogen), 0.25 pi 5
U/pl Tag polymerase (NT Biotechnology, Ltd.) (hot start, i.e. added when the
thermocycler reached 94°C) and 2 pi 1 ng/pl pBiuescript (Stratagene). The PCR
amplification cycles were: denature (94°C for 45 s), anneal (60°C for 45 s),
polymerase (72°C for 90 s). The amplification was repeated for 16 cycles and
the final polymerisation step performed for an additional 7 min.
In the second stage, a dilution of the linear PCR products of the first
reaction was used as a template for re-amplification, which proceeded using the
gene specific primers (TFF1 and p-actin primers presented in Table 4.2.). This
ensured that the complete target primer sequences were incorporated into the
PCR products. The PCR reactions were set up, in a volume of 100 pi, as
follows: 10 pi lOx Tag buffer, 2 pi 10 mM dNTP mix, 0.4 pi 100 pmoles/pl of
each primer (Invitrogen) and 2 pi 1:100 dilution of the PCR amplification
product. 18 PCR cycles were performed using the same cycle parameters as
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for the primary PCR. 2.5 \i\ Taq polymerase (0.25 U/pl) were added when the
thermocycler reached 94°C.
The PCR products were then purified by passage through two Chroma
Spin-100+TE columns (Clontech, Hampshire, U.K.) following the manufacturer's
protocol and the quality and purity of the mimics was checked by resolving the
PCR products in a 2% agarose gel and ethidium bromide staining.
Finally, the quantification of the obtained mimics was performed by
running the samples simultaneously with serial dilutions of a 1 Kb DMA ladder
(Stratagene) on a 2% agarose (BioRad, Hertfordshire, U.K.) gel. This was
visualised by ethidium bromide staining. The image was recorded on a 667
Polaroid film and analysed by densitometry (PC-image V2.2 - Foster Findlay
Associates, Ltd.). The intensity of the bands were then compared as described
in Appendix 2.
Ten-fold and two-fold dilution series were prepared in mimic dilution
solution (50 g/ml glycogen solution (Roche, Mannheim, Germany), in 10 mM
Tris-HCI pH 7.5, 1 mM EDTA). The final concentrations ranged from 0.95 to
0.0018 femtomoles/pl.

4.5.8. Reverse transcription

Approximately 2.5 pg of total RNA (0.5 pg/pl final concentration) was used in
each reaction.
Each sample of isolated total RNA was reverse transcribed into cDNA
using the following method: 7 pi 5x RT buffer (Promega, Southampton, U.K.), 4
pi 10 mM dNTP mix, 1 pi RNAse inhibitor (Promega), 1 pi hexamer random
primers (Invitrogen), 2.5 pg RNA and 15 pi of RNAse/DNAse free water
(Promega) were added and heated at 62°C for 10 min. Then, 2 pi M-MLV
Reverse Transcriptase (Promega) was added and the reaction allowed to
proceed for another 90 min at 42°C. As precaution against contamination and to
assure that the technique was performed adequately, two negative controls
were prepared for each sample. These included: negative control I containing
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RNA, but no reverse transcriptase and negative control II containing the
enzyme, but no RNA.
Control I accounted for possible contamination of the isolated RNA with
genomic DNA. In that eventuality, an additional band larger than the one
expected would be seen. Control II was used to evaluate the purity of the
reverse transcriptase. The samples and controls were then run on a preliminary
PCR to assess the quality of the cDNA produced and whether the selected
primers gave the anticipated amplification products. Only those that produced
clear controls I and II were used in the PCR step.
This preliminary reaction consisted of 5 pi 10x Taq reaction buffer, 1 pi
10 mM dNTP mix, 0.5 pi 100 pmoles/pl forward and reverse TFF1 primers, 0.25
pi 5 U/pl Taq polymerase and 2 pi of cDNA preparation in a total volume of 50
pi. The thermocycler programme was: 94°C (45 s), 55°C (45 s) and 72°C (35 s)
for 35 cycles.
The RT products were stored at -80°C until further use.

4.5.9. Com petitive polym erase chain reaction (cPCR)

For cDNA quantification, a constant amount of the first strand target cDNA was
allowed to compete with a series of dilutions of the mimics previously prepared.
Firstly, a 10-fold dilution series of DNA mimic was added to a constant
amount of the first strand target cDNA. The reaction was conducted in a final
volume of 50 pi under the following conditions: 5 pi lOx reaction buffer, 1 pi 10
mM dNTP mix, 0.5 pi 100 pmoles/pl forward and reverse primers, 0.25 pi Taq
polymerase (5 U/pl), 40.75 pi water, 1 pi target cDNA preparation and 1 pi
mimic dilution. The reactions were cycled at 94°C for 45 s, 55°C for 45 s and
72°C for 35 s, 25 times. As a precaution against contamination of reagents,
controls without template cDNA or mimic were routinely included in the PCR
run.
The results obtained from this preliminary reaction enabled the setting up
of a fine tuning two-fold mimic dilution series for the quantitative PCR
experiment, which was carried out following the same protocol.
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4.5.10. PCR products analysis

The PCR product for the mimic was separated from the intrinsic cDNA (target
cDNA) by electrophoresis on 2% agarose gels in Tris-phosphate/EDTA buffer
(IRE), and was visualised by ethidium bromide staining and recorded on a 667
Polaroid film (Figure 4.6).

Figure 4.6. Examples of photographs obtained following competitive PCR of
TFF1 and p-actin cDNA samples For both TFF1 (A) and p-actin (B) the two-fold
dilution series was used. M and T represent Mimic and Target bands, respectively.

The intensity of the two resulting bands was analysed by digitalised
image analysis and expressed as area under the curve (AUG). From the values
obtained, the ratios target/mimic were calculated and plotted for linear
regression analysis as logarithm of ratio target/mimic versus the logarithm of the
mimic concentration in the PCR reaction. As the molar amount of target added
to the reaction equals the molar amount of mimic when the ratio of their
products becomes equal (log ratio 1:1=0) (Siebert and Kellogg, 1995), we were
able to estimate the initial concentration of the target cDNA by a systematic
variation of the amount of mimic added to the PCR reaction (Figure 4.7). The
expression of the external standard p-actin was evaluated in the same way, in
order to compensate for sample-to-sample variations in mRNA levels. The
estimates for TFF1 mRNA levels were then normalised and the degree of
expression calculated relative to untreated controls. Results were presented as
TFF1/p-actin ratios and fold increase in relation to controls
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Mimic conc.
(fmoles/nl)

Logio (mimic
concentration)

Mimic
AUC

Target
AUC

Ratio
target/mimic

Logio (ratio
target/mimic)

0.475

-0.323

1353

982

0.725

-0.139

0.238

-0.623

1353

1111

0.821

-0.085

0.119

-0.924

1230

1249

1.015

0.0066

0.059

-1.230

1198

1358

1.133

0.0544

0.030

-1.522

1097

1416

1.291

0.111

0.15 1

0.10 -

0.05 1
1
o>
P
5
43
2
_l

•

0.00 -

-0.05 -

-0.10 -

y = 0.213 x - 0.2075
= 0.989

-0.15 -

-0.20 -2.0

-1.8

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

Log (mimic concentration) (fmoles/pl)

Figure 4.7. Raw data and graphical representation of a sam ple gel.
T h e logarithm of the ratio o f am plified target to m im ic is grap hed as a
function of the logarithm of the known concentration o f the m im ic ad ded
to the P C R reaction. N ote that w hen th e m olar ratio of target and
com petitor is equal to 1 (log of ratio = 0), it is possible to es tim a te the
am o u nt of target in the sam ple. In this particular case, th e m o lar am o u nt
of m im ic equals the m olar am o u nt o f target w hen its concentration is log
(-0 .9 7 5 ), i.e. 0 .1 0 6 fm oles/^l. This is, therefore, the concentration of the
target c D N A in the sam ple tested. Also shown is th e equation for the
linear regression analysis and the corresponding correlation coefficient

(R ').

4.6. Results

4.6.1. Effect of the cycle number on the amplification efficiency

For accurate results, the efficiency of amplification for both mimic and target
should be identical and independent of the number of amplification cycles
(Siebert and Kellogg, 1995). This guarantees that, independently of the number
of cycles selected for each experiment, both fragments are similarly amplified.
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In order to test this, a similar amount of target cDNA and mimic were
allowed to compete under the PCR conditions described in Section 4.5.9.
Throughout the amplification period, the reaction was paused at step 3 of cycle
22 and a small aliquot withdrawn. The same procedure was repeated for cycles
23, 25, 27, 29 and 31 . Samples were analysed as described previously and the

intensity (represented as area under the curve) of the bands obtained for both
mimic and target cDNA plotted against cycle number. Figure 4.8 shows the
results of the competitive co-amplification for the two fragments. Up to cycle
number 28-29 there was an exponential increase in the amount of both
products, followed by a plateau phase.
850
800
750 700 -

rr

650
600 550 500 450
26
C y cle num ber

Figure 4.8. Kinetics of the PCR amplification of the target
and competitor. T a rg e t c D N A (b lu e line and sym b ols) and
m im ic (in red) w e re co -am plified by P C R

as d esc rib ed

in

Section 4.5.9. Aliquots o f s a m p le s w e re ta k e n a t 2 2 , 2 3 , 2 5 ,
2 7 , 2 9 and 31 cycles and s e p a ra te d by ele ctro p h o re sis on a
2 % a g a ro s e gel. T h e gel w a s stain ed with ethidium b ro m ide
an d p ho tog rap hed. T h e intensity of th e resulting b an d s w a s
a n a ly s e d d en sitom etrically an d th e a r e a u n d er th e cu rve
(A U C ) (arbitrary units, a .u .)

plotted a g a in s t cycle

n um ber.

D a ta points re p res en t m e an ± S D (n=3).

These results also indicate that identical amounts of target and mimic
products were formed at similar rates during amplification and this was
unaffected by the number of cycles run. Moreover, this parallelism between the
amplification of the two fragments seems to have remained even during the
plateau phase. For this reason, selecting the adequate number of cycles for
subsequent runs was only a matter of obtaining high enough levels of PCR
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products so they could be easily analysed. This requirement was fulfilled at 25
cycles. All the remaining experiments were, therefore, carried out at 25 cycles.

4.6.2. Linear relationship between target and m im ic am plification

Apart from similar amplification efficiency of competitor and target DNA, it is
necessary that the factor of amplification remains unchanged, when different
amounts of mimic are added to the target cDNA. Hence, the curve relating the
log (target/mimic) to log (mimic concentration) should be linear over a wide
range of inputs (Zhou et a!., 1997). Only in this situation can we truly rely on the
assumption that the target concentration equals the mimic concentration when
the ratio target/mimic equals 1.

In order to demonstrate that this was the case for the used method,
decreasing concentrations of the TFF1 mimic were added to a fixed amount of
target DNA. These mixtures were submitted to PCR and the products analysed
as described in the experimental section.
As shown in Figure 4.9., the relationship between target and mimic
amplification is clearly linear, with a correlation coefficient (R^) close to 1.

0.4 1

0.2

-

■0.2 -

y = -0.617 X-1.465
= 0.990

-0.4 -

- 0.6

-3.0

-2.8

-2.6

-2.4

-2.2

-2.0

-1.8

-1.6

-1.4

-1.2

-1.0

Log (mimic concentration) (fmoles/ml)

Figure 4.9. Quantification of TFF1 mRNA. D iffe re n t P C R s
w e re c o n d u c te d b y ad d in g th e s a m e a m o u n t of ta rg e t c D N A to
in c re a s in g

c o n c e n tra tio n s

of m im ic.

Log

(ratio

ta rg e t/m im ic )

w e re p lo tted a g a in s t Log (m im ic c o n c e n tra tio n s ). T h e s ta n d a rd
c u rv e w a s o b ta in e d b y lin e a r re g re s s io n .
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These results demonstrate that the factor of amplification for both mimic
DNA and target cDNA in the competitive PCR is not influenced by the total
amount of mimic added.

4.6.3. Reproducibility of the RT-competitive PCR

Although MCF-7 cells respond strongly to oestrogens, the technology used to
assay gene expression should be sufficiently robust and results should be
reproducible. As the expression levels are determined by cPGR amplification of
cDNA synthesis from different RNA samples, it is important to assess the
variability introduced by different steps of the protocol.
RT-cPCR comprises 4 successive steps, which highly influence the
accuracy and reproducibility of the final results. These steps are:

1 - Cell culture and RNA isolation
2 - Reverse transcription
3 - Polymerase chain reaction (including PCR and electrophoresis)
4 - Quantitative analysis (image recording and densitometry)

To test the overall variability of the method, we were interested in
establishing the relative contribution of each of these individual steps to the
overall experimental error. For this, samples were either left untreated (control)
or treated with 100 pM E2 for 24 h, as described in the experimental section.
Then, experiments a) to d) were conducted in the following way:
a) in order to evaluate the contribution of the cell culture and RNA
isolation, steps one to four were performed. This experiment was repeated
three times under the exact same conditions.
b) the influence of the reverse transcription on the final error was also
assessed by using one of the RNA samples from experiment a) (Rep. 1 in
Table 4.4.) and carrying out, on three individual occasions, steps two to four
from start to finish.
c) to evaluate the competitive PCR contribution, three samples of the
same cDNA preparation were used to perform steps three to four.
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d)

step four was conducted three individual times, so that the error

derived from the PCR quantification analysis could be determined.
The data produced is presented in Table 4.4.

T a b le 4 .4 . S in g le v a lu e s o f T F F 1 c o n c e n tra tio n fo r e a c h o f th e re p e titio n s o f th e
e x p e rim e n ts d e s c rib e d in a ), b ), c) a n d d ). T h e data is p resen ted fo r both untreated controls
and treatm en ts with 100 pM E2 for 2 4 h. Final results are p resen ted as m ean ± S E M of the
single values with n um ber of observations equal to three. R ep. rep resen ts each re p e a t of the
sam e experim ent, variation Is the coefficient of variation o f th e S E M s associated with each of
the experim ents.
T F F 1 c o n c e n tra tio n (fm o le s /p l)

a) step 1 -4

b) step 2 -4

c) step 3 -4

d ) step 4

Rep. 1

R ep. 2

R ep. 3

M ean ± SEM

V a ria tio n

Control

0 .0 0 5 7

0 .0 0 1 7

0 .0 0 1 2

0 .0 0 2 9 ± 0 .0 0 1 4

4 9 .9 %

E2

0 .2 0 8

0 .0 4 9 0

0 .0 4 7 3

0 .1 0 1 4 ± 0 .0 5 3 3

5 2 .5 %

Control

0 .0 0 5 7

0 .0 0 7 5

0 .0031

0 .0 0 5 4 ± 0 .0 0 1 3 0

2 4 .2 %

E2

0 .2 0 8

0 .3 2 2

0 .1 3 8

0 .2 2 2 7 ± 0 .0 5 3 6

2 4 .1 %

Control

0 .0 0 5 7

0 .0 0 4 5

0 .0051

0 .0 0 5 1 ± 0 .0 0 0 3 5

6 .7 9 %

E2

0 .2 0 8

0 .1 9 5

0 .2 1 3

0 .2 0 5 3 ± 0 .0 0 5 3 6

2 .6 1 %

Control

0 .0 0 5 7

0 .0 0 5 6

0 .0 0 5 9

0 .0 0 5 7 ± 8 .0 9 E -0 5

1 .40%

E2

0 .2 0 8

0 .2 0 5

0 .2 0 5

0 .2 0 6 ± 0.001

0 .4 8 %

As expected, the variability of the assay diminished as the number of
steps performed decreased. Experiments a) and b), showed the lowest
reproducibility, for both controls and E2 treated samples, with coefficient of
variation of the SEMs of 49.9 and 52.5, and 24.2 and 24.1%, respectively.
Experiments c) and d) exhibited much lower variations.
Based on the data presented in Table 4.4., the relative contribution o f
each individual step to the overall RT-cPCR variability was calculated. In Figure
4.10. it can be observed that cell culture/RNA isolation and RT were the steps
that most affected the consistency of the method, with a joint variation of over
40% for both controls and E2 treated samples. On the other hand, PCR and
products analysis had a minimal effect on the total error, contributing less that
10 %.
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Figure 4.10. Contribution of each individual step to the overall assay
variability. T h e d ata w a s calcu lated from th e variatio n v a lu e s p re s e n te d in
T a b le 4 .4 . A s an ex am p le: th e variation as s o c ia te d with th e q u a n titative
a n aly sis (step 4 ) o f control T F F 1 s a m p le s w a s 1 .4 0 % . T h e variation of
P C R an d q uantitative an alysis (ste p s 3 -4 ) w a s 6 .7 9 % . T h e re fo re , th e
variation as so ciate d with th e P C R step only, w a s 6 .7 9 - 1 .4 0 , i.e. 5 .3 9 %
(P C R b an d on th e g rap h ). T h e s a m e p ro ced u re w a s co n d u cted for the
rem ain ing data.

In order to determine how the final results were affected by the high
variation of the cell culture/RNA isolation and RT steps, we evaluated the power
of the normalisation with the internal control p-actin. In other words, we
assessed whether the normalisation to this housekeeping gene was able to
obviate the high variability inherent to these steps.
For that, the levels of TFF1 mRNA determined in experiment a) (which
includes all the steps) were normalised to the levels of p-actin by calculating the
TFF1/p-actin ratio of all samples. The fold increase over controls was then
determined, by dividing the TFFI/p-actin ratios of the E2 treated samples by the
TFFI/pactin ratios from controls, as this is the way the data is generally
presented. Quantification resulted in 36.07 ± 1.854 (SEM) fold increase over
controls and thus a final assay variability of 5.14% (Table 4.5.).
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Table 4.5. Effect of normalisation to the internal control p-actin over the reproducibility of
experiment a) (steps 1-4). T otal variation co rres p o n d s to th e variation o f th e S E M s o f th e final
result.

Sample

TFF1 Conc
(fmoles/pl)

p-actin Conc
(fmoles/pl)

TFF1/p-actin ratio

Fold increase
over controls

C ontrol

0 .0 0 5 7

0 .1 0 5

0 .0 5 4 2 8 6

-

0 .0 0 1 7

0 .0 0 9

0 .1 8 6 6 6 7

-

0 .0 0 1 2

0 .0 1 1 6

0 .1 0 3 4 4 8

-

0 .2 0 8

0 .1 1 3

1 .8 4 0 7 0 8

33 .91

0 .0 4 9 0

0 .0 0 7 6

6 .4 4 7 3 6 8

34.54

0 .0 4 7 3

0 .0 1 1 5

4 .1 1 3 0 4 3

3 9 .7 6

-

-

-

3 6 .0 7 ± 1 .8 5 4

E2

M ean ± S E M

Total
variation

5 .1 4 %

4.6.4. Dose-response studies.

In order to define the concentration of E2 that induced the maximum expression
of the TFF1 gene, mRNA levels were determined in response to increasing
concentrations of the hormone. Cells were treated for a period of 24 hours with
a dilution series of E2 (1 pM, 10 pM, 100 pM and 1000 pM). This range of
concentrations was chosen based on dose-response (cell proliferation) analysis
on MCF-7 cells previously carried out in our group (Payne et a!., 2000a).
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Figure 4.11. Dose-response analysis for TFF1 gene expression
following incubation of MCF-7 cells with E2. C e lls w e re tre ate d
with 1, 10, 1 0 0 and 1 0 0 0 pM o f th e h o rm o n e a s d esc rib ed in the
e x p e rim e n ta l section. T h e graph is a re p res en tatio n o f m e a n ± S E M
(n = 2 ).
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Figure 4.11. shows that a concentration of 10 pM was the lowest tested
concentration that triggered a response at the gene expression level (3.7 higher
than

untreated

controls).

This

effect continues

to

rise with

hormone

concentrations of up to 100 pM.

4.6.5. Time-course studies

The characteristics of TFF1 gene expression in MCF-7 cells were established
by studying the influence of E2 on TFF1 mRNA levels. MCF-7 cells were
treated with 100 pM E2 (concentration based on the dose-response study
reported in Section 4.6.4.) and harvested 0, 4, 8, 12, 24 and 48 h after dosing.
TFF1 mRNA was isolated and reverse transcribed into cDNA and equal
quantities of the reverse transcribed products were then co-amplified with
serially diluted TFF1 mimics.
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Figure 4.12. Tim e-course studies of the TFF1 gene expression in MCF-7 ceiis treated
with 100 pM E2. G ra p h A s h o w s th e va ria tio n of th e ratio b e tw e e n T F F 1 a n d p -a c tin lev els
w ith in c re a s in g in c u b atio n tim e s . G ra p h B re p re s e n ts th e fold in c re a s e in th e ra tio s T F F I / p 
a c tin re la tiv e to u n tre a te d co n tro ls fo r e a c h in c u b atio n p erio d . T h e re su lts a r e re p re s e n te d as
th e m e a n ± S E M of tw o ind ividu al e x p e rim e n ts .

As shown in Figure 4.12., there was a clear increase in TFF1 levels with
increasing incubation periods. Elevated expression of TFF1 was detectable
already after 4 h incubation. It reached a maximum of 35.1-fold relatively to
controls 24 h after initiation of treatment. By this time, a plateau was reached as
there was no evident alteration in mRNA amounts as incubation times
increased further.
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4.7. Discussion

In this chapter we were interested in assessing whether RT-competitive PCR
provided a suitable and effective alternative to classical methods in the
measurement of minute amounts of mRNA. To this end, we developed and
validated the assay for the semi-quantitative determination of TFF1 mRNA
using p-actin as the internal standard and an heterologous DNA fragment as the
externally added competitor.
One of the major requirements for the reliability of this method is that
both target and mimic amplify with the same efficiency in the PCR step. Some
investigators suggest that, to achieve this goal, the competitor must share large
homology with the target cDNA (Pannetier et al., 1993; Anderson et al., 1997).
However, it has been shown that homologous competitors can cause
heteroduplex formation

between the

products

of the targets

and

the

competitors, thereby affecting the accuracy of the quantification (Zacharias et
al., 1994). Our results support previous studies (Siebert and Larrick, 1992;
Auboeuf and Vidal, 1997) which successfully used non-homologous DNA
fragments as competitors. We demonstrate that, in spite of the differences in
DNA fragment sequences, both target and mimic exhibit a very similar
amplification efficiency. Furthermore, we prove that this efficiency and the ratio
target/mimic suffered no change when different concentrations of mimic were
added to the reaction.
An accurate calculation of the quantity of mRNA in a sample also
requires the ratio target/mimic to remain unaltered independently of the number
of cycles allowed to take place in the PCR. This assures that an increase in
cycle number will increase the PCR products in an equal fashion for both DNA
fragments and that the ratio between the final products is still representative of
the ratio before the amplification process.
The amplification of any DNA fragment can be divided in two phases.
During the first cycles, the formation of the

PCR products increases

exponentially in proportion to the number of cycles performed. After a high
number of cycles, the exponential phase is followed by a plateau phase,
characterised by a decrease in amplification rate. This phenomenon can be due
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to a series of factors such as deactivation of the polymerase, shortage of
nucleotides, shortage of primers or re-annealing of amplified DNA (McPherson
and Moller, 2000).
It has been argued that reliable quantification of PCR products should
remain within the exponential phase for both mimic and target DMAs due to the
risk of the ratio mimic/target being affected by the saturation point (Wang et al.,
1989; Siebert and Larrick., 1992; Auboeuf and Vidal, 1997; Zhang et a!., 1997).
Nevertheless, it has also been clearly demonstrated that, when competition
takes place, the ratio between competitor and target is maintained after the
exponential phase of the PCR and during the plateau (Morrison et a!., 1994;
Auboeuf eta!., 1997).
In the quantification system described here, a parallel co-amplification of
the two fragments could be substantiated, similarly to reports by Zimmermann
and Mannhalter (1996) and PfaffI et al. (1998). As demonstrated, the ratio
between the two products remained constant throughout the amplification, i.e.
during the exponential and the plateau phase. Thus, the present mRNA
quantification was not necessarily limited to the exponential phase of this
reaction.
One of the setbacks often associated with RT-cPCR is that it relies on
the standardisation of PCR efficiency, but the efficiency of the reverse
transcription reaction is not controlled. Some authors have proposed the
addition of RNA competitors to control the variability of the RT step (Wang et
al., 1989; Zhang et al, 1997; Tong et al., 1999). Others have shown that DNA
competitors can be successfully utilised for estimating relative abundance of
specified transcripts (Gattei etal., 1997).
In our experiments, DNA standards were chosen due to the ease of
handling in comparison to RNA solutions. However, it was necessary to bear in
mind that, although under strict conditions, it was not possible to guarantee the
reverse transcription of 100% of the RNA sample. Also important was the fact
that the RNA isolation itself might have contributed to a loss in the original RNA
amount. In order to control for these potential sources of error, the levels of
expression of the housekeeping gene, p-actin, were measured in the same
samples and TFF1 mRNA results presented in relation to these. In this way,
even though the absolute values of cDNA may not correspond to the amounts
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of mRNA in the initial sample, the observed ratio TFF1/p-actin will still be the
same.
In this chapter we were interested in assessing how the overall
experimental error of the RT-cPCR was influenced by each individual step of
the procedure. By dividing the technique into its critical steps and evaluating the
changes in variability as we moved further in mRNA quantification, we could
assess how the reproducibility was affected by each step.
As expected, the variability decreased when fewer steps were repeated.
It became clear that both the preparation of the RNA samples and the RT steps
were the ones that most contributed to the overall RT-cPCR variability.
Variations in cell culture and RNA isolation have been shown to largely increase
the experimental error during mRNA quantification (Zhang et al., 1997).
Likewise, RT has been considered by some as the critical phase of the assay,
as its variability is not controlled when DNA mimics are used (Zhou at a!., 1997;
Zhang and Byrne, 1999). In our work both steps largely contributed to the
overall experimental error.
Most importantly, however, was the assurance that the final results were
reproducible and that the error inherent to the mentioned steps could be
obviated. The results, presented in Table 4.5., were encouraging. They showed
that normalisation to the housekeeping gene p-actin significantly reduced the
apparent variation of the assay. This proved that, although the levels of final
target cDNA did not remain constant from sample to sample, they did not vary
within the same experiment. In other words, for the same cell suspension, the
RNA isolation procedure and reverse transcription reaction maintained a similar
yield for both TFF1 and p-actin. Therefore, in spite of the relatively high
variability

associated

with

these

steps,

it did

not affect the

assay’s

reproducibility (overall variation of 5.14%) as the final result was normalised
against p-actin nRNA levels and expressed in the form of a ratio.
In conclusion, we have shown that RT-competitive PCR is not only a
sensitive method, able to detect variations of cDNA amounts in the order of
fmoles/|LLl, but also very reproducible. From this, we consider it to be a more
than adequate technique for the study of gene expression when only small
amounts of RNA are available.
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It is well documented that, in MCF-7 cells, E2 promotes a stimulation of
TFF1 gene expression and consequent increase in its transcription product, the
TFF1 protein (Kida etal., 1989; Jorgensen etal., 2000).
Our data is in good agreement with previously published results on MOF7 cells, that claim a maximum induction of TFF1 mRNA levels after 24 h
incubation with E2 (Masiakowski et al., 1982; May and Westley, 1986;
Jorgensen et al., 2000; Kim et al., 2000). However, the concentration of E2
required to achieve the maximum effect differed from some of the reports (May
and Westley, 1986), where a higher concentration of 1 nM was needed to
induce maximal TFF1 expression. This was probably due to the fact that the
relationship between dose and response is dependent on a series of factors,
such as the cell line, the sensitivity of the technique applied, the length of time
left with stripped serum and the specificity of the primers selected for the PGR.
For this reason, it was essential to define the dose-response relationship in our
particular experimental conditions.
From these data, it was possible to determine the dosing period that
yielded the highest TFF1 gene expression (i.e. 24 h). This information was of
extreme importance for the setting up of subsequent experiments. By treating
the cells for 24 hours, we increase the sensitivity of the method, reduce the
probability of false negatives and assure that small variations in TFF1 mRNA
amounts are detected.
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CHAPTER

5

-

GENOTROPIC

EFFECTS

OF

XENOESTROGENS IN MCF-7 AND MDA-MB-231 CELL
LINES

We became interested in investigating the actions of the chlorinated
hydrocarbon, p-HCH, because it shows oestrogen-like effects both “in vivo" and
in vitro (Loeber et al., 1984; Steinmetz et al., 1996), yet is unable to bind to the
nuclear ER (Coosen and van Velsen, 1989). This suggests a mechanism of
action that is distinct from “classical” oestrogenic chemicals. Here, we
hypothesise that p-HCH requires the involvement of an alternative cell signalling
pathway to induce oestrogen-independent ER activation and consequent gene
expression. In this chapter, we describe the effects of p-HCH and other agents
on TFF1 expression. To measure these effects, we used RT-cPCR, as
described in Chapter 4. In Chapter 6, a detailed investigation of the ability of pHCH and other agents to interfere with MARK signalling is presented.

5.1. Chemicals selected for determination of TFF1 gene activation
5.1.1. /FHCH

The p-isomer of hexachlorocyclohexane (p-HCH) is an unwanted by-product
during the production of the insecticide lindane (y-HCH).
Due to its lipophilic nature, p-HCH is highly persistent in humans and its
presence has been reported in human maternal and cord blood, milk, adipose
tissue, serum, and liver (Kanja et al., 1992; in Ahlborg et al., 1995; Dewailly et
al., 1999).
Some epidemiological studies have shown an association between levels
of this insecticide in breast adipose tissue and the incidence of breast cancer
(Mussalo-Rauhamaa e t al., 1990; Ahlborg etal., 1995). Nevertheless, this link is
still not indisputable as other research groups failed to observe the same
relationship (Hoyer etal., 1998).
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p-HCH has measurable oestrogenic action as it induces proliferation of
MCF-7 breast cancer cells (Soto et ai, 1995; Payne et ai, 2000a). Moreover, it
causes the redistribution of the ER, the increase of the levels of ER target
genes, namely TFF1, and synthesis of PR in the same cell line (Coosen and
van Velsen, 1989; Steinmetz et ai, 1996). It is also able to increase rat uterine
weights in a dose dependent manner (Loeber et ai, 1984). In contrast to this,
and unlike most of the known oestrogenic agents, p-HCH does not have any
demonstrable binding affinity to the ER (Coosen and van Velsen, 1989;
Steinmetz et ai, 1996). These observations suggest that the intracellular
pathway that mediates its oestrogenic action differs from the classical ER
binding and activation.
It has been demonstrated that, in MCF-7 cells, p-HCH has the ability to
induce phosphorylation of Erk-1 and Erk-2 (Hatakeyama et ai, 2002). This
observation prompted us to hypothesise that p-HCH might exert its oestrogen
like effects by activating the MARK cascade, leading to ER activation in the
absence of “classical” receptor ligands. In order to substantiate this idea, it was
necessary to compare and contrast the effects of p-HCH on TFF1 expression
with a number of reference agents. These are discussed in the following
sections:

5.12. E2

The ability of E2 to strongly activate the TFF1 gene by binding to its receptor
has already been discussed.
However, more recently, this hormone has also been shown to produce
more transient and rapid effects by activating the Src/Ras/MAPK and the
PI3K/PKB cascades

(Migliaccio et ai,

1996;

Migliaccio

et al.,

2000;

Keshamouni et ai, 2002). These non- genotropic effects are believed to lead to
ligand-independent ER activation.
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5.1.3. EGF

Epidermal growth factor (EGF) is a potent mitogen for a wide range of cell types
and exerts its activity by binding to the cell surface EGF receptor (EGF-R)
(Carpenter and Cohen, 1990). The ÉGF-R is composed of an extracellular
ligand binding domain, a transmembrane anchor and an intracellular domain
possessing intrinsic protein tyrosine kinase activity (Ushiro et al., 1980; Ullrich
at a!.,

1984). The binding of EGF to its receptor quickly induces a

conformational change, receptor dimérisation and activation of the receptor
kinase activity. This induces auto-phosphorylation and the phosphorylation of
cellular substrates, which in turn trigger a signal transduction cascade event
and ultimately leads to the stimulation of DNA synthesis and cell division (Ullrich
and Schlessinger, 1990).
EGF, together with other growth factors, is capable of inducing ER
activation and a consequent increase in transcriptional activity in the absence of
the ligand oestradiol (Ignar-Trowbridge at a!., 1996; Stoica at a!., 2000a). This
ligand-independent activation of the ER is mediated by the MARK cascade and
results in phosphorylation of the AF-1 region of the nuclear receptor (Kato at a!.,
1995; Yee at a!., 2000) and of co-factors essential for ER activity (Font de Mora
at a!., 2000; Lopez at a!., 2001). Moreover, EGF has been demonstrated to
increase oestrogen-induced genes, such as TFF1, cathapsin D and PR in MCF7 cells (Cavailles at a!., 1989; Katzenellenbogen at a!., 1990; Stoica at a!.,
2000b). This effect can be abolished by antiestrogens (Chalbos at a!., 1993; El
Tanani and Green, 1997a).

5.1.4. o ,p -D D T

This is the most oestrogenic isomer of commercial DDT formulations (Toppari at
a!., 1996). DDT, a potent insecticide, was first used during the World War II for
the control of lice and mosquitoes to combat typhus and malaria. Although it
has been banned in the Western world since the 1970s, it is still indispensable
in many Third world countries (Snedeker, 2001). Due to its long half-life and
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ability to bio-concentrate in adipose tissue and up the food chain, o,p-DDT can
still be found in human adipose tissues worldwide (Teschke et al., 1993; Rivas
etal., 2001; Snedeker, 2001).
The oestrogenic potency of o,p-DDT has been widely studied both in
vitro and in vivo. In vivo, this compound has shown to induce wet weight gain in
ovariectomized rodent uteri (Bitman et al., 1968; Galand et al., 1987) and in
avian oviducts (Bitman et al., 1968), cause sex reversal in Medaka fish
(Edmunds et al., 2000) and changes in sexual differentiation and behaviour in
mice (vom Saal et al., 1995). Its oestrogenic effects in the wild include the
reproductive defects and eggshell thinning in avian species (Fry, 1995). In vitro
studies have revealed that it is able to cause cell proliferation of the oestrogendependent MCF-7 breast tumour cell line (Soto et al.,

1995), induce

progesterone receptor (PR) and TFF1 mRNA expression (Soto et al., 1995;
Shekhar et al., 1997; Diel et al., 2002). Similarly, o,p-DDT is capable of
inhibiting the binding of oestradiol to rodent uterine and recombinant human ER
(Forster et al., 1975; Soto et al., 1995; Andersen et al., 1999) and inducing the
activation of E2-responsive genes (Dees et al., 1997). Its affinity to the human
receptor has been shown not only for ERa, but also for ERp (Kuiper et al.,
1998).
These observations indicate that o,p-DDT is a classical E2 mimic,
eliciting its oestrogenic effects by binding to, and activating the ER.

5.1.5. p ,p ’-DDE

p,p-DDE is the most prevalent breakdown product of DDT. Like o,p-DDT, this
is a highly lipophilic molecule and has a very long half-life, which enables it to
concentrate up the food chain (Wiese and Kelce, 1997). p,p-DDE is stored in
adipose tissue of animals, mainly fish and humans (Hargrave et al., 1992;
Schmidt et al., 2000), being widely detected in human and cow's milk (MussaloRauhamaa et al., 1988; Waliszewski et al., 1996). Although the use of its parent
compound has been banned for over 20 years, its levels in human tissues are
still measurable (Olea etal., 1999; Ibarreta etal., 2001).
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The oestrogenic effect of p,p-DDE is low, when compared with E2 and
o,p-DDT. In in vivo tests of oestrogenicity, such as uterine wet weight gain in
immature or ovariectomised rats, p,p-DDE has little or no effect (Welch et a!.,
1969; Gellert at ai., 1972). On the other hand, it has demonstrated some
capacity to induce cell proliferation in the human breast cancer MCF-7 cell line
(Soto at al., 1995; Andersen at al., 1999; Payne at a!., 2000) and stimulate the
transcriptional activity of the ER (Andersen at al., 1999). However, this chemical
exhibits no or very low binding affinity to recombinant human ERa or ERp
(Kelce at al., 1995; Soto at al., 1997; Kuiper at ai, 1998; Andersen at a!., 1999)
or rat uterine ER (Forster at al., 1975).
There is strong evidence that p,p-DDE can bind the androgen receptor
(AR), inhibit androgen receptor transcriptional activity and act as an anti
androgen (Kelce at ai, 1995; Kelce at ai, 1997).
Due to the obvious differences in the action of p,p-DDE and E2 or o,pDDT, we considered it to be an interesting compound. Although the majority of
this chemical’s oestrogenic effects is believed to be caused by its antiandrogen
activity, it also presents a very weak affinity to the ER.

5.2. Features of the MDA-MB-231 breast cancer cell line

If p-HCH exerts its oestrogen-like effects through activation of the MAP kinase
cascade, in a fashion similar to EGF, TFF1 expression should not be observed
in cells devoid of the ERa. To test this idea, we repeated relevant experiments
by using the ER negative breast cancer cell line MDA-MB-231.
The human breast cancer cell line MDA-MB-231 derives from a human
adenocarcinoma that metastasised to the pleural fluid (Cailleau, at a i, 1978).
Due to its lack of expression of the ERa it is often referred to as ER-negative
(Tsai at ai, 2001; Eisen and Brown, 2002; Hatakeyama at ai, 2002) and
considered one prototype for the study of hormone-independent breast cancer
(Mur at ai, 1998). Apart from the lack of ERa, this cell line has a well-defined
and fully active mitogenic signalling cascade and exhibits constitutively higher
MARK levels than MCF-7 cells (Krueger at ai, 2001). It also expresses high
levels of EGFR (Godden at ai, 1992), inducible by ligand binding.
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5.3. Experimental section
5.3.1. Test compounds

E2, o,p’-DDT (Lancaster, UK, purity>99%), p-HCH (JT. Baker, Milton Keynes,
UK, purity 98%), p,p-DDE (Aldrich, Dorset, UK; purity 99%) and ICI 182.780 (a
kind gift from Dr. Ian White at the MRC Molecular Endocrinology Group,
Leicester, U.K.) were solubilised in ultrapure HPLC-analysed ethanol as 1 mM
stock and, together with subsequent dilutions, kept at -20°C in critically clean
glass containers. EGF was prepared as a 100 pg/ml stock in reconstitution
solution (0.2 pm-filtered 10 mM acetic acid containing 0.1% bovine serum
albumin, BSA) and PD 98059 (Promega, Southampton, U.K.) as a 20 mM
solution in dimethyl sulphoxide (DMSO). These solutions were also stored at 20°C.

5.3.2. Routine cell culture

MCF-7 cells were cultured following the protocol described in Section 4.5.2
MDA-MB-231 cells, a kind gift from Dr. Michael Johnson (Lombardi Cancer
Center, Washington DC, USA) were maintained in 75-cm^ cell culture flasks in
Dulbecco’s Eagle Medium (DMEM, Invitrogen) supplemented with 5% FBS, and
kept in a humidified incubator at 37°C, 5% CO2. Cells were passaged at
approximately 70% confluence over a maximum of 10 passages and regularly
tested for mycoplasma contamination.

5.3.3. Treatment o f cells

The treatment of MCF-7 and MDA-MB-231 cells was conducted in the same
way as described in Section 4.5.4. Briefly, 4x10® MCF-7 and 1.5x10® MDA-MB231 cells were seeded in 75-cm^ flasks and grown for 48 h in 15 ml MEM-a and
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DMEM, respectively. The cells were then washed with 10 ml HBSS and
changed into 15 ml stripped DMEM, where they were kept for further 48 h.
150 |il of the appropriate dilutions of E2, o,p-DDT, p,p-DDE and p-HCH
were added to 15 ml stripped-DMEM before adding to the cells. This
guaranteed that the cells were exposed to less than 1% (v/v) ethanol. Final
concentrations of the test compounds were 100 pM E2 and 10 pM o,p-DDT,
p,p-DDE or p-HCH. An aliquot of the stock solution of EGF was diluted in
stripped-DMEM and added to the cells at a final concentration of 100 ng/ml (this
concentration was chosen based on the documented effects of EGF in MCF-7
cells (Stoica et al., 2000a). Nominal concentrations of all the chemicals were
used. Controls were obtained by treating the cells with 1% absolute ethanol.
For the treatment with ICI 182,780, a dilution of the compound was
added jointly with the test agents, at a final concentration of 0.1 pM, assuring
the concentration of ethanol did not exceed 1% (v/v). Dilutions of the MEK
inhibitor PD 98059 were also added at the same time as the test agents, at a
final concentration of 50 pM, such that the amount of DMSO never exceeded
0 .2 % .

Two independent controls were prepared for the treatment with the ER
antagonist and MEK inhibitor. Control I included only the vehicles, i.e., for ICI
182,780, cells were incubated with 1% ethanol and for PD 98050 cells were
exposed to ethanol 1% and DMSO 0.2% (v/v). In Control II the individual effects
of these two chemicals were tested. Thus, cells were either treated with 0.1 pM
ICI 182,780, with a final ethanol concentration of 1%, or with 50 pM PD 98059
(DMSO concentration 0.2 %) + 1% ethanol.
Following a 24 h dosing period, cells were harvested by the addition of 1
ml 0.25% trypsin-EDTA and incubation at 37°C for 3 min. They were then
detached by pipetting 10 ml full medium over the seeded surface of the flask.
The obtained cell suspension was used for RNA isolation.
For ERa and ERp expression analysis, both cell lines were seeded at a
density of 7x10® in 75-cm^ flasks in 15 ml MEM-a and DMEM, respectively, and
allowed to grow until 70% confluent. Then, cells were washed with 10 ml HBSS
and harvested as described previously. The cell suspensions obtained were
used for RNA isolation.
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5.3.4. RNA isolation and RT-cPCR

The isolation of total RNA and subsequent RT-cPCR and PCR product analysis
were conducted exactly as described in Section 4.5.

5.3.5. RT-PCR analysis o f ER a and ERp expression in MCF-7 and MDAMB-231 cells

The expression of ERa and ERp by MCF-7 and MDA-MB-231 cells was
analysed by RT-PCR. This was carried out as described in Section 4.5.8.
Total RNA extract from human ovary (Ambion, Cambridgeshire, UK) was
used as a positive control, as this organ is known to express high levels of both
ERa and ERp (Enmark at al., 1997). This RNA was processed in the same way
as the remaining samples.
Due to the similarity between some sections of the ERa and ERp genes,
the primers pairs were selected so that they specifically annealed the
corresponding cDNAs and did not cross-react.

T ab le 5.1. G en e sp ecific p rim e r pairs used in E R a and ERp a m p lific a tio n . These were
designed based on the mRNA sequences of h E R a (G enebank NM 00 0 1 2 5 ) and human ERp
(hERp) (G enebank A F051427).
CDNA

P rim e r sen se

P rim er s e q u e n c e 5' to 3 ’

Fon/vard

T G C C A A G G A G A C TC G C TA

Reverse

TC A A C A T T C T C C C T C C TC

Forward

A A C C T C C T G A TG C T C C T G TC

Reverse

C C T C T T T G C T T l 1AC 1G 1CC

T a rg e t size (bp)
263

ERa

199

ERP
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5.4. Results
5.4.1. TFF1 up-regulation by E2, o,p’-DDT, p,p’-DDE, EGF and fi-FICFI in
MCF-7 cells

C e lls w e r e tr e a te d w ith fix e d c o n c e n tra tio n s o f e a c h o f th e c h e m ic a ls fo r a
p e rio d o f 2 4 h o u rs . T h e re s u ltin g le v e ls o f T F F 1 m R N A w e r e th e n m e a s u re d by
R T -c P C R .
A s s h o w n in

Figure 5.1,

e x p re s s io n

in M C F - 7

caused

in c re a s e

an

p -H C H

w a s c a p a b le o f in d u c in g

TFF1 gene

c e lls a t a c o n c e n tra tio n o f 1 0 p M . T h is c o n c e n tra tio n
in

TFF1

mRNA

le v e ls

o f 2 5 -fo ld

re la tiv e

to

u n tre a te d

c o n tro ls . A n e ffe c t o f c o m p a ra b le s tre n g th w a s o b s e r v e d w ith 1 0 p M o , p - D D T ,
w h ic h in c re a s e d th e le v e ls o f T F F 1 m R N A b y 2 6 .6 -fo ld . E 2 , a t 1 0 0 p M , in d u c e d
a s lig h tly h ig h e r in c re a s e in T F F 1 tra n s c rip tio n a l a c tiv a tio n , w ith 3 6 .1 -fo ld in
re la tio n to c o n tro ls . T h e s e o b s e rv a tio n s a r e c o n s is te n t w ith p re v io u s fin d in g s
(S te in m e tz

et

a!.,

1 9 9 6 ),

w h ic h

d e m o n s tra te d

th a t

p -H C H

in d u c e d

TFF1

tra n s c rip tio n in a w a y c o m p a ra b le to o , p - D D T a n d E 2 .

40 -

TO

15 -

E2

o ,p '-D D T

p ,p '-D D E

p -H C H

EGF

C om p ounds

Figure 5.1. Fold increases in TFF1 m RNA levels in M CF-7
cells in relation to untreated controls. Cells w ere individually
treated with 100 pM E2. 10 pM o ,p -D D T , 10 pM p ,p '-D D E , 10 pM
p-H C H or 100 ng/ml E G F (orange bars). T he black and grey bars
show the effects of each chemical after the addition of 0.1 pM ICI
1 8 2,78 0 or 50 pM of the M EK inhibitor PD 9 8 0 5 9 , respectively.
T h e results are represented as the m ean ± S E M of three
individual experiments.
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On the other hand, the DDT metabolite p,p-DDE (10 ^iM) induced only a
small change in the gene’s transcription (5.4-fold increase). The weak effect of
this chemical has been previously documented (Andersen et al., 1999). Our
observations using the more sensitive method of RT-cPGR corroborate these
results.
As expected, incubation with 100 ng/ml EOF augmented the levels of
TFF1 mRNA. Yet, the 3.5-fold increase relative to untreated control was only
marginal, when compared to the other test agents. A similar relative effect has
been previously reported (Bunone eta!., 1996; El-Tanani and Green, 1997).

5.4.2. Inhibitory effect o f the antiestrogen ICI 182,780 on TFF1 induction
by the test agents

In order to probe whether the TFF1 induction we observed in MCF-7 cells was
solely caused by activation of the ER, the treatment regimens described in
Section 5.4.1. were repeated in the presence of the pure antiestrogen ICI
182,780 at 0.1 pM. A complete abolishment of the activity of E2, o,p-DDT, p,pDDE, EOF and p-HCH was seen, indicating that a functional ER is essential for
the effects observed (Figure 5.1.)
When tested on its own, ICI 182,780 further reduced the TFF1
expression levels compared to ethanol treated samples. This suggests that
there were still residual amounts of oestrogens in the charcoal-dextran-stripped
serum, whose effects could be blocked by the oestrogen antagonist.

5.4.3.

Assessment o f the involvement o f growth

factor signalling

pathways on the genotropic effects o f the test agents

To determine whether p-HCH and the remaining test agents induced the
expression of the oestrogen-responsive gene, TFF1, through direct activation of
the ER or via the mitogenic MARK signalling cascade, MCF-7 cells were treated
with the test agents as before, but this time in the presence of PD 98059 (50
pM), an inhibitor of the MAPK-activating enzyme, MEK. Due to its low solubility
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in water, PD 98059 cannot be used at concentrations exceeding 50 |iM (Alessi
et ai, 1995). However, this concentration has been shown to be sufficient to
inhibit the activity of MEK and, consequently, prevent activation of MARK,
without causing nonspecific toxicity (Alessi et ai, 1995; Lobenhofer et ai,
2000).

PD 98059 induced significant decreases of TFF1 expression caused by
all the tested agents, except p,p-DDE (Figure 5.1). Our observation that TFF1
expression by E2 could be suppressed by a MEK inhibitor corroborates
previous publications which demonstrate that, similarly to EOF, the steroid
hormone is capable of activating the Ras/Raf/MAPK cascade in MCF-7 cells,
resulting in ER activation (Migliaccio et ai, 1996; Filardo et ai, 2000; Stoica et
ai, 2000a).
For the first time, we show that this is also true for the actions of p-HCH
and o,p-DDT.
To our surprise, no apparent association with the MARK biochemical
pathway was observed with p,p-DDE, as PD 98059 failed to affect the
xenoestrogen's induction of TFF1 mRNA.
It is worth noting that PD 98059 reduced the basal levels of the TFF1
mRNA, relative to the levels seen in vehicle treated controls.

5.4.4. TFF1 mRNA induction in MDA-MB-231 cells

The experiments described for MCF-7 cells, were repeated with the ERa
negative MDA-MB-231 breast cancer cell line.
As can be seen in Table 5.1, the basal levels of TFF1 mRNA in this cell
line were extremely low, about two orders of magnitude lower than those in
MCF-7 cells.
Table 5.2. Basal levels of TFF1 and p-actin cDNA in MCF-7 and MDA-MB-231 cell lines.
The basal concentrations of TFF1 and p-actin cD NA were measured in untreated controls. Data
correspond to mean ± SD from three different samples.

Cell line
MCF-7
M DA-MB-231

TFF1 (fmoles/^l)

p-actin (fmoles/pl)

0.00286 + 0.00141

0.0 4 1 9 ± 0 .0 3 1 5

1.33x10°® ± 3 .8 9 x 1 0 °®

0.0361 ± 0.020
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T h e lo w a m o u n ts o f T F F 1 m R N A in c re a s e d s lig h tly a fte r in c u b a tio n w ith

Figure 5.2.

1 0 0 p M E 2 fo r 2 4 h, a s s h o w n in

O n th e o th e r h a n d , o , p - D D T , p , p -

D D E a n d E O F fa ile d to in d u c e a n y d e te c ta b le c h a n g e s in T F F 1 tra n s c rip tio n .
S u rp ris in g ly , th e

a c tio n

o f p -F iC H

w as

m uch

m o re

a g e n t c a u s e d a n in c re a s e o f o v e r 1 5 fold in th e T F F 1

p ro n o u n c e d .

mRNA
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le v e ls , w h e n

c o m p a re d w ith u n tre a te d c o n tro ls .

2
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$
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B -H C H

Com p ounds

Figure 5.2. Increase in TFF1 mRNA levels in MDA-MB-231 after
treatm ent with 100 pM E2 and 10 pM p -H C H . M D A -M B -231 cells
w ere treated, and m R N A processed as described in the
experim ental section. O range bars correspond to treatm ent with
the individual agents. G rey bars correspond to the effect of the
chem icals in the presence of 50 pM P D 9 8 0 5 9 . T he graph is a
representation of m ean ± S EM (n=3).

As

seen

in

M C F -7

c e lls ,

th e

e ffe c ts

o f b oth

E2

and

p -H C F i

w e re

s u s c e p tib le to th e p re s e n c e o f th e M E K in h ib ito r P D 9 8 0 5 0 a n d to IC I 1 8 2 ,7 8 0 .
PD

98059

re d u c e d

tr e a tm e n t w ith

IC I

th e

le v e ls

1 8 2 ,7 8 0

of TFF1

re d u c e d

th e

mRNA

b y o v e r fo u r fo ld , w h e r e a s

am ount of TFF1

mRNA

to

le v e ls

in d is tin g u is h a b le fro m c o n tro ls in both c a s e s . C ru c ia lly , s u p p re s s io n o f T F F 1
tra n s c rip tio n b y P D 9 8 0 5 9 w a s m u c h m o re p ro n o u n c e d th a n o b s e r v e d in M C F -7
c e lls .

127

5A .5. ERa and ERp expression in MCF-7 and MDA-MB-231 cell lines

F ro m th e re s u lts p re s e n te d s o fa r, e s p e c ia lly w ith IC I 1 8 2 ,7 8 0 , it s e e m s c le a r
th a t th e re is a n in v o lv e m e n t o f th e n u c le a r E R in th e e ffe c ts c a u s e d b y th e te s t
a g e n ts in b o th M C F - 7 a n d M D A - M B - 2 3 1 cell lin e s .
As

d e s c rib e d

in

Sections 4.4.

and

5.2.

th e s e

c e lls

have

d is tin c t

c h a ra c te ris tic s in te rm s o f E R e x p re s s io n . It h a s b e e n s h o w n th a t M C F - 7 cells
c o n ta in hig h le v e ls o f E R a a n d lo w le v e ls o f E R p (S e o a n d L e c le rc q , 2 0 0 2 ) . O n
th e o th e r h a n d , m a n y s tu d ie s h a v e r e v e a le d th a t M D A - M B - 2 3 1

c e lls d o not

e x p re s s E R a (T s a i e t al., 2 0 0 1 ; F rig o e t al., 2 0 0 2 ) , b u t c o n ta in E R p (F rig o e t al.,
2 0 0 2 ) , o r a t le a s t a v a ria n t o f th is re c e p to r (F u q u a e t al., 1 9 9 9 ). N e v e rth e le s s ,
d u e to th e fa c t th a t cell c h a ra c te ris tic s m a y c h a n g e b e tw e e n d iffe re n t s tra in s o f
th e s a m e c e ll lin e a n d fro m la b o ra to ry to la b o ra to ry (B a h ia e t al., 2 0 0 2 ) , it is
im p o rta n t to a s s e s s w h e th e r th e c e lls u s e d in th is w o rk c o n ta in th e m e n tio n e d
re c e p to rs . F o r th a t, th e e x p re s s io n o f E R a a n d E R p in b oth M C F - 7 a n d M D A M B -2 3 1

w a s e x a m in e d b y R T - P C R . T h is te c h n iq u e w a s e m p lo y e d d u e to its

h ig h s e n s itiv ity , w h e n c o m p a re d to o th e r a v a ila b le te c h n iq u e s , s u c h a s w e s te rn
b lo ttin g .
A s c a n b e s e e n in

Figure 5.3.

E R a is e x p re s s e d a t re la tiv e ly hig h le v e ls

in M C F - 7 c e lls , w h e r e a s no d e te c ta b le le v e ls o f E R a

m R N A w e r e fo u n d in

M D A - M B - 2 3 1 c e lls . O n th e o th e r h a n d , it w a s o b s e rv e d e x p re s s io n o f lo w le v e ls
o f E R p in b o th cell lin e s .

Figure 5.3. RT-PCR analysis of E R a and ERp expression. M C F -7
(lanes 2 and 6), M D A -M B -231 (lanes 3 and 7) and hum an ovary total
R N A (lanes 5 and 9) w ere subjected to R T -P C R using primers specific
for h E R a (gel A) and hERp (gel B). Hum an ovary total R N A w as used
as a positive control, lanes 4 and 8 are R T negative controls and lanes
1 and 10 are size standards.
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5.5. Discussion

It is well established that oestrogen-mediated increases in gene expression are
the result of enhanced transcription through the activation of ERE sequences in
target genes (Evans, 1988; Carson-Jurica et al., 1990; Parker, 1995). In MCF-7
cells, this effect is chiefly mediated by the most prevalent ER isoform, the ER a
(Seo and Leclercq, 2002). Treatment of these cells with E2 stimulates TFF1
gene expression (Soto eta!., 1995; Jorgensen eta!., 2000).
Our observation that E2, o,p-DDT and p-HCH are able to induce TFF1
expression is in clear agreement with previous publications (Steinmetz at a!.,
1996). The actions of E2 and o,p-DDT can be explained by their ability to bind
the ERa and promote consequent transcriptional activation (Zava at a!., 1997;
Hall at a!., 2001; Rajapakse at a!., 2001; Diel at a!., 2002) The complete
inhibition of these effects following addition of the pure anti-oestrogen ICI
182,780 confirmed an essential role for the nuclear ERa on the activity of such
compounds.
However, the mode of action of p-HCH appears to be more complex. The
induction of TFF1 mRNA increases in the MCF-7 cell line, together with its
complete inhibition by ICI 182,780, suggests a propensity for ERa activation.
Yet, because of its apparent lack of affinity to the ER, these results raise the
possibility that p-HCH's transcriptional activity may be due entirely to a crosstalk
with second messenger signalling pathways, which may lead to the ligandindependent activation of the nuclear ER, by phosphorylation of the receptor via
MAPKs.
In order to test this hypothesis, the effect of p-HCH and the other
chemicals was challenged with the MARK cascade inhibitor, PD 98059. The
substantial decrease in the effect induced by E2, o,p-DDT, p-HCH and EGF,
after addition of this inhibitor, indicated a possible involvement of the MARK cell
signalling pathway in the genomic effects caused by the test chemicals.
The pleotropic action of the steroidal hormone, which is able to act upon
growth factor signalling pathways leading to the ligand-independent activation of
the ER, has been documented (Kato at a!., 1995; Migliaccio at a!., 1996). The
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data presented here support the notion that the non-genotropic effects of E2
can lead to increases in the expression of ER target genes. Likewise, our
results with EGF substantiate claims that this growth factor has the ability to
indirectly stimulate the phosphorylation of the ER, leading to E2-independent
activation of this receptor (Bunone et ai, 1996; Ignar-Trowbridge et ai, 1996).
The effects seen with p-HCH and o,p-DDT were somewhat surprising.
For the first time, we show that the actions of p-HCH and o,p-DDT on TFF1
expression can be suppressed by the MEK inhibitor PD 98059. This suggests a
link to the MARK pathway. Our findings with o,p-DDT suggest that the pesticide
is able to act by binding the ER and by promoting ER phosphorylation via the
MARK pathway. It now becomes necessary to test experimentally, whether o ,p DDT is capable of activating the MARK pathway.
It has been demonstrated that p-HCH has the ability to induce
phosphorylation of MARKs Erk-1 and Erk-2 in MCF-7 cells (Hatakeyama et ai,
2002). Our observation that p-HCH-induced TFF1 expression was sensitive to
the MEK inhibitor RD 98059 supports the idea that the hydrocarbon might
activate the ER by phosphorylation and activation of the AF-1 domain, without
interacting with the steroid binding site of the receptor, rather like EGF. On the
other hand, the potency of p-HCH in stimulating TFF1 expression, when
compared to EGF, was surprisingly high. If p-HCH acted exclusively by
stimulating MARKs, weaker effects, comparable to those of EGF, would have
been expected in MCF-7 cells. Thus, there appear to be other, as yet unknown,
contributing factors leading to TFF1 expression by the hydrocarbon. This is
further underlined by our results with E R a negative MDA-MB-231 cells. Here, pHCH should have failed to induce any measurable TFF1 expression, as was
indeed observed with EGF. Contrary to this expectation, p-HCH showed very
strong effects, stronger even than those of E2, at a concentration approximately
equi-potent with the steroid hormone in MCF-7 cells. Nevertheless, it is
important to reiterate that TFF1 mRNA levels in this cell line were very low in
absolute terms.
A possibility worth considering is that the concentration of EGF of 100
ng/ml chosen to conduct this study was too low to produce significant
phosphorylation and consequent activation of the ER. The concentration of EGF
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was selected based on previous reports (Stoica et al., 2000a), that claim it is
sufficient to induce a very high phosphorylation of MAPKs and consequent
activation of the ERa in MCF-7 cells. As shown in Chapter 6, the concentration
of EGF selected here induced strong phosphorylation of its receptor, EGFR,
and its downstream kinases. Thus, the possibility that the concentration of EGF
was too low can be ruled out with confidence as a possible explanation for its
limited effects on TFF1 transcription.
Before concluding this chapter, it is important to discuss in detail the
possible reasons as to why PD 98059 was only able to partially inhibit the
transcriptional activities induced by p-HCH, E2, o,p-DDT, and EGF in MCF-7
cells (see Figure 5.1.)• Partial transcriptional inhibition could have occurred for
the following reasons:
a) The inhibitory action of PD 98059 may have been incomplete at the
concentration tested.
b) Although ligand-receptor binding and receptor phosphorylation, each
on their own, are capable of conferring some transcriptional activity,
both

events

together

are

necessary

to

achieve

maximum

transcriptional activity (i.e. activation of both AF-1 and AF-2 is
required for optimal stimulation of transcription) (El Tanani and
Green, 1997b). According to this hypothesis, the blocking of the
MAPK pathway will not completely suppress TFF1 transcription,
because inhibition of receptor phosphorylation alone is not able to
entirely abrogate receptor activity, as the test chemicals are still able
to activate the receptor by binding to the cognate ligand's binding site.
c) Other,

as

yet

unidentified

pathways

may

contribute

to

ER

transcriptional activity.
Reports that PD 98059 binds to MEK in a reversible manner (Dudley et
a!., 1995) support the possibility listed under a). Thus, during the long
incubation period with PD 98059, the inhibitor may have faded away, resulting
in failure to suppress MEK action. If this idea was correct, we should have
observed incomplete inhibition of transcriptional activation also in MDA-MB-231
breast cancer cells. However, the results in Figure 5.2 show that this was not
the case, under experimental conditions similar to those employed with MCF-7
cells. Thus, for the idea of incomplete inhibitor action to be valid, we are left with
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invoking different enzyme characteristics or levels in both cell lines as a
possible explanation. However, this seems unlikely, as it has been shown that
both cell lines have fully active MAPK cascades. Moreover, we observed that
MDA-MB-2331 contain constitutively higher levels of MAPKs (data not shown),
therefore, the incomplete MEK inhibition by PD 98059 should be more marked
here than in MCF-7 cells.
The hypothesis mapped out under b) has been suggested by Coleman
and Smith (2001) to explain E2 action. The pattern of effects observed with E2,
EGF and o,p-DDT, together with the complete abrogation of TFF1 transcription
in the presence of ICI 182,780, are consistent with this idea. E2 is able to
activate the receptor by both binding to the ligand-binding domain and by
stimulating activation of AF-1 by phosphorylation via the MAPK pathway. The
reason why PD 98059 only partially suppresses transcriptional activation lies in
the fact that it is able to block receptor phosphorylation caused by MAPKs, but
not ligand-receptor interaction. Conversely, agents unable to activate the ER by
interacting with the binding pocket, but with the ability to stimulate receptor
action by phosphorylation only, such as EGF, should be susceptible to complete
transcriptional inhibition by PD 98059. This expectation is borne out by our data
(Figure 5.1). Given that o,p-DDT exhibited a profile of effects very similar to
E2, it appears likely that o,p-DDT should be capable of activating the MAPK
pathways. This has already been shown to be the case with E2 (see Chapter
6), but awaits confirmation for o,p-DDT.

Conversely, the absence of

susceptibility to PD 98059 seen with p,p-DDE suggests that this chemical is
devoid of any stimulatory effects on the MAP kinase cascade. Again, this idea
needs to be confirmed experimentally.
In all cases, including EGF, ICI 182,780 should lead to the complete
abrogation of transcriptional activity, due to its capability of abolishing ER
activation.
Nuclear ER activation involves the formation of a specific coactivator
recruitment site on the surface of the LBD (within AF-2) of the receptor. This site
consists of a helical region (H I2), which is only formed in the presence of
agonist ligands (reviewed in Brzozowski et al., 1997). ICI 182,780 is a 7aalkylamide analogue of E2. When it binds to the ligand binding cavity, it's long
7a side chain sterically prevents the interaction between H I2 and the remainder
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of the LBD (Pike et al., 2001). This results in the impediment of coactivators
binding and consequent inactivation of AF-2 and the receptor. It is still not clear
how pure antiestrogens inhibit the action of AF-1. However, it has been
hypothesised that the displaced H I2 region directly interferes with the correct
spatial positioning of AF-1. Nevertheless, the complete inhibition of both AF-2
and AF-1 action by ICI 182,780 (Bowler et a!., 1989; Wakeling et a!., 1991),
which respectively modulate ligand dependent and ligand independent activity,
support the observations presented here.
Because of its apparent lack of affinity to the ER, the profile of effects
seen with p-HCH is conspicuous in not conforming with the hypothesis of “dual
ER activation" by ligand binding and AF-1 phosphorylation. Two possibilities
remain to explain this pattern: Either, p-HCH is able to bind the ER, and the
effect has been overlooked so far, or there may be other, as yet unidentified
pathways that contribute to ER activation, as mentioned in c) above. One
example of such pathways involves the PI3K/PKB signalling pathway (Martin et
a!., 2000; Campbell eta!., 2001).
The data obtained with the MDA-MB-231 cell line substantiates the
observations made in MCF-7 cells treated with test agents in the presence of
ICI 182,780. The very low basal levels of TFF1 mRNA and the minimal
increases caused by E2 and most tested agents support the idea that ERa is
essential for ER target gene expression and oestrogenic activity. Still, the high
increase in TFF1 expression following p-HCH treatment and the marked
decrease after PD 98050 addition remains to be explained.
There is a clear divergence, of opinions in what concerns the
characterisation of MDA-MB-231. Due to the absence of ERa, many published
reports have considered this cell line as oestrogen independent (ER negative),
utilising it as a point of reference for purposes of comparison with results seen
in oestrogen responsive cells (Bartucci et a!., 2001; Brownson et a!., 2002;
Darbre et a!., 2002). However, it has been demonstrated that, in spite of lacking
ERa, this cell line expresses relatively high levels of ERp (Frigo et a/., 2002).
Our results corroborate these findings. Using primers selectively designed to
amplify specific regions of the hERp cDNA, we have shown, by RT-PCR, that in
fact, MDA-MB-231 cells express measurable amounts of this receptor.
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On the other hand, some authors have reported that the nuclear receptor
contained in MDA-MB-231 is in fact a variant of the wild-type ERp (Fuqua et al.,
1999; Vladusic et al., 1998). This isoform of ERp was readily detected by using
an anti-ERp antibody, but was shown to migrate at a different rate to wild-type
ERp, in western blot analysis (Fuqua et al., 1999). This indicates that the
receptor might have a different structure from the wild-type receptor, and
consequently, a different affinity to ligands or even EREs.
Hence, we can only speculate on the possible activity of this ERp variant.
If this receptor shares some similarities with the ERp wild-type, it is plausible
that, like ERp, it can be directly activated by ER cognate ligands and indirectly
by cell signalling pathways, resulting in an increase of the receptor’s
transcriptional activity (Tremblay et al., 2001; Tremblay et al.,

1997).

Nevertheless, due to possible differences in affinity to ligands or activity, this
increase in target gene transcription might be minimal. Further work in the
characterisation of this cell line and its ERp variant is required, in order to
provide an understanding of the observations described here.
We conclude that p-HCH is capable of increasing TFF1 expression by
inducing the activation of E R a and, possibly, ERp. Moreover, this effect can be
mediated by growth factor signalling pathways, namely the MAPK cascade,
which induces a ligand-independent ER activation. The ways in which p-HCH
induces the activation of MAPK are still unclear. In the next chapter we evaluate
the non-genotropic effects of p-HCH and the two reference chemicals E2 and
EGF.
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CHAPTER 6 - NON-GENOTROPIC EFFECTS OF E2, pHCH AND EGF

We have previously shown that the effect of E2, o,p-DDT and p-HCH on the
oestrogen responsive gene TFF1 could be suppressed in the presence of the
MEK inhibitor PD 98059. These observations provide indirect evidence for an
involvement of the MARK pathway in the mode of action of the tested
chemicals. Our findings suggest that these compounds, in a way similar to
peptide growth factors and neurotransmitters, are able to induce activation of
the ER, independently of binding to the receptor.

6.1. Cross-talk between growth factor- and ER-pathways

Although steroid hormones and growth factors are thought to exert their effects
through different receptors and signal transduction cascades, there is
increasing evidence for a cross-talk between these two pathways (IgnarTrowbridge et al., 1993; Curtis et al., 1996; Smith, 1998; Cenni and Picard,
1999; Driggers and Segers., 2002; Filardo, 2002). As described in Chapter 4, it
has been demonstrated that EGF, as well as a variety of other growth factors,
can induce ER activation in the absence of the cognate ligand, and
consequently elicits biochemical effects characteristic of the hormone (Stancel
et al., 1987; Ignar-Trowbridge et al., 1992; Stoica et al., 2000b; Stoica et al.,
2000a). It has been proposed that this type of activation of the ER should be
referred to as oestrogen-independent activation (Ignar-Trowbridge et al., 1992;
Bunone et al., 1996).
However, the cross-talk between polypeptide growth factor and ER
pathways is not limited to the receptor acting as a mediator of the growth
factor’s activity. In turn, oestrogen-induced mitogenesis in target tissues such as
the uterus, the mammary gland and some neoplastic tissues can be mediated
by growth factors in an autocrine or paracrine fashion (Murphy et al., 1987;
Ignar-Trowbridge et al., 1992; Dickenson et al., 1998). In other words, the
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hormone increases cell proliferation by augmenting the levels of growth factors
and their receptors. This leads to the sensitisation of the cells to the mitogenic
growth factor with subsequent stimulation of cell growth and differentiation. In
rodent uterus tissues for example, E2 has been shown to induce synthesis of
the mRNA of both EGF (DiAugustine et al., 1988; Huet-Hudson et al., 1990)
and its receptor (Mukku et al., 1985; Lingham et al., 1988). In MCF-7 cells, the
hormone can stimulate the synthesis of IGF-I (Huff et al., 1986) and its receptor
(Stewart et al., 1990). Furthermore, in the same cell line, EGF receptor mRNA
and protein levels are modulated by oestrogens at the transcriptional (Mukku
and Stancel, 1985) and post-transcriptional level (Lingham et ai, 1988) and this
effect can be blocked by antiestrogens (Berthois et ai, 1989).
Nevertheless, the mitogenic effect of E2 and the interference with signal
transduction pathways does not rely simply on the late, so-called genotropic
events triggered by the induction of gene expression, mRNA and protein
synthesis. This hormone also produces transient, non-transcriptional responses
similar to those induced by growth factor peptides.

6.1.1. Non-genomic short-term effects o f E2

In addition to its ability to promote ER-dependent gene transcription, and to
regulate growth factor and growth factor receptor levels, E2 rapidly and
transiently triggers a variety of second messengers signalling events in a
number of cell lines and organs. In colon carcinoma-derived Caco-2 cells, E2
stimulates growth via activation of the MAPK cascade (Di Domenico et ai,
1996). It also induces similar effects in rat cardiac fibroblasts (Lee et ai, 1998),
pulmonary endothelial cells (Chen et ai, 1999), neuronal cells (Singer et ai,
1999), osteoblasts (Endoh et ai, 1997) and osteoclasts (Oursler, 1998).
In human breast cancer MCF-7 cells and rat uterine cells, E2 leads to the
production of cAMP and regulation of adenylate cyclase (Aronica et ai, 1994).
Also in MCF-7 cells, the hormone induces mobilisation of intracellular calcium
(Improta-Brears et ai, 1999), stimulates PI3-K (Castoria et ai, 2001) and PKB
(Ahmad et ai, 1999) and activates Src and the MAPK, Erk-1 and Erk-2
(Migliaccio et ai, 1996; Watters et ai, 1997; Kousteni et ai, 2001). These non136

genomic short-term effects of E2 not only result in the increased transcription of
growth factor’s target genes, but also in the augmented transcriptional activity of
the ER (Kato etal., 1995; Castoria etal., 2001; Song etal., 2002).

6.1.2. The Src/Ras/Erk signalling pathway

Two of the most well reported targets for E2 rapid activation are the MAPKs
Erk-1 and Erk-1, and, consequently, the pathways that lead to their activation.
One of these pathways, the Src/Ras/Erk, has been repeatedly shown to be
involved in the oestrogenic activity of E2 (Migliaccio et al., 1998; Castoria et al.,
1999; Kousteni etal., 2001). Activation of this kinase pathway promotes ER and
potentially, the phosphorylation of other transcription factors, leading to
stimulation of ER-mediated transcription (Kato et al., 1995; Bunone et ai, 1996;
Feng etal., 2001).
The transforming gene of the Rous sarcoma virus (v-src) is a mutated
and activated version of a normal cellular gene (c-src) which encodes Src, a
protein

with

intrinsic

tyrosine

kinase

activity.

There

are

two

major

phosphorylation sites present on Src: Tyr 416 in the kinase domain and Tyr 527
in the C terminal. The phosphorylation of these tyrosine residues is important in
regulating kinase activity (Cooper et ai,

1986; Kmiecik et ai,

1987).

Phosphorylation at Tyr416 leads to increased kinase activity, whereas
phosphorylation of Tyr527 by c-Src kinase (Csk) stabilises a series of
intramolecular interactions that culminate in repression of kinase activity
(Reviewed in Bjorge et ai, 2000).
Src has been implicated in signalling from many types of receptors.
Activation of Src kinases has been shown to occur by interaction with the
platelet derived growth factor receptor (PDGFR) (Twamleystein et a i, 1993)
and the EGF receptor (Tice et ai, 1999). Other kinases, such as the receptor
tyrosine kinase (RTK) Erb-B2, have also been shown to interact with Src and be
involved in signalling by hetero-dimerising with the EGF receptor (Muthuswamy
et ai, 1995). Moreover, a number of reports have suggested an involvement of
Src in GPCR-mediated MAPK activation (Daub et ai, 1997; Della Rocca et ai,
1999).
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Increased Src activity is claimed to induce increases in growth rate,
reductions in adhesion and increases in the metastatic potential of cells (Irby et
al., 2000). This is achieved by interaction of the kinase with regulatory pathways
in the cell cycle and signal transduction cascades involved in cell proliferation.
As already mentioned, it interacts with Ras signalling pathways and provides a
link to the Ras/Erk cascade (Haas et a!., 2000).
It is believed that the ER may couple to Src to initiate signalling. It has
been reported that E2 activates the signal-transducing Src/Ras/Erks pathway in
human mammary cancer cell lines, MCF-7 and T47D as well as in the human
colon cancer-derived cell line Caco-2 cells (Di Domenico et a!., 1996; Migliaccio
et a!., 1996; Migliaccio et a!., 1998). Moreover, it has been demonstrated that
the activation of this cascade requires the presence of active ER (Migliaccio et
a!., 1996) and intracellular calcium mobilisation, a pre-requisite for the activation
of Erk’s in these cancer cells (Improta-Brears et a!., 1999). Finally, an
involvement of PI3K and its downstream target PKB in the oestrogen-induced
Src activation has also been suggested (Castoria et a!., 2001).
Erk’s are the down-stream targets of the MAPK pathway and belong to
the MAPK family, which also includes p38 and c-Jun N-terminal kinases
(Reviewed in Seger et a!., 1995). These enzymes transduce extracellular
signals from multiple membrane receptors to intracellular targets including
transcription factors, cytoskeletal proteins and enzymes (Charest et al., 1993;
Davis, 1993). Erk’s are activated by growth factors such as EGF, insulin and
IGF-I, through membrane-associated RTKs. These RTKs activate Ras leading
to activation of the downstream target, Raf (MAPK kinase kinase; MAPKKK).
The Raf kinase, in turn, can phosphorylate and activate the dual specificity
kinases MEK-1 and MEK-2 (MAPKKs), which activate the MAPKs (also known
as p42 or Erk-2 and p44 or Erk-1). Once activated, Erk-1 and Erk-2 can
phosphorylate several nuclear transcription factors including Myc, Elk and Rsk
(Blenis, 1993; Graves and Krebs, 1999). As described in Chapter 5, Erks also
phosphorylate the nuclear ER, increasing its transcriptional activity (Kato et al.,
1995; Stoica etal., 2000a).
The way in which Src contributes to the activation of the Ras/Erk
cascade is still not fully resolved. However, some data indicate that Src has the
ability to phosphorylate the Sh2 containing region (She) and to provide docking
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sites for downstream signalling proteins (Kato et al., 1995; Kousteni et a!., 2001;
Sato et ai., 1997), particularly growth factor receptor binding protein-2 (Grb2),
which, via its association with son of sevenless (SoS) is able to activate Ras
and, therefore, the MAPK pathway (Buday and Downward, 1993) (Figure 6.1.).
Oestrogens
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Figure 6.1. Possible cross-talk between growth factors and ER cell signalling
pathways. Activation of RTKs by growth factors such as EG F, IG F-I and T G F -a leads
to R a s-R a f-M E K -E rk 1/E rk 2 m ediated phosphorylation of the ER. T h e sam e growth
factors m ay also lead to activation of Src, which results in activation of the E R by the
M A P K cascade. The P I3-K /PK B cascade has also been associated with the ligandindependent activation of the ER. E2, and possibly other oestrogens, rapidly activate
the S rc-R as-E rk1/E rk2 and PI-3K /P K B cascades. The m echanism underlying these
rapid and transient effects is still not understood. Not all signalling pathways are
shown. Abbreviations are: ER: oestrogen receptor; Erk: extracellular signal-regulated
kinase; G RB2: growth factor receptor-binding protein 2; PI: inositol phosphate; MAPK:
m itogen-activated protein kinase; MAPKK: M A PK kinase; M EK: Erk kinase, MEKK:
M E K kinase; PI3-K: phosphotidylinositol-3-kinase; PKB: protein kinase B; PKC: protein
kinase C; RTK: receptor tyrosine kinase; ShC: SH2-containing protein; SoS: son of
sevenless.

The mechanism responsible for rapid signalling events in response to E2
is still unclear (Kato et a!., 1995 Driggers and Segers, 2002; Filardo, 2002).
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However, some hypotheses have been developed in order to elucidate these
rapid oestrogenic responses, here referred to as non-genotropic or nongenomic effects. They are discussed in the following section.

6.2. Possible mechanisms for E2 non-genotropic effects

Due to the rapidity with which non-genotropic effects occur, it is presumed that
they are initiated at the plasma membrane and do not involve ER-mediated
gene transcription.
Cell membrane effects could involve E2 indirectly activating RTKs, such
as EGFR (Nelson et al., 1991; Kato at a!., 1995) or c-Neu/Erb-B2 (Matsuda at
a!., 1993). Alternatively, there is the possibility that the classical cytoplasmic
ERa and ERp may be involved (Migliaccio at a!., 2000; Kousteni at a!., 2001) or
even that estrogens are able to interact with a putative membrane-associated
ER (Berthois at a!., 1989; Collins at al., 1999; Filardo at al., 2000; Powell at al.,
2001 ).

Several studies have suggested that a subpopulation of ERp and ERa is
localised in the vicinity of the plasma membrane, where it induces activation of
Src and triggers its associated signal transduction pathway. This facilitates the
rapid oestrogen-stimulated signalling and activation of Erk-1/Erk-2 (ImprotaBrears at al., 1999; Razandi at al., 1999). Other hypotheses invoke a direct link
of the cytoplasmic ER to growth factor receptors or even the formation of a
tertiary complex with the AR and Src (Migliaccio at al., 2000; Kousteni at al.,
2001 ).

In recent work reported by Kousteni at al., (2001) it was demonstrated
that the antiapoptotic effect of sex steroids, such as E2, on bone cells is
mediated by the Src/Erk signalling cascade. Moreover, they have suggested
that this effect is mediated by an extranuclear ER, which presents a different
conformational state from the nuclear ER. Hence, they speculate that this
difference in conformational states is responsible for the functional dissociation
of the ER in genotropic and non-genotropic activity. Depending on the affinity of
the ligand to the binding pocket of the ER, it will result in a conformation that
induces non-genotropic or genotropic effects. Compounds that fit the binding
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pocket perfectly, such as E2 will be able to induce both effects, whereas those
that bind the receptor poorly, will probably only induce non-genotropic activity.
Finally,

Kousteni and colleagues suggest that the same conformation

differentiation may mediate other effects, such as cell proliferation.
However, it is still not clear how the interaction between ER and the
Src/Erk cascade works, as some researchers argue that both ERp and ERa
lack known structural motifs that would allow for this non-genomic effect (Filardo
et al., 2000). Nevertheless, a recent report from Wong and colleagues (Wong et
a!., 2002) might provide the missing link between ER and Src/Ras/Erk
activation.

They

have

identified

a

nuclear

receptor-interacting

protein

designated modulator of non-genomic activity of ER (MNAR). This scaffold
protein was shown to modulate ER interaction with members of the Src family of
tyrosine kinases, forming a ER-MNAR-Src complex. This leads to activation of
Erk-1 and Erk-2 and a consequent increase in the transcriptional activity of the
ER.
On the other hand, it has been proposed that an alternative form of ER,
present in the cell membrane, is responsible for the non-transcriptional action of
oestrogens. Recent studies have suggested the existence of a plasma
membrane ER unrelated to the classical ER in cell lines such as MCF-7 and
MDA-MB-231 (Berthois etal., 1989; Filardo etal., 2000; Powell etal., 2001). An
involvement of this membrane ER in signal transduction has also been shown
(Russell et al., 2000; Guo et al., 2002), including regulation of ERE-dependent
transcription (Seo et al., 2002). However, cloning or isolation of this membrane
ER has not yet been accomplished.

6.3. Non-genomic effects of xenoestrogens

Evidence suggesting that E2 exerts its multiple biological effects not only by
direct activation of the ER, but also by interaction with a multitude of cell
signalling pathways, raised the possibility that xenoestrogens, which are unable
to bind the receptor effectively, may show oestrogen-like effects by also
stimulating such pathways.
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However, only little attention has so far been paid to the possible variety
of non-genomic effects produced by xenoestrogens. Some studies have
described that compounds such as the pesticide o,p-DDT mimic the action of
E2 on Ca^"" and

channels in smooth muscle cells (Ruehlmann et al., 1998)

and enhance intracellular Ca^^ concentration signals in pancreatic p cells
(Nadal et a!., 2000). It has also been reported that o,p-DDT and p-HCH are
able to activate c-Neu/Erb-B2 and increase the levels of phosphorylated Erk-1
and Erk-2 in MCF-7 breast cancer cells. (Hatakeyama and Matsumura, 1999;
Hatakeyama et a!., 2002). Nevertheless, very few links to the genomic effects
that also characterise these compounds have been made.
As has been noted, E2, and possibly other oestrogens, are responsible
for a number of non-genomic effects that lead to an intricate web of signalling
pathways, which may culminate in the ligand-independent activation of the ER.
In the previous chapter we have provided indirect evidence that
activation of the MAPK cascade is involved in stimulating the ability of E2 and pHCH to trigger expression of the ER target gene, TFF1. In the present chapter,
we will test this idea more directly by analysing the effects of p-HCH on Erk-1,
Erk-2 and Src phosphorylation, in MCF-7 cells. In order to assess a possible
involvement of the cytoplasmic ERa in these actions, the effect of the chemical
was challenged with the pure antiestrogen ICI 182,780. Moreover, the same
experiments were also conducted in the ERa negative cell line, MDA-MB-231.
The reference compounds E2 and EGF were also tested for reasons of
comparison.

6.4. Experimental section
6.4.1. Test agents

The stock solutions and subsequent dilutions of E2, p-HCH, EGF and ICI
182,780 were prepared as described in Section 5.3.1. These solutions were
stored in critically clean glass containers at -20°C.
Unless otherwise stated, all chemicals were obtained from Sigma
Chemical Company Ltd., (Dorset, UK).
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6.4.2. Cell treatment

MCF-7 and MDA-MB-231 cells were seeded at a density of 7x10® in 75 cm^ cell
culture flasks and grown until 60% confluence in 15 ml a-MEM and DMEM,
respectively. 24 h before treatment cells were washed with 10 ml HBSS and the
medium replaced by serum and phenol red-free DMEM, supplemented with 4
mM a-glutamine. This was conducted in order to reduce the basal levels of
phosphorylated Erk-1 and Erk-2 (Joel et al., 1998; Lee and Eghbali-Webb,
1998) and to increase the sensitivity to the test agents. E2, p-HCH and EGF
were then added at the final concentrations of 10 nM, 10 pM and 100 ng/ml,
respectively, for different periods of time, without exceeding the final
concentration of ethanol of 1%. Controls were treated for the same periods with
1% ethanol.
For antiestrogen treatment, ICI 182,780 was added to both cell lines at a
final concentration of 0.1 pM (a concentration that blunts both ERs (Barkhem et
al., 1998) one hour prior to treatment. The compounds were then added at the
same concentrations as before. Nominal concentrations were used.

6.4.3. Preparation o f MDA-MB-231 lysates

After completion of the treatment, MDA-MB-231 cells were washed with 10 ml
cold HBSS, lysed with 300 pi of Laemli buffer (62 mM Tris-base pH 6.8, 10%
glycerol, 2% sodium dodecyl sulphate (SDS, BDH,

Dorset,

U.K.) 5%

mercaptoethanol, Aproptinin lOpg/ml, Leupeptin 10 pg/ml and 0.1 mg/ml atoluenesulfonyl fluoride (PMSF, ACROS organics, Leicestershire, U.K.) and
scraped off the flasks with a rubber policeman. DMA was sheared by passing
through a 25 gauge needle and lysates were then denatured by boiling for 5 min
at 100°C. Protein concentration was determined by using the Bradford assay kit
(Bio-Rad), following the manufacturer’s protocol. 25 pg total protein per sample
was loaded into a 12% acrylamide/Bis gel (BioRad, Hertfordshire, U.K.) and
then analysed by immunoblotting.
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6.4.4. MCF-7 cells: Immunoprécipitation o f phospho-Erk-1 and Erk-2

Following

treatment,

MCF-7

cells

were

washed

with

ice-cold

immunoprécipitation phosphate buffered saline (IP PBS) (0.15 M NaCI, 0.01 M
sodium phosphate, pH 7.2) and lysed with 300 pi of ice-cold lysis buffer (20 mM
Tris (pH 7.5), 150 mM NaCI, 1 mM ethylenediaminotetraacetic acid (EDTA), 2.5
mM sodium pyrophosphate, 1 mM p-glycerophosphate, 1 mM activated sodium
orthovanadate, 1 pg/ml Leupeptin and 1 mM PMSF). Cells were then scraped
off and left at 4°C under gentle shaking for 20 min. Lysates were centrifuged at
13000 rpm for 10 minutes and the protein concentrations of the clear
supernatants were determined by using the Bradford assay. Samples were kept
at -20°C until further use.
200 pg of total protein were then incubated with 0.5 pg of rabbit
polyclonal anti phospho-Erk-1/Erk-2 (New England Biolabs (NEB), Hitchin,
U.K.), with gentle rocking overnight at 4°C. 50 pi of a 50% suspension of protein
A-sepharose beads was then added to each tube and incubated for 3 hours, at
4°C, with gentle rocking. Samples were microcentrifuged for 30 s at 4°C and
pellets washed 5 times with lysis buffer (without leupeptin or PMSF). These
were then resuspended with 20 pi 3X SDS sample buffer (187.5 mM Tris-HCI
(pH 6.8 at 25°C), 6% SDS, 30% glycerol, 150 mM mercaptoethanol, 0.03% w/v
bromophenol blue), loaded into an SDS-acrylamide gel and analysed by
immunoblotting using the antibody described above.

6.4.5. Immunoprécipitation o f EGFR

MCF-7 lysates were immunoprecipitated with anti-EGFR antibody (Oncogene,
Nottingham, U.K.) in exactly the same way as described in Section 6.4.4. The
precipitates were then probed for phosphorylated EGFR by immunoblotting with
anti-phospho-EGFR (NEB).
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6.4.6. Immunoprepicitation o f total Src

Cell lysates of MCF-7 cells were prepared as described above and incubated
with approximately 1 pg/ml mouse monoclonal anti-Src (clone 327) antibody
(Oncogene) for 60 min at 4°C. Next, an equal amount of goat anti-mouse IgG
antibody was added and incubated for an additional 30 min. At the end of the
incubation, 50 pi of a 50% protein G - agarose bead slurry was added and the
incubation continued for another 30 min. Samples were then centrifuged and
pellets washed 5 times with 500 ml of cell lysis buffer. These were then
resuspended with 20 pi 3x SDS sample buffer, loaded onto an SDS-acrylamide
gel and analysed by immunoblotting.

6.4.7. Electrophoresis and im m unoblotting

Samples

were

submitted

to

SDS-acrylamide

(8-12%

acrylamide/Bis)

electrophoresis. At the end of the run, proteins were electrophoretically
transferred

from

the

gels

onto

nitrocellulose

membranes

(Amersham,

Buckinghamshire, UK) at 40 V for 1 h at room temperature using a transfer
buffer containing 25 mM Tris, 190 mM glycine, 0.1% SDS and 20 % methanol.
The membranes were soaked in 20 mM Tris-base, 0.1 M NaCI, 0.05 %
Tween-20, pH 8 (TBS-T buffer) containing 5% skimmed milk to block non
specific binding sites (blocking solution) and incubated for 1 h. Following this,
the membranes were washed three times for 5 min each, with 15 ml TBS-T
buffer. They were then incubated overnight at 4°C, with rabbit polyclonal antiphospho-Erk-1/Erk-2 antibody for detection of dually phosphorylated Erk (NEB,
1:2000 in 5% skimmed milk/TBS-T) and rabbit polyclonal anti-Erk-1/Erk-2
antibody for detection of total Erk (NEB, 1:2000 in 5% BSA/TBS-T). For
detection of auto-phosphorylated EGF receptor and total EGFR the membranes
were incubated overnight at 4°C with rabbit anti phospho-EGF receptor
(Tyr1068) and rabbit polyclonal anti-EGF receptor antibodies (NEB 1:2000 in
5% BSA/TBS-T), respectively. Finally, the detection of phosphorylated Src was
accomplished by incubating the membrane with anti-phospho-Src (Tyr416)
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antibody (NEB, 1:1000 in 5% BSA/TBS-T), whereas total Src was analysed with
v-src antibody (Oncogene;

1:1000 in 5% milk/TBS-T). Thereafter, the

membranes were washed at least 3 times for 5 min with TBS-T buffer. After
washing, the membranes were incubated with anti-rabbit secondary HRPconjugated antibody (NEB, 1:2000 in 5% skimmed milk/TBS-T) for 1 h at room
temperature. Finally, membranes were washed again following the procedure
described

above.

Detection

was

carried

out

using

the

enhanced

chemiluminescence detection (ECL) system according to the manufacturer’s
protocol (NEB) and luminescence was captured by using ECL hyperfilms
(Amersham).
In order to assess that the exact same amount of protein was
immunoprecipitated in each sample and that samples were evenly loaded into
the SDS-acrylamide gels, determination of the non-phosphorylated forms of the
test proteins (i.e. Erk-1/Erk-2, EGFR and Src) was performed for all samples.
For Erk-1/Erk-2 determinations, samples were electrophorectically run in
duplicate and probed for the phosphorylated and non-phosphorylated protein
simultaneously. For EGFR and Src, after determination of the levels of
phosphorylation, the membranes were stripped of the antibody and re-probed
with anti-non-phosphorylated forms antibody.

6.4.8. Stripping and re-probing o f immunoblotting membranes

Membranes were incubated with stripping buffer (100 mM mercaptoethanol, 2%
SDS and 62.5 mM Tris-CI, pH 6.7) at 50 °C, for 30 min, with gentle agitation.
The blots were then rinsed with TBS-T, re-blocked and re-probed with the
desired antibody as described in Section 6.4.7.
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6.4.9. Blot analysis

Band intensities from each individual experiment were quantified by using digital
image analysis. Images of films were captured with a digital camera and
analysed densitometrically by using PC-image software (Findley and Foster).
Results were presented as fold increase of band intensity in relation to
corresponding untreated controls.

6.4.10. Statistical analysis

All treatment groups were tested for homogeneity of variances using the
Bartlett’s test. Bartlett's test (Sokal and Rohlf, 1981) is used to compare the
variances among three or more groups of data, where the data in the groups
are continuous sets. It is expected that such data will be suitable for parametric
methods and Bartlett’s test is used as a check of the assumption of equivalent
variances.
This test is based on the calculation of the corrected chi-square (%) value
by the formula:

f

(6 .1)

Xcorr ~ 2.3026-

V

[zkkill -Zk('09ioS^)]
Io9io
J
\

y ^
^df

^
^df

where:

( 6 .2 )

= variance =

N

N-^

X is the individual data within each group, N is the number of data within each
group, K represents the number of groups being compared and off denotes the
degrees of freedom for each group (A/-1). The corrected chi-square value
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yielded by the above calculations is compared with the values listed in the chisquare table that corresponds to the chosen degrees of freedom. If the
calculated value is smaller than the table value at the selected p level, the
groups are accepted to be homogeneous and parametric methods may be
used.
The data presented here was found to be normally distributed and the
variances homogeneous. Therefore, parametric tests could be employed to
determine significant differences between the treatment groups.
To test significance levels we applied the paired Mest (or Mest for
correlated samples). This test analyses differences in test groups (e.g. treated
and untreated) where each individual item in the treatment group pairs with a
corresponding item in the control (i.e. untreated) group.
The calculation of the value of t for each treatment group proceeds in
steps. Firstly, it is necessary to determine the difference between each
individual pair from treatment A

( X aî)

and treatment B ( X bi) samples.

The variation in band intensity (as determined densitometrically) is
termed D and is defined for each linked pair as:

(6.3)

Dj

=

X fy j -

Xgy

where Xa/ is the intensity measure for subject / (/ = 1, 2, 3, etc) in the A condition
and Xsi is the measure for the same subject in the B treatment condition.
For the sample of N values of D, the mean of the samples (Md) is then
calculated as:

(6.4)

YOi

and the sum of the square deviates (SSd) as

(6.5)

From these values it is then possible to estimate the variance (S^) of the
source population:
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(6 .6 )

2

=

A/-1

Followed by the estimation of the standard deviation (SD) of the
sampling distribution of Md:

Equations (6.6) and (6.7) can be combined into the more streamlined formula:

SSr

(6 .8)

estSD ^n
Md -= ]

A /-1
A/

Finally, t is calculated as follows:

(6.9)

( =

est.SD„^,

The calculated value of t is referred to the table of critical values of t, with
degrees of freedom (df) = N

In our case, as a specific directional hypothesis

was stipulated in advance (that treatment should induce bands that are more
intense than controls), a one-tailed directional test was applied.
The null hypothesis that treatment B was not significantly different from
treatment A (MD=0) was rejected if the observed value of t had an associated
probability equal to or less than a (in our case p < 0.05).
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6.5. Results
6.5.1. J3-HCH and E2 promote phosptiorylation o f Erk-1/Erk-2 in MCF-7
and MDA-MB-231 cells

p -H C H in d u c e d p h o s p h o ry la tio n o f E rk -1 a n d E rk -2 in M C F - 7 a n d M D A - M B - 2 3 1
b re a s t c a n c e r c e lls

(Figures 6.2.

and

6.3)

Control
B -H C H

T im e (m inutes)

Figure 6.2. Activation of Erk-1/Erk-2 by the test agents in the
MCF-7 cell line. M C F -7 cells w ere either left untreated (control) or
treated with 10 nM E2, 10 laM p-H C H or 100 ng/ml E O F for the
lengths of time indicated. Cells w ere then processed as described
in the experim ental section and probed for phosphorylated Erk-1
(dark bars) and Erk-2 (light bars). T h e data shown above are
representative of three independent experim ents. Band intensities
from these individual experim ents w ere quantified and results
represented as fold increase over untreated controls. D ata plots
are representative of m ean + S E M . * indicates E rk-1/E rk-2
activation significantly (p< 0.0 5 by paired t test) greater than that in
untreated cells.

In M D A - M B - 2 3 1 c e lls , it w a s o b s e rv e d th a t th e to ta l le v e ls o f E rk -2 (p 4 2 )
w e r e m u c h h ig h e r th a n th o s e o f E rk -1 (p 4 4 ). T h e p h o s p h o ry la tio n in re s p o n s e
to all th e te s t a g e n ts w a s a ls o s tro n g e r fo r th e E rk -2 . A s c a n b e s e e n in

6.2.,

Figure

th is w a s n o t th e c a s e in M C F - 7 c e lls . In th is cell lin e , th e le v e ls o f E rk-1

a n d E rk -2 (b o th to ta l a n d p h o s p h o ry la te d ) r e m a in e d v e ry s im ila r, in d e p e n d e n tly
o f th e

tr e a tm e n t

p ro file .

N e v e rth e le s s ,

because

th e

ra tio

b e tw e e n

th e

tw o
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proteins remained constant throughout the treatment regimens in both cell lines,
we chose to present only the results for phosphorylation of Erk-2.
In MCF-7 cells, p-HCH treatment resulted in rapid activation of both
MAPKs. The effect could be detected already after 5 min of treatment, and
persisted for at least 30 min. The compound was also able to cause
phosphorylation of Erk-2 in the ERa-negative cell line, MDA-MB-231, although
here the effect occurred later, at around 30 min of incubation. In line with
previously published reports (Filardo et al., 2000), 10 nM E2 was sufficient to
cause phosphorylation of the MAP kinases in MCF-7 cells, with maximum
activity achieved between 0 and 5 min of treatment. After 10 min of incubation
with the hormone, the effect began to fade away.
Surprisingly, E2 induced phosphorylation of Erk-2 in MDA-MB-231 cells.
The effect was discernible after 10 min of treatment and persisted for at least 20
min (Figure 6.3.). As expected, EOF induced strong phosphorylation of Erk-1
and Erk-2 in both MCF-7 and MDA-MB-231 cells.

2.0 -1

if

0.0
Control

20
P -H C H

EGF

T im e (m in u tes)

Figure 6.3. Phosphorylation of Erk-2 following treatment of
MDA-MB-231 with test agents. Cells w ere treated in the sam e w ay
as described in Figure 6.2. for the indicated periods of time. Using
an ti-E rk-1/E rk-2 (blot A) and anti phospho-Erk-1/Erk-2 (blot B)
antibodies, cell lysates w ere analysed as described in Section 6.4.8.
D ata (bar graph) is presented as fold increase of Erk-1
phosphorylation in relation to untreated sam ples. Bars represent the
m ean + S E M {n = 3) and * indicates sam ples that are significantly
higher (p< 0.05, paired t test) than controls.
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Our results clearly demonstrate that both E2 and p-HCH are capable of
inducing rapid and transient phosphorylations of the MAPKs Erk-1 and Erk-2. It
also seems obvious that this action is independent of the presence of ERa, as
both compounds promoted a strong effect on the ERa negative cell line MDAMB-231.

6.5.2. Src activation by EGF, E2 and p-HCH

We next analysed the effect of p-HCH on steps of the signal transduction
pathway further upstream of MAP kinases, such as Src, which has been proven
to mediate the rapid effects of E2 by phosphorylating the Raf/Erk cascade.
MCF-7 and MDA-MB-231 cells were treated and processed in the same way as
for phospho-Erk-1 and Erk-2 assessment.
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Figure 6.4. Activation of the Src kinase by the test agents in
MCF-7 cells. Cells w ere left untreated (white bar) or treated with 10
nM E2 (orange bars), 10 |iM p -H C H (grey) or 100 ng/ml E G F (blue)
for the indicated times. Total Src w as immunoprecipitated as
described in Section 6.4.7. T he resulting immunoprecipitates w ere
resolved on SD S-acrylam ide gels, transferred to nitrocellulose and
probed for phosphorylated Src (Tyr 4 1 6 ) (blot A). T he nitrocellulose
m em brane was then stripped and reprobed with an antibody that
recognises total Src (blot B). Bars represent the fold increase in Src
phosphorylation relative to untreated controls. Data plots correspond
to m ean + S E M (n = 3). * indicates sam ples w here Src activation is
significantly (p <0.05, paired f test) greater than untreated controls.
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Treatment with 10

|jM

p-HCH for different periods of time enhanced Src

phosphorylation in both cell lines (Figures 6.4. and 6.5.). In MCF-7, activation
was seen 2 min after the addition of the compound, reaching a maximum at 5
min. In MDA-MB-231, the effect was more sustained, with phosphorylation
levels being kept above basal values for up to 30 min incubation, albeit not as
pronounced as that observed in MCF-7 cells.
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Figure 6.5. Src phosphorylation after treatment with test
agents in MDA-MB-231. Cells w ere either left untreated (white
bar) or treated with 10 nM E2 (orange), 10^M (3-HCH (grey) or
100 ng/ml E G F (blue) and processed as described in the
experim ental section. Intensity of the resulting bands was
determ ined densitometrically and data presented as fold increase
in Src phosphorylation in relation to untreated controls. D ata plots
represent the m ean of at least three independent experim ents +
S E M . * corresponds to sam ples that are significantly higher (p<
0 .0 5 by paired f test) than untreated samples.

Phosphorylation of Src was also achieved by incubation with oestradiol
and the growth factor EGF in both cell lines. However, in MCF-7 cells, the effect
of EGF was clearly less marked than that of the oestrogenic agents. This might
be due to the fact that cells were only incubated with the growth factor for two
minutes as opposed to the incubation with E2 and p-HCH, which lasted up to 20
min. If we compare the phosphorylation induced by the three agents after 2
minutes incubation, the effect is relatively similar. Thus, if treatment with EGF
was more prolonged, the induced phosphorylation would have been higher.
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Our findings suggest a strong involvement of the Src/Ras/MAP kinase
pathway in the oestrogenic action of p-HCH. Moreover, they substantiate
previous reports claiming an activation of this protein by the hormone E2
(Migliaccio et ai, 1998; Kousteni et ai, 2001).

6.5.3. E2 and J3-HCH have no effect on EGFR auto-phosphorylation

In a recent paper, Hatakeyama et a i (2002), have shown that p-HCH mediates
its oestrogenic action by activating the tyrosine receptor kinase erb-B2.
Being part of the EGFR family, Erb-B2 shares some similarities with the
EGFR. They are both RTKs and both lead to the activation of mitogenic
pathways. Seeing as p-HCH has been shown to induce auto-phosphorylation of
Erb-B2 (Enan et ai, 1998; Hatakeyama et ai, 2002) we were interested in
testing whether the xenoestrogen was also capable of inducing auto
phosphorylation of the EGFR.
Under our experimental conditions, in MCF-7 cells, p-HCH failed to
promote any activation of the receptor. Treatment of the cells with E2 had no
effect on the receptor’s phosphorylation. However, when cells were treated with
the cognate ligand EGF, a very strong effect was immediately observed (Figure
6.6.).

Control

20
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E2

10

20
(5-HCH

EGF

Figure 6.6. Phosphorylation of the EGFR by test agents in MCF-7 cells.
Cells w ere left untreated (control) or treated for the indicated tim es with E2 (10
nM ), (3-HCH (10 }iM) and E G F (10 ng/ml). Total E G F R w as im m uno
precipitated as described in Section 6.4.5. T h e immunoprecipitates w ere then
resolved on SD S-acrylam ide gels and probed for phosphorylated E G F R with
anti-phospho E G F R as described in Section 6.4.7. (top gel). T h e m em branes
w ere then stripped and reprobed for total E G F R (bottom gel).

Similar results were obtained when the same experiment was conducted
using the ERa negative cell line, MDA-MB-231 (data not shown).
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6.5.4. Effect o f IC 1182,780 on Src and Erk-1/Erk-2 phosphorylation

So far, we have shown that p-HCH has non-genomic effects that comprise the
activation of Src, Erk-1 and Erk-2. Moreover, it's effects seem to be
independent of the presence of ERa, as they occurred also in the ERa negative
MDA-MB-231 cell line. Nevertheless, the mechanism underlying the activation
of Src and Erk-1/ Erk-2 is still unclear. One of the possibilities, already raised by
other groups (Razandi et al., 1999; Filardo et al., 2000; Migliaccio et al., 2000;
Kousteni et al., 2001) is that an ER, either in the cytoplasm or the membrane is
able to bind the Src and trigger the activation of downstream signalling
pathways. Although it is already known that p-HCH lacks affinity to the
cytoplasmic ER, we were interested in testing whether the rapid effect of this
chemical could, in some way, require activation of the ER. To this end, we
evaluated the change in phosphorylation of Src and Erk-1 when cells were
treated with the test agents in the presence of the pure anti-oestrogen ICI
182,780.
ICI 182,780, at a concentration of 0.1 pM, not only failed to abolish the
rapid effects of p-HCH, i.e. phosphorylation of both Erk-2 and Src, but was also
capable of activating both proteins on its own. ICI 182,780, at 0.1 pM, is known
to completely abolish the activity of both ERa and ERp (Barkhem et al., 1998).
This effect has been previously reported in MCF-7 cells by Filardo et al. (2000),
but has never been observed in the MDA-MB-231 cell line. As can be seen in
Figure 6.7., in MCF-7 cells, the phosphorylation of Erk-1 by ICI 182,780 was
1.15 fold higher than untreated controls. The antagonist also caused an
increase in the effect promoted by EGF. The combination of this antiestrogen
with both E2 and p-HCH did promote a slight decrease, but this was not
significantly different from the levels obtained in its absence. A similar pattern
was seen with Src as the endpoint.
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Figure 6.7. Effect of the pure antiestrogen ICI 182,780 on the induction of Erk-2 and Src
phosphorylation by the test agents in MCF-7 cells. Cells w ere treated as described in the
experim ental section in the following way: controls (white bars) - 1% ethanol; controls + ICI
(white hashed) - 100 nM ICI 18 2,780 + 1% ethanol; E2 + ICI (orange) 100 nM ICI 1 8 2 ,7 8 0 +
10 nM E2; p -H C H + ICI (grey) - 100 nM ICI 18 2,78 0 + 10 pM p -H C H and E G F + ICI (blue) 100 nM ICI 18 2 ,7 8 0 + 100 ng/ml EG F. Data is represented as the increase in Erk-2 (A) and
Src (B) phosphorylation relative to untreated controls. Bars correspond to m ean + S E M {n =
3). * indicates sam ples that w ere significantly higher (p< 0.0 5, paired t test) than untreated
controls.

In MDA-MB-231 cells, the action of ICI 182,780 was more pronounced
than in MCF-7 cells, as, instead of inhibiting the effect of the test agents, the
antagonist strongly promoted the phosphorylation of Erk-2 and Src (Figure
6 . 8 .).
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Figure 6.8. Effect of the antiestrogen ICI 182,780 on the Erk-2 and Src phosphorylation
caused by the test agents in the MBA-MB-231 cell line. Cells w ere treated as described in
Figure 6.7. A corresponds to the increase in the phosphorylation of Erk-2. D ata plots
represent the m ean + S E M of three individual experim ents. * corresponds to the sam ples that
w ere significantly higher (p< 0.05, paired t test) than untreated controls. B shows the
phosphorylation levels of Src. It represents the results of one preliminary experim ent.
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6.6. Discussion

Previously we have demonstrated that, in spite of the lack of affinity to the
nuclear ERa, p-HCH (10 pM) is able to induce transcription of the ERdependent TFF1 gene in MCF-7 cells. The observed increase in TFF1 mRNA
levels is comparable to the one caused by 100 pM E2 and could be suppressed
completely in the presence of the pure antagonist ICI 182,780 and partially by
the MEK inhibitor PD 98059. These observations indicate that the effect of pHCH on TFF1 is mediated both by the ER and by activation of the MARK
signalling cascade.
In this chapter we present direct evidence for the non-genomic activation
of the MAPK cascade by p-HCH in MCF-7 cells. We report that, in MCF-7
breast cancer cells, 10 pM p-HCH rapidly induces the phosphorylation of the
kinases Src, Erk-1 and Erk-2 with a magnitude similar to those of 10 nM E2,
which suggests an activation of the mitogenic Src/Ras/MAPK signalling
cascade. Our data supports previous claims that p-HCH induces Erk-1
phosphorylation in MCF-7 cells (Hatakeyama et al., 2002). Furthermore, we
have shown that the phosphorylation of Erk-1 is accompanied by an activation
of the upstream kinase Src.
This new data lends credence to the hypothesis developed in Chapter 5,
that p-HCH mediates its oestrogenic action by activating a signal transduction
pathway. We propose that p-HCH is capable of activating the Src/Ras/Erk
pathway, which ultimately leads to the ligand-independent activation of the ER
and a consequent increase in the expression of ER target genes. However, how
does this hydrocarbon induce the rapid activation of the tested kinases?
In view of the rapidity of the effects reported, it seems reasonable to
assume that they are initiated at the plasma membrane level, and do not require
transcriptional activity. Thus, it has been suggested that p-HCH could interact
with a known membrane receptor, such as c-Neu/Erb-B2 and consequently
activate the MAPK cascade (Hatakeyama et a/., 2002). According to this
hypothesis, upon ligand binding, the tyrosine kinase activity of the cytoplasmic
domain of this membrane protein induces c-Neu/Erb-B2 auto-phosphorylation
and activation. The constitutively active, transforming c-Neu/Erb-B2 is then
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coupled with the Ras/MAPK pathway (Ben Levy et al., 1994) inducing ER
phosphorylation

and consequent oestrogenic activity.

In human

breast

carcinoma cell lines, c-Neu/Erb-B2 interacts with Src, suggesting that Src is an
integral part of the signalling events mediated by this receptor (Luttrell et a!.,
1994). On the basis of these and our observations, a direct interaction of p-HCH
with Erb-B2 in MCF-7 cells could induce its tyrosine phosphorylation and
activation of the Src/Ras/MAPK pathway. Thus, it would be plausible to assume
that the oestrogenic effect of p-HCH was due to the interaction of the compound
with

the

membrane

RTK

Erb-B2,

and

subsequent

activation

of the

Src/Ras/MAPK cascade. This would, ultimately, lead to the ligand-independent
activation of the nuclear ER and increase in the transcription of ER target
genes. A key element of this model is the assumption that there is a close
similarity between the mechanism of ER activation by p-HCH and EGF .
However, our data suggests a different profile mode of action for p-HCH.
100

ng/ml

EGF

and

10

pM

p-HCH

induced

comparable

levels

of

phosphorylation of Src, Erki and Erk-2, suggesting a similar mechanism of
rapid, short-term activity. However, at the genomic level, these same
concentrations induced very dissimilar increases in TFF1 gene expression.
While the xenoestrogen was capable of inducing very high increases in TFF1
mRNA, the effect of EGF was only marginal.
Another interesting observation suggestive of a dissimilarity between the
mode of action of EGF and p-HCH was obtained in the ERa negative MDA-MB231 cell line. Here, p-HCH induced an increase in the phosphorylation of both
Src and Erk that was similar to EGF. However, p-HCH was responsible for a
relatively high increase in TFF1 mRNA levels, whereas EGF failed to induce
any measurable effect.
Taken together, our observations show that the actions of p-HCH cannot
be explained solely by invoking rapid activation of the Src/Ras/MAPK pathway.
Although a possible involvement of Erb-B2 or any other RTK, as proposed by
Hatekeyama et al. (2002), cannot be ruled out, the full spectrum of the
oestrogen-like effects seen with p-HCH is likely to result from more than one
biochemical pathway. It is important to emphasise that the available data shows
that p-HCH presents all the biochemical effects of a full ER agonist. However,
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so far, no affinity to the nuclear ER has been demonstrated for this chemical
(Coosen and van Velsen, 1989; Steinmetz et al., 1996). We believe, that, in
order to fully understand the mechanism of action of this compound, it is
necessary to reassess the binding affinity of p-HCH to both ERa and ERp.
Two alternative explanations for the non-genomic effect of p-HCH can be
developed from the observations discussed above:
a) p-HCH’s activity depends on the activation of the “classical” ER
b) p-HCH activates a membrane ER
These possibilities will be discussed in turn.
Some groups have suggested a role for the cytoplasmic ER in the
activation of the MAPK cascade. This would imply localisation of the receptor
near the membrane, where it would activate Src and trigger the signal
transduction pathway (Improta-Brears at a!., 1999; Migliaccio at a!., 2000;
Kousteni at a!., 2001). Migliaccio at a/., (2000) has suggested that the activation
of Src is achieved by the formation of a ternary complex of ER, AR and Src and
the direct binding of the receptors to the kinase.
Based on work carried out with murine osteoblasts, Kousteni at a/. (2001)
have developed an hypothesis that could explain the observations made with pHCH. They argue that there is a dissociation between the non-genotropic and
genotropic activities of both ERa and ERp. Although both activities are induced
by the binding of a ligand, this occurs at different rates which defines the type of
response induced, genotropic or non-genotropic. They continue to speculate
that this dissociation between transcriptional and non-transcriptional activity is a
“result of distinct conformation states, assumed by the receptor proteins
following their physical association with the ligand” (Kousteni at a!., 2001). Due
to the long-term ER genotropic response, it is plausible that it needs to form a
stable, long-lived, ligand-receptor complex, which places very strict demands on
ligand structure, involving a detailed fit of the hormone in the ER binding pocket.
Conversely, the very rapid and transient activation of Src and Erk-1/Erk-2 may
be effected by a less fully developed or broader range of conformations adopted
by much more transient ligand-receptor complexes. The formation of such
short-term complexes might show more relaxed structural specificity.
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Therefore, it is conceivable that p-HCH, which is not able to bind the ER
in a way to induce the “genotropic conformational state”, associates loosely with
the receptor, leading to the non-genotropic effects presented in this chapter

(Figure 6.9.). This would act concomitantly with the Erb-B2/Src/Erk pathway to
produce the final oestrogenic effects described in Chapter 5.
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Figure 6.9. Model for ligand induced dissociation of non-genomic from
genomic activity of the ER (as proposed by Kousteni et al., 2 0 0 1 ). T h e
three figures represent the conformational states of the receptor, prior to
and following interaction with two distinct ligands. T he unbound, inactive E R
is depicted in the middle (grey). The change induced by interaction with a
ligand that preferentially leads to transcriptional activity is shown on the right
(green). T h e change in conformation promoted by the interaction of a ligand
that leads to the non-genom ic activation of the S rc/R as/E rk cascade (e.g. in
our hypothesis p -H C H ) is on the left (red). Blue circle and diamond
represent the two types of ligands. T he circle depicts ligands that fit perfectly
the binding pocket of the receptor and the diamond represents those that
bind the receptor imperfectly. Adapted from Kousteni et al., 2001.

Nevertheless, the existence of this dual ER conformational state has yet
to be proven. Moreover, there are arguments that the “classical” ER cannot be
directly involved in such rapid, short-term effects, as neither ERa nor ERp
contain structural motifs that would allow for the described non-genomic actions
(Dechering et a!., 2000; Filardo et al., 2000). Instead, it is suggested that
oestrogens induce Src, MAPK and other non-transcriptional events by activating
a third type of ER, situated in the cell membrane.
Evidence of the existence of such a receptor in cell lines such as MCF-7
and MDA-MB-231 is accumulating (Berthois et a/., 1986; Razandi et a!., 1999;
Filardo et a/., 2000; Powell et a/., 2001). An involvement of this membrane ER
in signal transduction (Russell et a!., 2000; Guo et a!., 2002) and regulation of
ERE-dependent transcription (Seo and Leclercq, 2001) has been shown, as
well as a high affinity to steroidal oestrogens, such as E2 (Powell et a/., 2001 ).
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Recently, Filardo et al. (2000), have suggested the involvement of a
GPCR homologue, the GPR30, in the short term effects of E2. This membrane
situated receptor has been shown to be elevated in some ER positive and
negative cell lines and is believed to mediate the effect of E2 on Erk-1 and Erk2’s phosphorylation, which is also dependent on the activation of Src-related
tyrosine kinases (Filardo et a!., 2000; Filardo, 2002). However, a precise
characterisation of this membrane ER has not yet been achieved. Powell et al.
(2001) have shown that the membrane of MCF-7 cells contains several forms of
ER, with very distinct molecular weights

(M r).

There is one form similar to the

nuclear ER, with a molecular weight of 67k, and three other isoforms with much
higher Mr (92k, 110k and 130k). Competitive binding studies for membrane ER
revealed that binding was specific for oestrogens, showing no significant affinity
to testosterone or progesterone, but no studies were conducted with weak
oestrogens or other related molecules.
The binding to a membrane ER is an alternative hypothesis to explain
the actions of p-HCH. Due to the heterogeneity in the size of the membrane
ERs, it is possible that compounds that fail to bind the classical nuclear ER, are
capable of some activation of these receptors. If the membrane ER is a GPCR
homologue, as proposed by Filardo et al., (2002), it is possible that its
stimulation will result in the activation of classical second messenger pathways,
such as Src/ras/Erk. Finally, this will contribute to the ligand independent
activation of the nuclear ER. Moreover, this effect could occur in combination
with the activation of the RTK Erb-B2, which was described earlier. In the
present thesis, the question regarding the role of ERa in rapid oestrogen
signalling was addressed in MCF-7 cells by determining the effect of the pure
antagonist ICI 182,780 on the second messenger signalling pathways.
As was demonstrated, this chemical not only failed to inhibit the effects of
the test agents, but was able to induce, on its own, an increase in Src, Erk-1
and Erk-2 phosphorylation. Although surprising, these observations agree with
some previous findings. It has been noted that this antiestrogen induces
phosphorylation of MAPKs (Filardo et ai, 2000). Similarly, ICI 164, 384, another
pure antiestrogen, has been shown to potentiate activation of adenylate cyclase
(Aronica et ai, 1994). These data raise the possibility that ICI 182,780, and
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other pure oestrogen antagonists, are capable of activating the MAPK cascade,
therefore, being unable to block the actions of the test compounds. But how?
Returning to the hypothesis a), our results could be explained by
assuming the activation of both conformational states of the ER by ICI 182,780.
As explained by Kousteni et al. (2001), E2 is likely to have similarly induced
genotropic and non-genotropic conformational states, therefore being capable
of both rapid and long-term ER mediated effects. Due to the structural similarity
between ICI 182,780 and E2, it is possible that this chemical will behave in a
similar manner. However, the tight and long-lived binding to the ER, when
leading to genomic activity, will result in the failure of binding of co-activators
and consequent inactivation of the receptor (See Chapter 5 for ICI 182,780
mechanism of action). By contrast, the formation of a transient complex with the
ER will probably activate the receptor, leading to non-transcriptional effects.
Hypothesis b) can also be invoked to explain the observations with ICI
182,780. Due to a lack of knowledge of the structure of this membrane ER, and
the way it interacts with ER agonists, it is not possible to assure that an
antagonist of the nuclear ER will have the same effect on the membrane ER. As
mentioned previously, the chemical structure of ICI 182,780 is very similar to
E2, only containing an extra long side chain (which is responsible for preventing
the association of coactivators to the nuclear ER - see Chapter 5). Hence, it is
possible to argue that the rapid activation of Src and MAPK by ICI 182,780 is
due to the binding of this agent to an oestrogen binding site in the cell
membrane and consequently acting as a pure agonist.
It is clear that extensive work is still necessary in order to rule out or
substantiate the hypotheses presented here. This will be discussed in more
detail in Chapter 7.
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CHAPTER

7

-

FINAL DISCUSSION AND CONCLUSIONS

The continuing rise of endocrine related disorders in humans and wildlife are
reason for considerable concern. It has been suggested that these health
effects are linked to environmental chemicals that have the ability to mimic the
effects of the endogenous hormone, E2. However, no clear link between
exposure to environmental levels of these chemicals and the claimed
detrimental health effects has yet been made. The high, “unrealistic”
concentrations necessary to produce measurable effects in laboratory assays,
and their low potency, led to the belief that xenoestrogens pose no significant
health risk for humans or wildlife (Safe, 1995; 2000).
However, considering the real situation, we are exposed to a multitude of
oestrogenic agents. Thus, an oversight becomes apparent. It is imperative to
consider the possibility that xenoestrogens, albeit at low levels, are able to act
in combination and produce significant effects, which might be partly
responsible for the reports of deteriorating reproductive health in Man and
wildlife.

7.1 Evaluating the combination effect of environmental oestrogens

Although there is general consent that mixtures of xenoestrogens need to be
tested, there is still widespread misunderstanding of the methods for analysing
combinations effects, and their applicability (Reviewed in Kortenkamp and
Altenburger, 1998). In Chapter 2 we addressed this problem by evaluating the
accuracy of four reference models for defining the expected effects of mixtures
of xenoestrogens in the YES. We demonstrated that in this system, the effect of
a mixture of oestrogenic chemicals could be correctly predicted based on the
knowledge of the individual components, by using the model of concentration
addition.
The main motivation of our work, i.e. to assess the occurrence of joint
action when each xenoestrogen is present at levels that elicit effects
indistinguishable from those seen with untreated controls was addressed in
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Chapter 3 The significance of these studies became evident when we
examined a specific concentration of the mixture tested (Figure 3.2). At this
concentration (1.43 pM), the effect of each individual xenoestrogen would have
been undetectable and yet when pooled these apparently “ineffective”
xenoestrogens caused a very significant effect.
These results demonstrate the limitations of focusing on the effects of
single agents during hazard and risk assessment of endocrine disrupting
chemicals. Should these findings be confirmed in vivo, the significance to
epidemiological studies in this field are important. Up until now, epidemiologists
have tried to correlate increases in the incidence of adverse health effects with
increases in the levels of single agents in serum or adipose tissue (Wolff et al.,
1993; van’t Veer et ai., 1997). Our findings suggest that this is likely to be a
fruitless task until we know how many endocrine disrupters we are exposed to
and more about their mechanisms of action.

Certain chemicals, such as the chlorinated hydrocarbon p-HCH, induce
typically oestrogenic effects, such as MCF-7 breast cancer cell proliferation, but
fail to bind the nuclear ER, i.e. they act in a way that is dissimilar from
“classical” oestrogens. As discussed in Chapter 2, the model of concentration
addition assumes that the chemicals act in a similar way and independent
action assumes that the compounds act independently, via different molecular
mechanisms. Therefore, it is important to explore whether there are differences
in the predictions obtained with the two models when evaluating mixtures of
dissimilarly acting oestrogenic agents. Moreover, if there are differences
between the two models, it is important to determine which one produces the
more accurate prediction. This problem needs to be addressed by evaluating
the effects and corresponding predictions of mixtures of solely similarly and
solely dissimilarly acting chemicals.
However, due to the complexity of pathways leading to oestrogenic
action we are faced with the problem of defining “similarly” and “dissimilarly”
acting chemicals.
Therefore, in Chapters 5 and 6 we set out to provide further insight into
the mode of action of the oestrogen-like chemical p-HCH. Understanding the
mechanism of action of such a chemical is important, not only to classify it as
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similar

to

or

dissimilar from

“classical”

oestrogens,

but

to

increase

understanding of the alternative ways other oestrogen-like chemicals can exert
oestrogenic effects.

7.2. Mechanism of action of oestrogen-iike chemicais

Based on recent evidence of cross-talk between peptide growth factors and ER
biochemical pathways, we hypothesised that the hydrocarbon p-HCH would
exert its oestrogenic effect in a manner similar to E2, by activating alternative
cell signalling cascades. In order to test this we evaluated the effects of p-HCH
at two essential levels, the genotropic and non-genotropic.
Following an extensive validation of the RT-cPCR technique and its
application to the accurate measurement of low levels of TFF1 mRNA in the
MCF-7 breast cancer cell line (Chapter 4) we assessed the potential of p-HCH
and other oestrogenic chemicals to induce TFF1 gene expression. The
validation process proved that, under our experimental conditions, results
obtained using RT-cPCR were highly reproducible. Moreover, by accurately
allowing the detection and measurement of very low levels of mRNA (in the
order of femtomoles), the assay proved highly sensitive.
The high sensitivity of the RT-cPCR method offered the opportunity to
detect very low basal amounts of TFF1 mRNA in the ERa-negative/ERp
positive breast cancer cell line MDA-MB-231 (Chapter 5). Likewise, we could
measure the increase in TFF1 expression following p-HCH and E2 treatment in
the same cell line. To our knowledge, this is the first time TFF1 expression is
reported in this cell line.
In further work we have demonstrated that p-HCH is able to induce
expression of the TFF1 gene in both MCF-7 and MDA-MB-231 cell lines. The
observations following addition of the ER pure antagonist ICI 182,780 and the
MEK inhibitor PD 98059 to the treatment regimen indicated that the oestrogenic
effect of p-HCH is mediated by the ER and the MAPK cascade.
Previous reports have suggested that p-HCH was capable of activating
mitogenic pathways, as noted by the increase in phosphorylation of the Erk165

1/Erk-2 kinase (Hatekeyama et a/., 2002). In this work, we provide the first link
between

such

short-term

effects

and

the

more

sustained,

long-term

transcriptional activity.
The hypothesis that biochemical pathways were, at least partially,
responsible for the oestrogenic activity of p-HCH was supported by the data
presented in chapter 6. We have substantiated claims the p-HCH was capable
of inducing Erk-1/Erk-2 phosphorylation. Furthermore, we have demonstrated
that this effect is accompanied by an increase in the phosphorylation of the
upstream Src kinase. Hence, we suggest that the non-genotropic effects of pHCH involve the activation of the Src/Ras/Erk cascade.
Although a possible involvement of Erb-B2 or any other RTK, as
proposed by Hatekeyama and colleagues (2002), cannot be ruled out on the
basis of our data, the effects seen with p-HCH are likely to result from more
than one biochemical pathway. Thus, we formulated two alternative hypotheses
for the mechanism of action of p-HCH. These are discussed in detail in Chapter
6.

The first possibility is that p-HCH binds to the ER, leading to a
conformational state that results in non-genotropic effects. Although no binding
to the ER is observed (Steinmetz at a/., 1996), it is possible that this compound
interacts in a transient way with the receptor in the cytoplasm, leading to the
increase of phosphorylation of Src, Erk-1, Erk-2 and possibly a variety of other
non-genomic targets.
However, it is also plausible that the same effects caused by p-HCH are
due to the activation of a membrane-located ER. This receptor, which could be
a GPCR, a RTK or act in a way similar to the intracellular ER, would interact
with Src/Erk cascade and induce the responses described.
Although we still have no evidence to distinguish these two possibilities,
both hypotheses are worth addressing in future work.
Many conventional screening techniques, such as ligand-binding and
recombinant yeast screens involve the search for chemicals that are able to
bind to the ER (Routledge and Sumpter, 1996; Arnold et al., 1996). However,
the “oestrogenicity” of compounds like p-HCH, due to their failure to directly
bind the ER, would be overlooked in such systems. As we have demonstrated
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in this work, the lack of affinity to the ER does not indicate that the tested
compound is devoid of oestrogenic activity. The activation of alternative
biochemical cascades, such as the peptide growth factor signalling pathway,
leads to more diverse effects than just the binding to the ER. Ultimately, it might
not only increase the transcriptional activity of the ER in a ligand-independent
manner, but also induce the responses characteristic of the pathway activated.
In other words, the “simple” activation of the Src/Ras/MAPK cascade can result
in the increase of proliferation and differentiation of, not only ER responsive
cells, but also other cells and tissues, which contain the activated pathway.
Thus, we believe that, in the near future, the evaluation of some short
term effects and the activation of signal transduction pathways will be
necessary when screening for new possible xenoestrogens.

7.3. Future work

The possibilities for continued work, proving the relevance of our mixture
observations, are endless. The most important issue involves the application of
these mixture effect predicting models to mammalian in vitro assays, which
would provide the opportunity to investigate xenoestrogens with differing modes
of action. Moreover, subsequent in vivo studies would allow the investigation of
the role of androgens, antiandrogens and antiestrogens.
In terms of advancing our understanding of the mechanism underlying
the action of xenoestrogens, a multitude of experiments can provide the
answers for some questions that resulted from this work:
As discussed in Chapter 5, p,p-DDE was able to weakly induce
expression of the ER target gene TFF1. Interestingly, and unlike the other
tested agents, this effect was not affected by the MEK inhibitor PD98059, which
suggests that the effects on promotion of TFF1 transcription are solely due to
direct and tight binding to the receptor, and do not involve short term activation
of the Src/Ras/MAPK pathway. So far, these observation appear to contradict
the hypothesis that genomic oestrogenic effects require tight and perfect
binding to the ER, whereas short-term activity only needs a very transient and
imperfect activation of the receptor. According to this possibility, a chemical that
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is able to induce genomic effects, will be able to also induce non-transcriptional
effects. The lack of non-genotropic activity of p,p-DDE might provide the
evidence that rules out such a hypothesis for the explanation of the mechanism
of action of xenoestrogens. However, it needs to be confirmed directly, by
analysing the induction of phosphorylation of target kinases, such as Src and
Erks.
It would also be interesting to analyse the effects on targets downstream
of MAPKs and the ER, where a combination of genotropic and non-genotropic
effects of p-HCH and other agents could be evaluated. We are particularly
interested in the Cyclin D1 gene as its transcription can be regulated by both
the ER (in a genotropic fashion) and growth factor pathways (in a nongenotropic way). A dissociation between genotropic and non-genotropic effects
could be achieved by evaluating the change in transcription following treatment
with the test agents plus biochemical inhibitors of both pathways, such as PD
98059 or ICI 182,780. This could be achieved by using the RT-cPCR technique.

As mentioned previously, the activity of p-HCH and other oestrogen-like
chemicals may be responsible, not only for traditional oestrogenic, but also
more general, mitogenic effects. It is of extreme importance to evaluate how this
pleotropic activity influences the overall behaviour of cells or organs. This can
be achieved by assessing the proliferative effects of the chemicals on ER
positive and ER negative cell lines such as MCF-7 and SKBR3, respectively.
The changes in proliferation rates after addition of several specific inhibitors,
such as IC1182,780; PD 98059, the Src family tyrosine kinase inhibitor PP1 or a
combination of these will evaluate the magnitude of effects caused by p-HCH
and how they affect the normal progression of cell life.
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F ig u re A 1 .1 . G ro w th c u rv e fo r M C F -7 b re a s t c a n c e r c e lls . 3 0 0 x 1 0 cells
w ere seeded in 75 cm^ flasks in M E M -a . Following each incubation period,
cells w ere harvested by trypsinisation and counted. Black data points and
line represent the growth of cells kept in full M E M -a . T he red line shows
the growth of cells following media changing to stripped D M E M . T he
results are represented as the m ean ± SD (n=3)
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Figure A2.1. Quantification of TFF1 DNA
competitor. Increasing volum es of the
prepared mimic sam ples w ere run in parallel
with several dilutions of a 1Kb D N A ladder, on a
2 % agarose gel electrophoresis and visualised
by ethidium bromide staining. T h e im age w as
then recorded on a 6 6 7 Polaroid film. Bands 1-4
correspond to increasing volum es of the
purified mimic. Lanes 5-8 contain 20 0 , 300, 50 0
and 60 0 ng D N A ladder, respectively.
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Figure A2.2. Calibration curve for the DNA ladder and
determination of mimic concentration. Selected bands on the D N A
ladder profile contained fixed and known am ounts of DN A . T hese
am ounts (ng) w ere plotted against the determ ined intensity of the
resulting bands. T h e calibration curve w as obtained by linear
regression. T he am ount of mimic produced w as obtained by
extrapolation.
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Figure A3.1. Western blot film for activation of Src kinase in MCF-7 cells (see
Figure 6.4). T he bands correspond to blot A in Figure 6.4. i.e. to phosphorylated Src
in M C F -7 cells following the described treatm ents. Apparent m olecular weight of
phospho-Src is 60 KDa. On the left is shown the protein m arker (B io -R ad ) with the
corresponding molecular weights (KD a).

171

REFERENCES
Adiercreutz, H., van der, W .J., Kinzel, J., Attalla, H., W ahala, K„ Makela, T., Hase, T., and Fotsis, T.
(1995). Lignan and isoflavonoid conjugates in human urine. J. Steroid Biochem. Mol. Biol. 52: 97103.
Ahlborg, U.G., Lipworth, L , Titus-Ernstoff, L , Hsieh, C.C., Hanberg, A., Baron, J., Trichopoulos, D., and
Adami, H.O. (1995). Organochlorine compounds in relation to breast cancer, endometrial cancer,
and endometriosis: an assessment of the biological and epidemiological evidence. Crit Rev.
Toxicol. 25: 463-531.
Ahmad, S., Singh, N., and Glazer, R.l. (1999). Role of AKT1 in 17beta-estradiol- and insulin-like growth
factor I (IG F- l)-dependent proliferation and prevention of apoptosis in M CF-7 breast carcinoma
cells. Biochem. Pharmacol. 58: 425-430.
Akhmedkhanov. A., Zeleniuch-Jacquotte, A., and Toniolo P. (2001). Role of exogenous and endogenous
hormones in endometrial cancer - Review of the evidence and research perspectives. Ann. NY.
Acad. Sci. 943: 296-315.
Aldous, W .K ., Marean, A.J., DeHart, M.J., Mate], L A ., and Moore, K.H. (1999). Effects of tamoxifen on
telomerase activity in breast carcinoma cell lines. Cancer B5: 1523-1529.
Alessi, D R., Cuenda, A., Cohen, P., Dudley, D.T., and Saltiel, A.R. (1995). PD 09 80 59 is a specific
inhibitor of the activation of mitogen-activated protein kinase kinase in vitro and in vivo. J. Biol.
Chem. 270: 27489-27494.
Ali, S., Metzger, D., Bornert, J.M., and Chambon, P. (1993). Modulation of transcriptional activation by
ligand-dependent phosphorylation of the human oestrogen receptor A/B region. EMBO J. 12:
1153-1160.
Altenburger, R., Backhaus, T., Boedeker, W ., Faust, M., Scholze, M., and Grimme, L.H. (2000).
Predictability of the toxicity of multiple chemical mixtures to Vibrio fischeri: Mixtures composed of
similarly acting chemicals. Environ. Toxicol. Chem. 19: 2341-2347.
Altucci, L , Addeo, R., Cicatiello, L , Dauvois, S., Parker, M.G., Truss, M., Beato, M., Sica, V., Bresciani, F.,
and Weisz, A. (1996). 17beta-Estradiol induces cyclin D1 gene transcription, p36D1-p34cdk4
complex activation and p105Rb phosphorylation during mitogenic stimulation of G(1)-arrested
human breast cancer cells. Oncogene 12: 2315-2324.
Andersen, A.G., Jensen, T.K., Carlsen, E., Jorgensen, N., Andersson, A M., Krarup, T., Keiding, N., and
Skakkebaek, N.E. (2000). High frequency of sub-optimal semen quality in an unselected
population of young men. Hum. Reprod. 15: 366-372.
Andersen, H R., Andersson, A.M., Arnold, S.F., Autrup, H., Barfoed, M., Beresford, N.A., Bjerregaard, P.,
Christiansen, L.B., Gissel, B., Hummel, R., Jorgensen, E.B., Korsgaard, B., Le Guevel, R.,
Leffers, H., McLachlan, J., Moller, A., Nielsen, J.B., Olea, N., Oles-Karasko, A., Pakdel, F.,
Pedersen, K .L , Perez, P., Skakkeboek, N.E., Sonnenschein, C., Soto, A.M. et al. (1999).
Comparison of short-term estrogenicity tests for identification of hormone-disrupting chemicals.
Environ. Health Perspect. 107 S u pp 11: 89-108.
Anderson, K.M., Cheung, P H., and Kelly, M.D. (1997). Rapid generation of homologous internal standards
and evaluation of data for quantitation of messenger RNA by competitive polymerase chain
reaction. J. Pharmacol. Toxicol. Methods 3 8 : 133-140.
Arnold, S.F., Obourn, J.D., Jaffe, H., and Notides, A C. (1994). Serine 167 is the major estradiol-induced
phosphorylation site on the human estrogen receptor. Mol. Endocrinol. 8 :1 2 0 8 -1 2 1 4 .
Arnold, S.F., Obourn, J.D., Jaffe, H., and Notides, A C. (1995a). Phosphorylation of the human estrogen
receptor by mitogen-activated protein kinase and casein kinase II: consequence on DNA binding.
J. Steroid Biochem. Mol. Biol. 5 5 :16 3-17 2.

172

Arnold, S.F., Vorojeikina, D P ., and Notides, A.C. (1995b). Phosphorylation of tyrosine 537 on the human
estrogen receptor is required for binding to an estrogen response element. J. Biol. Chem. 270:
30205-30212.
Arnold, S.F., Klotz, D.M., Collins, B.M., Vonier, P.M., Guillette, L.J., Jr., and McLachlan, J.A. (1996).
Synergistic activation of estrogen receptor with combinations of environmental chemicals.
Science 272: 1489-1492.
Arnold, S.F., Robinson, M.K., Notides, A C ., Guillette, L.J., Jr., and McLachlan, J.A. (1996b). A yeast
estrogen screen for examining the relative exposure of cells to natural and xenoestrogens.
Environ. Health Perspect. 104: 544-548.
Arnold, S.F., Vonier, P.M., Collins, B.M., Klotz, D M., Guillette, L.J., Jr., and McLachlan, J.A. (1997). In
vitro synergistic interaction of alligator and human estrogen receptors with combinations of
environmental chemicals. Environ. Health Perspect. 105 SuppI 3: 615-618.
Aronica, S.M. and Katzenellenbogen, B.S. (1993). Stimulation of estrogen receptor-mediated transcription
and alteration in the phosphorylation state of the rat uterine estrogen receptor by estrogen, cyclic
adenosine monophosphate, and insulin-like growth factor-1. Mol. Endocrinol. 7: 743-752.
Aronica, S.M., Kraus, W .L , and Katzenellenbogen, B.S. (1994). Estrogen action via the cAM P signaling
pathway: stimulation of adenylate cyclase and cAMP-regulated gene transcription. Proc. Natl.
Acad. Sci. U. S. A. 91: 8517-8521.
Aronson, K.J., Miller, A.B., Woolcott, C.G., Sterns, E.E., McCready, D R., Lickley, L A ., Fish, E.B., Hiraki,
G.Y., Holloway, C., Ross, T., Hanna, W .M ., SenGupta, S.K., and W eber, J.P. (2000). Breast
adipose tissue concentrations of polychlorinated biphenyls and other organochlorines and breast
cancer risk. Cancer Epidemiol. Biomarkers Prev. 9: 55-63.
Arukwe, A., and Gorksoyr, A. (1998) Xenobiotics, xenoestrogens and reproduction disturbances in fish.
Sarcia 83:225-241.
Aselmann, H., Wolfes, H., Rohde, F., Frerker, M., Deiwick, A., Jager, M.D., Klempnauer, J., and Schlitt,
H.J. (2001). Quantification of alpha 1-fetoprotein mRNA in peripheral blood and bone marrow: a
tool for perioperative evaluation of patients with hepatocellular carcinoma. Langenbecks Arch.
Surg. 386: 118-123.
Ashby, J., Lefevre, P.A., Odum, J., Harris, C.A., Routledge, E.J., and Sumpter, J.P. (1997). Synergy
between synthetic oestrogens? Nature 385: 494.
Ashby, J., Odum, J., Paton, D., Lefevre, P.A., Beresford, N., and Sumpter, J.P. (2000). Re-evaluation of
the first synthetic estrogen, 1-keto-1, 2,3, 4- tetrahydrophenanthrene, and bisphenol A, using both
the ovariectomised rat model used in 1933 and additional assays. Toxicol. Lett. 115: 231-238.
Atanaskova, N., Keshamouni, V.G., Krueger, J.S., Schwartz, J.A., Miller, F., and Reddy, K.B. (2002). MAP
kinase/estrogen receptor cross-talk enhances estrogen-mediated signaling and tumor growth but
does not confer tamoxifen resistance. Oncogene 21: 4000-4008.
Auboeuf, D. and Vidal, H. (1997). The use of the reverse transcription-competitive polymerase chain
reaction to investigate the in vivo regulation of gene expression in small tissue samples. Anal.
Biochem. 245: 141-148.
Backhaus, T., Altenburger, R., Boedeker, W ., Faust, M., Scholze, M., and Grimme, L.H. (2000).
Predictability of the toxicity of a multiple mixture of dissimilarly acting chemicals to Vibrio fischeri.
Environ. Toxicol. Chem. 19: 2348-2356.
Bahia, H., Ashman, J.N., Cawkwell, L , Lind, M., Monson, J R., Drew, P.J. and Greenman, J. (2002).
Karyotypic variation between independently cultured strains of the cell line M C F -7 identified by
multicolour fluorescence in situ hybridization. Intem. J. Oncol. 20: 489-494.
Barkhem, T., Carlsson, B., Nilsson, Y., Enmark, E., Gustafsson, J., and Nilsson, S. (1998). Differential
response of estrogen receptor alpha and estrogen receptor beta to partial estrogen
agonists/antagonists. Mol. Pharmacol. 54 :1 0 5 -1 1 2 .

173

Bartucci, M., Morelli, C., Mauro, L , Ando, S., and Surmacz, E. (2001). Differential insulin-like growth factor
I receptor signaling and function in estrogen receptor (ER)-positive M CF-7 and ER-negative
MDA- MB-231 breast cancer cells. Cancer Res. 61: 6747-6754.
Baskin, L.S., Himes, K., and Colborn, T. (2001). Hypospadias and endocrine disruption: is there a
connection? Environ. Health Perspect. 109 (11): 1175-1183.
Beato, M., Chalepakis, G., Schauer, M., and Slater, E.P. (1989). DNA regulatory elements for steroid
hormones. J. Steroid Biochem. 32: 737-747.
Beato, M., Herrlich, P., and Schütz, G. (1995). Steroid hormone receptors: many actors in search of a plot.
Cell 83: 851-857.
Bechofer, R.E., and Dunnett, C.W. (1988). Selected tables in Mathematics. 11: 1-247.
Becker-Andre, M., and Hahlbrock, K. (1989). Absolute mRNA quantification using the polymerase chain
reaction (PGR). A novel approach by a PGR aided transcript titration assay (PATTY). Nucleic
Acids Res. 17: 9437-9446.
Beekman, J.M., Allan, G.F., Tsai, S.Y., Tsai, M.J., and O'Malley, B.W. (1993). Transcriptional activation by
the estrogen receptor requires a conformational change in the ligand binding domain. Mol.
Endocrinol. 7:1 26 6-12 74 .
Ben Levy, R., Paterson, H.F., Marshall, G.J., and Yarden, Y. (1994). A single autophosphorylation site
confers oncogenicity to the Neu/ErbB-2 receptor and enables coupling to the MAP kinase
pathway. EMBOJ. 13: 3302-3311.
Berenbaum, M.G. (1985) The expected effect of a combination of agents: the general solution.
Biol. 114: 413-431
Berenbaum, M.G. (1989). W hat is synergy?

J. Theor.

Pharmacol. Rev. 41: 93-141.

Beresford, N., Routledge, E.J., Harris, G.A., and Sumpter, J.P. (2000). Issues arising when interpreting
results from an in vitro assay for estrogenic activity. Toxicol. Appl. Pharmacol. 162: 22-33.
Bergeron, J.M., Grews, D., and McLachlan, J.A. (1994). PGBs as environmental estrogens: turtle sex
determination as a biomarker of environmental contamination. Environ. Health Perspect. 102:
780-781.
Berrino, F., Muti, P., Micheli, A., Bolelli, G., Krogh, V., Sciajno, R., Pisani, P., Panico, S., and Secreto, G.
(1996). Serum sex hormone levels after menopause and subsequent breast cancer. J. Natl.
Cancer Inst. 88: 291-296.
Berry, M., Nunez, A.M., and Ghambon, P. (1989). Estrogen-responsive element of the human pS2 gene is
an imperfectly palindromic sequence. Proc. Natl. Acad. Sci. U. S. A. 86: 1218-1222.
Berthois, Y., Dong, X.F., and Martin, P.M. (1989). Regulation of epidermal growth factor-receptor by
estrogen and antiestrogen in the human breast cancer cell line MGF-7. Biochem. Biophys. Res.
Commun. 159: 126-131.
Berthois, Y., Katzenellenbogen, J.A., and Katzenellenbogen, B.S. (1986). Phenol red in tissue culture
media is a weak estrogen: implications concerning the study of estrogen-responsive cells in
culture. Proc. Natl. Acad. Sci. U. S. A 83: 2496-2500.
Bevan, G., and Parker, M. (1999). The role of coactivators in steroid hormone action.
349-356.

Exp. Cell Res. 253:

Bezwoda, W .R. and Meyer, K. (1990). Effect of alpha-interferon, 17 beta-estradiol, and tamoxifen on
estrogen receptor concentration and cell cycle kinetics of MGF 7 cells. Cancer Res. 50: 53875391.
Bishop, G.A., Ng, P., Norstrom, R.J., Brooks, R.J., and Pettit, K.E. (1996). Temporal and geographic
variation of organochlorine residues in eggs of the common snapping turtle (Ghelydra serpentina

174

serpentina) (1981-1991) and comparisons to trends in the herring gull (Larus argentatus) in the
Great Lakes basin in Ontario, Canada. Arch. Environ. Contam Toxicol. 31: 512-524.
Bitman, J., Cecil, H.C., Harris, S.J., and Fries, G.F. (1968). Estrogenic activity of o,p'-DDT in the
mammalian uterus and avian oviduct. Science 162: 371-372.
Bjorge, J.D., Jakymiw, A., and Fujita, D.J. (2000). Selected glimpses into the activation and function of Src
kinase. Oncogene 19: 5620-5635.
Blair, R.M., Fang, H., Branham, W .S., Hass, B.S., Dial, S .L , Moland, C.L., Tong, W ., Shi, L , Perkins, R.,
and Sheehan, D.M. (2000). The estrogen receptor relative binding affinities of 188 natural and
xenochemicals: structural diversity of ligands. Toxicol. Sci. 5 4 : 138-153.
Blenis, J. (1993). Signal transduction via the MAP kinases: proceed at your own RSK.
Sci. U. S. A. 90: 5889-5892.
Bliss, C.l. (1939). The toxicity of poisons applied jointly.

Proc. Natl. Acad.

Ann. Appl. Biol. 26: 585-615.

Bouboula, M., Legoux, P., Pességué, B., Delpech, B., Dumont, X., Piechaezyk, M., Casellas, P., and
Shire, D. (1992). Standardization of mRNA titration using a polymerase chain reaction method
involving co-amplification with a multispecific internal control. J. Bio. Chem. 267: 21830-21838.
Bouker, K.B. and Hilakivi-Clarke, L. (2000). Genistein: does it prevent or promote breast cancer?
Health Perspect. 108: 701-708.

Environ.

Bowler, J., Lilley, T.J., Pittam, J.D., and Wakeling, A.E. (1989). Novel steroidal pure antiestrogens.
Steroids 54: 71-99.
Brotons, J.A., Olea-Serrano, M.F., Villalobos, M., Pedraza, V., and Olea, N. (1995). Xenoestrogens
released from lacquer coatings in food cans. Environ. Health Perspect. 103: 608-612.
Brown, A.M., Jeltsch, J.M., Roberts, M., and Chambon, P. (1984). Activation of pS2 gene transcription is a
primary response to estrogen in the human breast cancer cell line MCF-7. Proc. Natl. Acad. Sci.
U. S. A. 81: 6344-6348.
Brownson, D M., Azios, N.G., Fuqua, B.K., Dharmawardhane, S.F., and Mabry, T.J. (2002). Flavonoid
effects relevant to cancer. J. Nutr. 132: 3482S-3489S.
Bruning, P.F., Bonfrer, J.M., and Hart, A.A. (1985). Non-protein bound oestradiol, sex hormone binding
globulin, breast cancer and breast cancer risk. Br. J. Cancer 51: 479-484.
Brunner, N., Bronzert, D., Vindelov, L.L., Rygaard, K., Spang-Thomsen, M., and Lippman, M E. (1989).
Effect on growth and cell cycle kinetics of estradiol and tamoxifen on M CF-7 human breast cancer
cells grown in vitro and in nude mice. Cancer Res. 4 9 : 1515-1520.
Buday, L , and Downward, J. (1993). Epidermal growth factor regulates p21ras through the formation of a
complex of receptor, Grb2 adapter protein, and Sos nucleotide exchange factor. Cell 73: 611620.
Bunone, G., Briand, P.A., Miksicek, R.J., and Picard, D. (1996). Activation of the unliganded estrogen
receptor by EGF involves the MAP kinase pathway and direct phosphorylation. EMBC J. 15:
2174-2183.
Burow, M.E., Tang, Y., Collins-Burow, B.M., Krajewski, S., Reed, J.C., McLachlan, J.A., and Beckman,
B.S. (1999). Effects of environmental estrogens on tumor necrosis factor alpha- mediated
apoptosis in M CF-7 cells. Carcinogenesis 20: 2057-2061.
Bustin, S.A. (2000). Absolute quantification of mRNA using real-time reverse trancription polymerase chain
reaction assays. J. Mol. Endocrinol. 25 : 169-193
Bustin, S.A. (2002) Quantification of mRNA using real-time reverse transcription PCR (RT-PCR): trends
and problems. J. Mol. Endocrinol. 29: 23-39.

175

Byford, J R., Shaw, L E ., Drew, M.G., Pope, G.S., Sauer, M.J., and Darbre, P.O. (2002). Oestrogenic
activity of parabens in MCF7 human breast cancer cells. J. Steroid Blochem. Mol. Biol. 80: 49-60.
Brzozowski, A.M., Pike, A.C., Dauter, Z., Hubbard, R.E., Bonn, T., Engstrom, O., Ohman, L , Greene, G.L.,
Gustafsson, J.A., and Carlquist, M. (1997). Molecular basis of agonism and antagonism in the
oestrogen receptor. Nature 389: 753-758.
Cailleau, R., Olive, M., and Cruciger, O.V. (1978). Long-term human breast carcinoma cell lines of
metastatic origin: preliminary characterization. In V/fro 14:911-915.
Campbell, R.A., Bhat-Nakshatri, P., Patel, N.M., Constantinidou, D., All, S., and Nakshatri, H. (2001).
Phosphatidylinositol 3-kinase/AKT-mediated activation of estrogen receptor alpha: a new model
for anti-estrogen resistance. J. Biol. Chem. 276: 9817-9824.
Cameron, P., Dethlefsen, V., von Westernhagen, H., and Janssen, D. (1988). Chromosomal and
morphological investigantions on whiting {Merlanglus meriangus) embryos from the North Sea in
relation to organochlorine contamination. Aquatic Tox. 11: 428-429.
Carlsen, E., Giwercman, A., Keiding, N., and Skakkebaek, N.E. (1992). Evidence for decreasing quality of
semen during past 50 years. BMJ 305: 609-613.
Carpenter, P.O., Arcaro, K., and Spink, D C. (2002). Understanding the human health effects of chemical
mixtures. Environ. Health Perspect. 110 Supp11: 25-42.
Carpenter, G., and Cohen, S. (1990). Epidermal growth factor.

J. Biol. Chem. 265: 7709-7712.

Carr, M.D., Bauer, C.J., Gradwell, M.J., and Feeney, J. (1994). Solution structure of a trefoil-motifcontaining cell growth factor, porcine spasmolytic protein. Proc. Natl. Acad. Sci. U. S. A 91: 2206-

2210 .
Carson-Jurica, M.A., Schrader, W .T., and O'Malley, B.W. (1990). Steroid receptor family: structure and
functions. Endocr. Rev. 11: 201-220.
Castilla, L.H., Couch, F.J., Erdos, M.R., Hoskins, K.F., Calzone, K., Garber, J.E., Boyd, J., Lubin, M B.,
Deshano, M L , Brody, L.C., et al. (1994). Mutations in the BRCA1 gene in families with earlyonset breast and ovarian cancer. Nat. Genet. 8: 387-391.
Castoria, G., Barone, M.V., Di Domenico, M., Bilancio, A., Ametrano, P., Migliaccio, A., and Auricchio, F.
(1999). Non-transcriptional action of oestradiol and progestin triggers DNA synthesis. EMBO J.
18: 2500-2510.
Castoria, G., Migliaccio, A., Bilancio, A., Di Domenico, M., de Falco, A., Lombardi, M., Fiorentino, R.,
Varricchio, L , Barone, M.V., and Auricchio, F. (2001). PI3-kinase in concert with Src promotes
the S-phase entry of oestradiol- stimulated M CF-7 cells. EMBO J. 20: 6050-6059.
Cavailles, V., Garcia, M., and Rochefort, H. (1989). Regulation of cathepsin-D and pS2 gene expression
by growth factors in MCF7 human breast cancer cells. Mol. Endocrinol. 3: 552-558.
Cavailles, V., Gompel, A., Portois, M.C., Thenot, S., Mabon, N., and Vignon, F. (2002). Comparative
activity of pulsed or continuous estradiol exposure on gene expression and proliferation of normal
and tumoral human breast cells. J. Mol. Endocrinol. 2 8 : 165-175.
Cenni, B. and Picard, D. (1999). Ligand-independent Activation of Steroid Receptors: New Roles for Old
Players. Trends Endocrinol. Metab 10: 41-46.
Chalbos, P., Philips, A., Galtier, F., and Rochefort, H. (1993). Synthetic antiestrogens modulate induction
of pS2 and cathepsin-D messenger ribonucleic acid by growth factors and adenosine 3',5'monophosphate in MCF7 cells. Endocrinology
571-576.
Chapman, P.M., Caldwell, R.S., and Chapman, P.P. (1996). A warning: NOECs are inappropriate for
regulatory use. Environ. Toxicol, and Chem. 15: 77-79.

176

Charest, D.L., Mordret, G., Harder, K.W., Jirik, F., and Pelech, S .L (1993). Molecular cloning, expression,
and characterization of the human mitogen-activated protein kinase p44erk1. Mol. Cell Biol. 13:
4679-4690.
Charles, G.D., Gennings, C., Zacharewski, T.R., Gollapudi, B.B., and Carney, E.W. (2002). Assessment of
interactions of diverse ternary mixtures in an estrogen receptor-alpha reporter assay. Toxicol.
Appl. Pharmacol. 180: 11-21.
Chelly, J., Kaplan, J.C., Maire, P., Gautron, S., and Kahn, A. (1988). Transcription of the dystrophin gene
in human muscle and non-muscle tissue. Nature 333: 858-860.
Chen, Z., Yuhanna, I S., Galcheva-Gargova, Z., Karas, R.H., Mendelsohn, M.E., and Shaul, P.W. (1999).
Estrogen receptor alpha mediates the nongenomic activation of endothelial nitric oxide synthase
by estrogen. J. Clin. Invest 103: 401-406.
Cho, H., Aronica, S.M., and Katzenellenbogen, B.S. (1994). Regulation of progesterone receptor gene
expression in M CF-7 breast cancer cells; a comparison of the effects of cyclic adenosine 3',5'monophosphate, estradiol, insulin-like growth factor-1, and serum factors. Endocrinology 134:
658-664.
Cobb, M.H. (1999). MAP kinase pathways.Prog.
Col born. T., vom Saal, F.S., and Soto,
chemicals in wildlife and humans.
Colby, S.R. (1967). Calculating synergistic
15: 20-22.

Biophys. Mol. Biol. 71: 479-500.

A.M. (1993). Developmental effects ofendocrine-disrupting

Environ. Health Perspect. 101: 378-384.
and antagonistic responses of herbicide combinations.Weeds.

Coldham, N.G., Dave, M., Sivapathasundaram, S., McDonnell, D.P., Connor, C., and Sauer, M.J. (1997).
Evaluation of a recombinant yeast cell estrogen screening assay. Environ. Health Perspect. 105:
734-742.
Coleman,K.M. and Smith,C.L. (2001). Intracellular signaling pathways: Nongenomic actions of estrogens
and ligand-independent activation of estrogen receptors. Front. Biosci. 6: D 1379-D1391.
Collins, P., and Webb, C. (1999). Estrogen hits the surface.

Nat. Med. 5:1 13 0-11 31 .

Conn, P. (1997). Endocrinology, basics and clinical principles. Humana Press, New Jersey
Cooper, J.A., Gould, K.L., Cartwright, C.A., and Hunter, I . (1986). Tyr527 is phosphorylated in pp60c-src:
implications for regulation. Sc/ence 231: 1431-1434.
Coosen, R. and van Velsen, F.L. (1989). Effects of the beta-isomer of hexachlorocyclohexane on
estrogen-sensitive human mammary tumor cells. Toxicol. Appl. Pharmacol. 101: 310-318.
Courtneidge, S.A., Dhand, D. R, Pilat, D. Twamley, G.M., Waterfield, M.D. and Roussel, M.F. (1993)
Activation of the SRC family kinases by colony stimulating factor-1 and their association with its
receptors. EMBOJ. 12: 943-950
Curtis, S.W., Washburn, T., Bewail, C., DiAugustine, R., Lindzey, J., Couse, J.F., and Korach, K.S. (1996).
Physiological coupling of growth factor and steroid receptor signaling pathways: estrogen
receptor knockout mice lack estrogen-like response to epidermal growth factor. Proc. Natl. Acad.
Sci. U. S. A 93: 12626-12630.
D'Aquila, R.T., Bechtel, L.J., Videler, J.A., Eron, J.J., Gorczyca, P., and Kaplan, J.C. (1991). Maximizing
sensitivity and specificity of PCR by pre-amplification heating. Nucleic Acids Res. 19: 3749Darbre, P.D., By ford, J R ., Shaw, L.E., Horton, R.A., Pope, G.S., and Sauer, M.J. (2002). Oestrogenic
activity of isobutylparaben in vitro and in vivo. J. Appl. Toxicol. 22: 219-226.
Dardes, R.C., Schafer, J.M., Pearce, S T., Osipo, C., Chen, B., and Jordan, V.C. (2002). Regulation of
estrogen target genes and growth by selective estrogen- receptor modulators in endometrial
cancer cells. Gynecol. Oncol. 85: 498-506.

177

Daub, H., Wallasch, C., Lankenau, A., Herrlich, A., and Ullrich, A. (1997). Signal characteristics of G
protein-transactivated EGF receptor. EMBOJ. 16: 7032-7044.
Davis, D.L., Bradlow, H.L., Wolff, M., Woodruff, T., Hoel, D.G., and Anton-Culver, H. (1993). Medical
hypothesis: xenoestrogens as preventable causes of breast cancer. Environ. Health Perspect.
101: 372-377.
Davis, R.J. (1993). The mitogen-activated protein kinase signal transduction pathway.
14553-14556.

J. Biol. Chem. 268:

Dechering, K., Boersma, C., and Mosselman, 8. (2000). Estrogen receptors alpha and beta: two receptors
of a kind? Curr. Med. Chem. 7: 561-576.
De Croot, L , and Jameson, J. (2001).

Endocrinology (4*^ Edition) WB. Saunders Company.

Dees, 0 ., Askari, M., Foster, J.S., Ahamed, S., and Wimalasena, J. (1997). DDT mimicks estradiol
stimulation of breast cancer cells to enter the cell cycle. Mol. Carclnog. 18: 107-114.
Della Rocca, G.J., Maudsley, S., Daaka, Y., Lefkowitz, R.J., and Luttrell, L.M. (1999). Pleiotropic coupling
of G protein-coupled receptors to the mitogen- activated protein kinase cascade. Role of focal
adhesions and receptor tyrosine kinases. J. Biol. Chem. 274: 13978-13984.
Denton, R.R., Koszewski, N.J., and Notides, A C . (1992). Estrogen receptor phosphorylation. Hormonal
dependence and consequence on specific DNA binding. J. Biol. Chem. 267: 7263-7268.
de Solla, S R., Bishop, C.A., Van der, K.G., and Brooks, R.J. (1998). Impact of organochlorine
contamination on levels of sex hormones and external morphology of common snapping turtles
(Chelydra serpentina serpentina) in Ontario, Canada. Environ. Health Perspect. 106: 253-260.
Dewailly, E., Mulvad, G., Pedersen, M.S., Ayotte, P., Demers, A., W eber, J.P., and Hansen, J.C. (1999).
Concentration of organochlorines in human brain, liver, and adipose tissue autopsy samples from
Greenland. Environ. Health Perspect. 107: 823-828.
DiAugustine, R.P., Petrusz, P., Bell, G.I., Brown, C F., Korach, K.S., McLachlan, J.A., and Teng, C.T.
(1988). Influence of estrogens on mouse uterine epidermal growth factor precursor protein and
messenger ribonucleic acid. Endocrinology 122: 2355-2363.
Dickenson, J.M., Blank, J.L., and Hill, S.J. (1998). Human adenosine A1 receptor and P2Y2-purinoceptormediated activation of the mitogen-activated protein kinase cascade in transfected CHO cells. Br.
J. Pharmacol. 124: 1491-1499.
Di Croce, L , Okret, S., Kersten, S., Gustafsson, J.A., Parker, M., Wahli, W ., and Beato, M. (1999). Steroid
and nuclear receptors. Villefranche-sur-Mer, France, May 25-27, 1999. EMBOJ. 18: 6201-6210.
Di Domenico, M., Castoria, G., Bilancio, A., Migliaccio, A., and Auricchio, F. (1996). Estradiol activation of
human colon carcinoma-derived Caco-2 cell growth. Cancer Res. 56: 4516-4521.
Diel, P., Olff, S., Schmidt, S., and Michna, H. (2002). Effects of the environmental estrogens bisphenol A,
o,p'-DDT, p-tert-octylphenol and coumestrol on apoptosis induction, cell proliferation and the
expression of estrogen sensitive molecular parameters in the human breast cancer cell line M CF7. J. Steroid Blochem. Mol. Biol. 80: 61-70.
Dorgan, J.F., Brock, J.W., Rothman, N., Needham, L.L., Miller, R., Stephenson, H E., Jr., Schussler, N.,
and Taylor, P R. (1999). Serum organochlorine pesticides and PCBs and breast cancer risk:
results from a prospective analysis (USA). Cancer Causes Control 1 0 :1 -1 1 .
Dorgan, J.F., Longcope, C., Stephenson, H E., Jr., Falk, R.T., Miller, R., Franz, C., Kahle, L , Campbell,
W .S., Tangrea, J.A., and Schatzkin, A. (1996). Relation of prediagnostic serum estrogen and
androgen levels to breast cancer risk. Cancer Epidemiol. Blomarkers Prev. 5: 533-539.
Drescher, K., and Boedeker, W. (1995). Assessment of the combined effects of substances - The
relationship between concentration addition and independent action. Biometrics 51: 716-730.

178

Driggers, P H., and Segars, J.H. (2002). Estrogen action and cytoplasmic signaling pathways. Part II; the
role of growth factors and phosphorylation in estrogen signaling. Trends Endocrinol. Metab 13:
422-427.
Dudley, D.T., Pang, L , Decker, S.J., Bridges, A.J., and Saltiel, A.R. (1995). A synthetic inhibitor of the
mitogen-activated protein kinase cascade. Proc. Natl. Acad. Sci. U. S. A. 92: 7686-7689.
Dunn, J.E. (1975). Cancer epidemiology in populations of the United States-with emphasis on Hawaii and
California-and Japan. Cancer Res. 35: 3240-3245.
Dunnett, C.W. (1964). New tables for multiple comparison with a control.

Biometrics 20: 482-492.

Dunnett, C.W. (1955). A multiple comparison procedure for comparing several treatments with a control.
Am. Stat. Assoc. 50: 1096-1121.

J.

Edmunds, J.S., McCarthy, R.A., and Ramsdell, J.S. (2000). Permanent and functional male-to-female sex
reversal in d-rR strain medaka (Oryzias latipes) following egg microinjection of o,p'-DDT. Environ.
Health Perspect. 108: 219-224.
Eisen, S.P., and Brown, H.A. (2002). Selective estrogen receptor (ER) modulators differentially regulate
phospholipase D catalytic activity in ER-negative breast cancer cells. Mol. Pharmacol. 62: 911920.
El Tanani, M.K., and Green, C D. (1997a). Interaction between estradiol and growth factors in the
regulation of specific gene expression in M CF-7 human breast cancer cells. J. Steroid Biochem.
Mol. Biol. 60: 269-276.
El Tanani, M.K., and Green, C D. (1997b). Two separate mechanisms for ligand-independent activation of
the estrogen receptor. Mol. Endocrinol. 11: 928-937.
Enan, E., and Matsumura, F. (1998). Activation of c-Neu tyrosine kinase by o,p'-DDT and beta-HCH in
cell- free and intact cell preparations from M CF-7 human breast cancer cells. J. Biochem. Mol.
Toxicol. 12: 83-92.
Endoh, H., Sasaki, H., Maruyama, K., Takeyama, K., W aga, I., Shimizu, T., Kato, S., and Kawashima, H.
(1997). Rapid activation of MAP kinase by estrogen in the bone cell line. Biochem. Biophys. Res.
Commun. 235: 99-102.
England, P.C., Skinner, L.G., Cottrell, K.M., and Sellwood, R.A. (1974). Serum oestradiol-17 beta in
women with benign and malignant breast disease. Br. J. Cancer 30: 571-576.
Enmark, E., Pelto-Huikko, M., Grandien, K., Lagercrantz, S., Lagercrantz, J., Fried, G., Nordenskjold, M.
and Gustafsson, J. (1997). Human estrogen receptor p-gene structure, chromosomal localization
and expression pattern. J. Clin. Endocr. Metab. 82 (12): 4258-4265.
Evans, R.M. (1988). The steroid and thyroid hormone receptor superfamily.

Science 240: 889-895.

Facemire, C F., Gross, T.S., and Guillette, L.J., Jr. (1995). Reproductive impairment in the Florida panther:
nature or nurture? Environ. Health Perspect. 103 SuppI 4: 79-86.
Faick, F.Y., Ricci, A. Jr, Wolff, M.S., Godbold, J. and Deckers, J. (1992). Pesticides and polychlorinated
biphenyl residues in human breast lipids and their relation to breast cancer. Arch. Environ. Health
47: 143-146.
Farhat, M.Y., Lavigne, M.C., and Ram well, P.W. (1996). The vascular protective effects of estrogen.
FASEB J. 10: 615-624.
Faust, M., Altenburger, R., Backhaus, T., Blanck, H., Boedeker, W ., Gramatica, P., Hamer, V., Scholze,
M., Vighi, M., and Grimme, L H . (2001). Predicting the joint algal toxicity of multi-component striazine mixtures at low-effect concentrations of individual toxicants. Aquat. Toxicol. 56: 13-32.
Favoni, R.E., and de Cupis, A. (2000). The role of polypeptide growth factors in human carcinomas: new
targets for a novel pharmacological approach. Pharmacol. Rev. 5 2 : 179-206.

179

Feigelson, H.S., and Henderson, B E. (1996). Estrogens and breast cancer.
2284.

Carcinogenesis 17: 2279-

Feng, W ., Webb, P., Nguyen, P., Liu, X., Li, J., Karin, M., and Kushner, P.J. (2001). Potentiation of
estrogen receptor activation function 1 (AF-1) by Src/JNK through a serine 118-independent
pathway. Mol. Endocrinol. 15: 32-45.
Feuer, E.J., and Wun, L.M. (1992). How much of the recent rise in breast cancer incidence can be
explained by increases in mammography utilization? A dynamic population model approach. Am.
J. Epidemiol. 136: 1423-1436.
Filardo, E.J. (2002). Epidermal growth factor receptor (EG FR ) transactivation by estrogen via the Gprotein-coupled receptor, GPR30: a novel signaling pathway with potential significance for breast
cancer. J. Steroid Biochem. Moi. Biol. 80: 231-238.
Filardo, E.J., Quinn, J.A., Bland, K.I., and Frackelton, A.R., Jr. (2000). Estrogen-induced activation of Erk-1
and Erk-2 requires the G protein- coupled receptor homolog, GPR30, and occurs via trans
activation of the epidermal growth factor receptor through release of HB-EGF. Mol. Endocrinol.
14: 1649-1660.
Foekens, J.A., Portengen, H., Look, M.P., van Putten, W .L , Thirion, B., Bontenbal, M., and Klijn, J.G.
(1994). Relationship of PS2 with response to tamoxifen therapy in patients with recurrent breast
cancer. Br. J. Cancer 70 : 1217-1223.
Folman, Y., and Pope, G.S. (1966). The interaction in the immature mouse of potent oestrogens with
coumestrol, genistein and other utero-vaginotrophic compounds of low potency. J. Endocrinol.
34: 215-225.
Font, de M., and Brown, M. (2000). AIB1 is a conduit for kinase-mediated growth factor signaling to the
estrogen receptor. Mol. Cell Biol. 20: 5041-5047.
Forster, M.S., Wilder, E .L , and Heinrichs, W.L. (1975). Estrogenic behavior of 2(o-chlorophenyl)-2-(pchlorophenyl)-1, 1 ,1 - trichloroethane and its homologues. Biochem. Pharmacol. 24: 1777-1780.
Foster, P.M., Cattley, R.C., and Mylchreest, E. (2000). Effects of di-n-butyl phthalate (DBP) on male
reproductive development in the rat: implications for human risk assessment. Food Chem.
Toxicol. 38: 8 9 7-8 99.
Frigo, D.E., Burow, M E., Mitchell, K.A., Chiang, T. and McLachlan, J. (2002). DD T and its metabolites
alter gene expression in human uterine cell lines through estrogen receptor-independent
mechanisms. Environ. Health Perspect. 110 (12): 1239-1245
Fry, D.M. (1995). Reproductive effects in birds exposed to pesticides and industrial chemicals.
Heaith Perspect. 103 SuppI 7 : 165-171.

Environ.

Fuqua, 8.A., 8chiff, R., Parra, I., Friedrichs, W .E., 8u, J.L., McKee, D.D., 8lentz-Kesler, K., Moore, L.B.,
Willson, T.M ., and Moore, J.T. (1999). Expression of wild-type estrogen receptor beta and variant
isoforms in human breast cancer. Cancer Res. 59: 5425-5428.
Gaido, K.W., Leonard, L.8., Lovell, 8., Gould, J.C., Babai, D., Portier, C.J., and McDonnell, D P. (1997).
Evaluation of chemicals with endocrine modulating activity in a yeast- based steroid hormone
receptor gene transcription assay. Toxicol. Appl. Pharmacol. 143: 205-212.
Galand, P., Mairesse, N., Degraef, C., and Rooryck, J. (1987). o,p'-DDT (1 ,1 , 1-trichloro-2(p-chlorophenyl)
2-(o-chlorophenyl) ethane is a purely estrogenic agonist in the rat uterus in vivo and in vitro.
Biochem. Pharmacol. 36: 397-400.
Gardner, R.M., Verner, G., Kirkland, J.L., and 8tancel, G.M. (1989). Regulation of uterine epidermal
growth factor (EGF) receptors by estrogen in the mature rat and during the estrous cycle. J.
Steroid Biochem. 32: 339-343.
Gattei, V., Degan, M., De luliis. A., Rossi, F.M., Aldinucci, D., and Pinto, A. (1997). Competitive reversetranscriptase PCR: a useful alternative to northern blotting for quantitative estimation of relative
abundances of specific mRNAs in precious samples. Biochem. J. 325 ( Ft 2): 565-567.

180

Gellert, R.J., Heinrichs, W .L , and Swerdioff, R.S. (1972). DDT homologues: estrogen-like effects on the
vagina, uterus and pituitary of the rat. Endocrinology
1095-1100.
Gillesby, B.E., and Zacharewski, T.R. (1998) Exoestrogens: mechanisms of action and strategies for
identification and assessment. Environ. Toxicol. Chem. 71: 3-14
Gillesby, B E., and Zacharewski, T.R. (1999). pS2 (TFF1) levels in human breast cancer tumor samples:
correlation with clinical and histological prognostic markers. Breast Cancer Res. Treat. 56: 253265.
Gilliland, G., Perrin, S., Blanchard, K., and Bunn, M.F. (1990). Analysis of cytokine m RNA and DNA:
detection and quantitation by competitive polymerase chain reaction. Proc. Natl. Acad. Sci. U. S.
A. 87: 2725-2729.
Globocan 2000 (2001).

Cancer incidence, mortality and prevalence (Version 1.0) lARC press, Lyon

Godden, J., Leake, R., and Kerr, D.J. (1992). The response of breast cancer cells to steroid and peptide
growth factors. Anticancer Res. 12 : 1683-1688.
Goldin, B.R., Adlercreutz, H., Gorbach, S .L , Warram, J.H., Dwyer, J.T., Swenson, L , and Woods, M.N.
(1982). Estrogen excretion patterns and plasma levels in vegetarian and omnivorous women. N.
Engl. J. Med. 307: 1542-1547.
Gooch, J.L., and Yee, D. (1999). Strain-specific differences in formation of apoptotic DNA ladders in M CF7 breast cancer cells. Cancer Lett. 144: 31-37.
Graves, J.D., and Krebs, E.G. (1999). Protein phosphorylation and signal transduction.
8 2 :1 1 1 -1 2 1 .

Pharmacol. Ther.

Gray, L.E., Jr., Wolf, C., Lambright, C., Mann, P., Price, M., Cooper, R .L , and Ostby, J. (1999).
Administration of potentially antiandrogenic pesticides (procymidone, linuron, iprodione,
chlozolinate, p,p'-DDE, and ketoconazole) and toxic substances (dibutyl- and diethylhexyl
phthalate, PCB 169, and ethane dimethane sulphonate) during sexual differentiation produces
diverse profiles of reproductive malformations in the male rat. Toxicol. Ind. Health 15: 94-118.
Greco, W .R ., Bravo, G., and Parsons, J.C. (1995). The search for synergy: a critical review from a
response surface perspective. Pharmacol. Rev. 47: 331-385.
Gronemeyer, H., Meyer, M.E., Bocquel, M.T., Kastner, P., Turcotte, B., and Chambon, P. (1991).
Progestin Receptors - Isoforms and antihormone action. J. Steroid Biochem. Mol. Biol. 40: 271278.
Guillette,

L.J., Jr., Gross, T.S., Gross, D.A., Rooney, A.A., and Percival, H.F. (1995). Gonadal
steroidogenesis in vitro from juvenile alligators obtained from contaminated or control lakes.
Environ. Health Perspect. 103 SuppI 4: 31-36.

Guillette, L.J., Jr., Gross, T.S., Masson, G.R., Matter, J.M., Percival, H.F., and Woodward, A.R. (1994).
Developmental abnormalities of the gonad and abnormal sex hormone concentrations in juvenile
alligators from contaminated and control lakes in Florida. Environ. Health Perspect. 102: 680-688.
Guillette, L.J., Jr., Pickford, D.B., Crain, D.A., Rooney, A.A., and Percival, H.F. (1996). Reduction in penis
size and plasma testosterone concentrations in juvenile alligators living in a contaminated
environment. Gen. Comp Endocrinol. 101: 32-42.
Guo, Z., Krucken, J., Benten, W .P., and Wunderlich, F. (2002). Estradiol-induced Nongenomic Calcium
Signaling Regulates Genotropic Signaling in Macrophages. J. Biol. Chem. 277: 7044-7050.
Gustafsson, J.A. (1999). Estrogen receptor b e ta -a new dimension in estrogen mechanism of action.
Endocrinol. 163: 379-383.

J.

Guttes, S., Failing, K., Neumann, K., Kleinstein, J., Georgii, S., and Brunn, H. (1998). Chlororganic
pesticides and polychlorinated biphenyls in breast tissue of women with benign and malignant
breast disease. Arch. Environ. Contam Toxicol. 35 :1 4 0 -1 4 7 .

181

Guzelian, P S. (1982). Comparative toxicology of chlordecone (Kepone) in humans and experimental
animals. Annu. Rev. Pharmacol. Toxicol. 22: 89-113.
Haas, M., Askari, A., and Xie, Z. (2000). Involvement of Src and epidermal growth factor receptor in the
signal- transducing function of Na+/K+-ATPase. J. Biol. Chem. 275: 27832-27837.
Hall, J.M., Couse, J.F., and Korach, K.S. (2001). The multifaceted mechanisms of estradiol and estrogen
receptor signaling. J. Biol. Chem. 276: 36869-36872.
Han, X., and Liehr, J.G. (1994). DNA single-strand breaks in kidneys of Syrian hamsters treated with
steroidal estrogens: hormone-induced free radical damage preceding renal malignancy.
Carcinogenesis 15: 997-1000.
Hargrave, B.T., Harding, G.C., Vass, W .P., Erickson, P.E., Fowler, B.R., and Scott, V. (1992).
Organochlorine pesticides and polychlorinated biphenyls in the Arctic Ocean food web. Arch.
Environ. Contam Toxicol. 22: 41-54.
Harries, J.E., Sheahan, D.A., Jobling, S., Mathiessen, P., Neall, P., Routledge, J.P. , Rycroft, R., Sumpter,
J.P., and Taylor, T. (1996). A survey of estrogenic activity in United Kingdom inland waters
Environ. Tox. Chem. 16: 534-542.
Harris, C.A., Henttu, P., Parker, M.G., and Sumpter, J.P. (1997). The estrogenic activity of phthalate esters
in vitro. Environ. Heaith Perspect. 105: 802-811.
Hatakeyama, M., and Matsumura, F. (1999). Correlation between the activation of Neu tyrosine kinase and
promotion of foci formation induced by selected organochlorine compounds in the M C F-7 model
system. J. Biochem. Moi. Toxicol. 13: 296-302.
Hatakeyama, M., Zou, E., and Matsumura, F. (2002). Comparison of the characteristic of estrogenic action
patterns of beta- HCH and heregulin betal in M CF-7 human breast cancer cells. J. Biochem. Moi.
Toxicol. 16: 209-219.
Hayward-Lester, A., Oefner, P.J., and Doris, P.A. (1996). Rapid quantification of gene expression by
competitive RT-PCR and ion- pair reversed-phase HPLC. Biotechniques 20: 250-257.
Helzlsouer, K.J., Alberg, A.J., Bush, T.L., Longcope, C., Gordon, G.B., and Comstock, G .W . (1994). A
prospective study of endogenous hormones and breast cancer. Cancer Detect. Prev. 18: 79-85.
Helzlsouer, K.J., Alberg, A.J., Huang, H.Y., Hoffman, S.C., Strickland, P.T., Brock, J.W ., Burse, V.W .,
Needham, L.L., Bell, D.A., Lavigne, J.A., Yager, J.D., and Comstock, G.W . (1999). Serum
concentrations of organochlorine compounds and the subsequent development of breast cancer.
Cancer Epidemiol. Biomarkers Prev. 8: 525-532.
Henderson, B E., Ross, R., and Bernstein, L. (1988). Estrogens as a cause of human cancer: the Richard
and Hinda Rosenthal Foundation award lecture. Cancer Res. 48: 246-253.
Henderson, B E., Ross, R.K., and Pike, M.C. (1993). Hormonal chemoprevention of cancer in women.
Science 259: 633-638.
Henderson, B.E., Ross, R.K., Pike, M.C., and Casagrande, J.T. (1982). Endogenous hormones as a major
factor in human cancer. Cancer Res. 42: 3232-3239.
Henry, J.A., Piggott, N.H., Mallick, U.K., Nicholson, S., Farndon, J R., Westley, B.R., and May, F.E. (1991).
pNR-2/pS2 immunohistochemical staining in breast cancer: correlation with prognostic factors
and endocrine response. Br. J. Cancer 63: 615-622.
Herbst, A.L., Ulfelder, H., and Poskanzer, D C. (1971). Adenocarcinoma of the vagina. Association of
maternal stilbestrol therapy with tumor appearance in young women. N. Engl. J. Med. 284: 878881.
Hilakivi-Clarke, L , Cabanes, A , Olivo, S., Kerr, L , Bouker, K.B., and Clarke, R. (2002). Do estrogens
always increase breast cancer risk? J. Steroid Biochem. Moi. Biol. 8 0 : 163-174.

182

Hilakivi-Clarke, L , Onojafe, I., Raygada, M., Cho, E., Clarke, R., and Lippman, M.E. (1996). Breast cancer
risk in rats fed a diet high in n-6 polyunsaturated fatty acids during pregnancy. J. Natl. Cancer
Inst. 88: 1821-1827.
Hoekstra, J.A., and Van Ewijk, P.M. (1993). Alternatives for the no-observed-effect level. Environ. Toxicol.
Chem. 12: 187-194.
Holland, M.B., and Roy, D. (1995). Estrone-induced cell proliferation and differentiation in the mammary
gland of the female Noble rat. Carcinogenesis 16 :19 55-1 96 1.
Hoyer, A.P., Grandjean, P., Jorgensen, T., Brock, J.W., and Hartvig, H.B. (1998). Organochlorine
exposure and risk of breast cancer. Lancet 35 2:1 816 -18 20 .
Hsieh, C.Y., Santell, R.C., Haslam, S.Z., and Helferich, W .G . (1998). Estrogenic effects of genistein on the
growth of estrogen receptor- positive human breast cancer (M CF-7) cells in vitro and in vivo.
Cancer Res. 58: 3833-3838.
Huang, Z., Guengerich, P.P., and Kaminsky, L.S. (1998). 16Alpha-hydroxylation of estrone by human
cytochrome P4503A4/5. Carcinogenesis 19: 867-872.
Huet-Hudson, Y.M ., Chakraborty, C., De, S.K., Suzuki, Y., Andrews, G.K., and Dey, S.K. (1990). Estrogen
regulates the synthesis of epidermal growth factor in mouse uterine epithelial cells. Mol.
Endocrinol. 4: 510-523.
Huff, K.K., Kaufman, □., Gabbay, K.H., Spencer, E.M., Lippman, M E., and Dickson, R.B. (1986).
Secretion of an insulin-like growth factor-l-related protein by human breast cancer cells. Cancer
Res. 46: 4613-4619.
Hunter, D.J., Spiegelman, D., Adami, H.O., Beeson, L., van den Brandt, P.A., Folsom, A.R., Fraser, G.E.,
Goldbohm, R.A., Graham, S., Howe, G.R., and . (1996). Cohort studies of fat intake and the risk
of breast ca n c er-a pooled analysis. N. Engl. J. Med. 334: 356-361.
Hyder,

S.M., Shipley, G.L., and Stancel, G.M. (1995). Estrogen action in target cells: selective
requirements for activation of different hormone response elements. Mol. Cell Endocrinol. 112:
35-43.

Ibarreta, D., Daxenberger, A., and Meyer, H.H. (2001). Possible health impact of phytoestrogens and
xenoestrogens in food. A P M IS 109:1 61-1 84 .
Ignar-Trowbridge, D M., Nelson, K.G., Bidwell, M.C., Curtis, S.W., Washburn, T.F., McLachlan, J.A., and
Korach, K.S. (1992). Coupling of dual signaling pathways: epidermal growth factor action involves
the estrogen receptor. Proc. Natl. Acad. Sci. U. S. A. 89: 4658-4662.
Ignar-Trowbridge, D M., Pimentel, M., Parker, M.G., McLachlan, J.A., and Korach, K.S. (1996). Peptide
growth factor cross-talk with the estrogen receptor requires the A/B domain and occurs
independently of protein kinase C or estradiol. Endocrinology 13 7:1 735 -17 44 .
Ignar-Trowbridge, D M., Teng, C.T., Ross, K.A., Parker, M.G., Korach, K.S., and McLachlan, J.A. (1993).
Peptide growth factors elicit estrogen receptor-dependent transcriptional activation of an
estrogen-responsive element. Mol. Endocrinol. 7: 992-998.
Improta-Brears, T., Whorton, A.R., Codazzi, F., York, J.D., Meyer, T., and McDonnell, D P. (1999).
Estrogen-induced activation of mitogen-activated protein kinase requires mobilization of
intracellular calcium. Proc. Natl. Acad. Sci. U. S. A. 96: 4686-4691.
*

Ing, N.H., Beekman, J.M., Tsai, S.Y., Tsai, M.J., and O'Malley, B.W. (1992). Members of the steroid
hormone receptor superfamily interact with TFIIB (S300-II). J. Biol. Chem. 267: 17617-17623.
Irby, R.B., and Yeatman, T.J. (2000). Role of Src expression and activation in human cancer. Oncogene
19: 5636-5642.
Irvine, S., Cawood, E., Richardson, D., MacDonald, E., and Aitken, J. (1996). Evidence of deteriorating
semen quality in the United Kingdom: birth cohort study in 577 men in Scotland over 11 years.
BMJ 312: 467-471.

183

Ives, J.H., Dagna-Bricarelli, F., Basso, G., Antonarakis, S.E., Jee, R., Cotter, P., and Nizetic, D. (1998).
Increased levels of a chromosome 21-encoded tumour invasion and metastasis factor (TIAM1)
m RNA in bone marrow of Down syndrome children during the acute phase of AM L(M 7). Genes
Chromosomes. Cancer 23: 61-66.
Jakowlew, S B., Breathnach, R., Jeltsch, J.M., Masiakowski, P., and Chambon, P. (1984). Sequence of the
pS2 m RNA induced by estrogen in the human breast cancer cell line MCF-7. Nucleic Acids Res.
12: 2861-2878.
Jobling, S., Reynolds, T., White, R., Parker, M.G., and Sumpter, J.P. (1995). A variety of environmentally
persistent chemicals, including some phthalate plasticizers, are weakly estrogenic. Environ.
Health Perspect. 103: 582-587.
Joel, P.B., Traish, A M., and Lannigan, D A. (1995). Estradiol and phorbol ester cause phosphorylation of
serine 118 in the human estrogen receptor. Mol. Endocrinol. 9:1 0 4 1 -1 0 5 2 .
Joel, P.B.; Traish, A.M.; Lannigan, D A. (1998). Estradiol-induced phosphorylation of serine 118 in the
estrogen receptor is independent of p42/p44 mitogen-activated protein kinase. J.Biol.Chem.
273:13317-13323
Jorgensen, L , Brunner, N., Spang-Thomsen, M., James, M R., Clarke, R., Dombernowsky, P., and
Svenstrup, B. (1997). Steroid metabolism in the hormone dependent M C F-7 human breast
carcinoma cell line and its two hormone resistant subpopulations M CF- 7/LCC1 and M CF7/LCC2. J. Steroid Biochem. Mol. Biol. 63: 275-281.
Jorgensen, M., Vendelbo, B., Skakkebaek, N.E., and Leffers, H. (2000). Assaying estrogenicity by
quantitating the expression levels of endogenous estrogen-regulated genes. Environ. Heaith
Perspect. 108: 403-412.
Ju, Y.H., Carlson, K.E., Sun, J., Pathak, D., Katzenellenbogen, B.S., Katzenellenbogen, J.A., and
Helferich, W .G . (2000). Estrogenic effects, of extracts from cabbage, fermented cabbage, and
acidified brussels sprouts on growth and gene expression of estrogen- dependent human breast
cancer (M CF-7) cells. J. Agric. Food Chem. 48: 4628-4634.
Kanja, L.W., Skaare, J.U., Ojwang, S B., and Maitai, C.K. (1992). A comparison of organochlorine
pesticide residues in maternal adipose tissue, maternal blood, cord blood, and human milk from
mother/infant pairs. Arch. Environ. Contam Toxicol. 22: 21-24.
Kannan, N., Tanabe, S., Ono, M., and Tatsukawa, R. (1989). Critical evaluation of polychlorinated biphenyl
toxicity in terrestrial and marine mammals: increasing impact of non-ortho and mono-ortho
coplanar polychlorinated biphenyls from land to ocean. Arch. Environ. Contam Toxicol. 18: 850857.
Kato, S., Endoh, H., Masuhiro, Y., Kitamoto, T., Uchiyama, S., Sasaki, H., Masushige, S., Gotoh, Y.,
Nishida, E., Kawashima, H., et al. (1995). Activation of the estrogen receptor through
phosphorylation by mitogen- activated protein kinase. Science 270: 1491-1494.
Katzenellenbogen, B.S., Kendra, K.L., Norman, M.J., and Berthois, Y. (1987). Proliferation, hormonal
responsiveness, and estrogen receptor content of M CF-7 human breast cancer cells grown in the
short-term and long- term absence of estrogens. Cancer Res. 47: 4355-4360.
Katzenellenbogen, B.S. and Norman, M.J. (1990). Multihormonal regulation of the progesterone receptor
in M CF-7 human breast cancer cells: interrelationships among insulin/insulin-like growth factor-1,
serum, and estrogen. Endocrinology ^26: 891-898.
Kelce, W .R ., Lambright, C.R., Gray, L.E., Jr., and Roberts, K.P. (1997). Vinclozolin and p,p'-DDE alter
androgen-dependent gene expression: in vivo confirmation of an androgen receptor-mediated
mechanism. Toxicol. Appl. Pharmacol. 14 2:1 92-2 00 .
Kelce, W .R ., Stone, C.R., Laws, S.C., Gray, L.E., Kemppainen, J.A., and Wilson, E M. (1995). Persistent
DDT metabolite p,p'-DDE is a potent androgen receptor antagonist. Nature 375: 581-585.
Keshamouni, V.G ., Mattingly, R.R., and Reddy, K.B. (2002). Mechanism of 17-beta-estradiol-induced
Erk1/2 activation in breast cancer ceils. A role for HER2 AND PKC-delta. J. Biol. Chem. 277:
22558-22565.

184

Kida, N., Yoshimura, T., Mori, K., and Hayashi, K. (1989). Hormonal regulation of synthesis and secretion
of pS2 protein relevant to growth of human breast cancer cells (M CF-7). Cancer Res. 49: 34943498.
Kim, J., Petz, L.N., Ziegler, Y.S., Wood, J.R., Potthoff, S.J., and Nardulli, A M. (2000). Regulation of the
estrogen-responsive pS2 gene in MCF-7 human breast cancer cells. J. Steroid Blochem. Mol.
Biol. 74: 157-168.
King, W .J., and Greene, G .L (1984). Monoclonal antibodies localize oestrogen receptor in the nuclei of
target cells. Nature 307: 745-747.
Kmiecik, T.E., and Shalloway, D. (1987). Activation and suppression of pp60c-src transforming ability by
mutation of its primary sites of tyrosine phosphorylation. Cell 49: 65-73.
Knowlden, J.M., Gee, J.M., Bryant, S., McClelland, R.A., Manning, D .L , Mansel, R., Ellis, I.O., Blamey,
R.W ., Robertson, J.F., and Nicholson, R.l. (1997). Use of reverse transcription-polymerase chain
reaction methodology to detect estrogen-regulated gene expression in small breast cancer
specimens. Clin. Cancer Res. 3: 2165-2172.
Korach, K.S., Sarver, P., Chae, K., McLachlan, J .A , and McKinney, J.D. (1988). Estrogen receptor-binding
activity of polychlorinated hydroxybiphenyls: conformationally restricted structural probes. Mol.
Pharmacol. 33 :1 2 0 -1 2 6 .
Kortenkamp, A., and Altenburger, R. (1998). Synergisms with mixtures of xenoestrogens: a réévaluation
using the method of isoboles. Sci. Total Environ. 221: 59-73.
Kortenkamp, A., and Altenburger, R. (1999). Approaches to assessing combination effects of oestrogenic
environmental pollutants. Sci. Total Environ. 233: 131-140.
Kousteni, S., Bellido, T., Plotkin, L.I., O'Brien, C.A., Bodenner, D .L , Han, L , Han, K., DiGregorio, G.B.,
Katzenellenbogen, J.A., Katzenellenbogen, B.S., Roberson, P.K., Weinstein, R.S., Jilka, R.L.,
and Manolagas, B.C. (2001). Nongenotropic, sex-nonspecific signaling through the estrogen or
androgen receptors: dissociation from transcriptional activity. Cell 104: 719-730.
Kralli, A., and Yamamoto, K.R. (1996). An FK506-sensitive transporter selectively decreases intracellular
levels and potency of steroid hormones. J. Biol. Chem. 271: 17152-17156.
Krishnan, A.V., Stathis, P., Permuth, S.F., Tokes, L , and Feldman, D. (1993). Bisphenol-A: an estrogenic
substance is released from polycarbonate flasks during autoclaving. Endocrinology 132: 22792286.
Krueger, J.S., Keshamouni, V.G., Atanaskova, N., and Reddy, K.B. (2001). Temporal and quantitative
regulation of mitogen-activated protein kinase (MAPK) modulates cell motility and invasion.
Oncogene 20: 4209-4218.
Kuiper, G.G., Enmark, E., Pelto-Huikko, M., Nilsson, S., and Gustafsson, J.A. (1996). Cloning of a novel
receptor expressed in rat prostate and ovary. Proc. Natl. Acad. Sci. U. S. A 93: 5925-5930.
Kuiper, G.G., Lemmen, J.G., Carlsson, B., Gorton, J.C., Safe, S.H., van der Saag, P.T., van der, B.B., and
Gustafsson, J.A. (1998). Interaction of estrogenic chemicals and phytoestrogens with estrogen
receptor beta. Endocn’nology 139: 4252-4263.
KUMAR, V. and Chambon, P. (1988). The estrogen-receptor binds tightly to its responsive element as a
ligand-induced homodimer Cell 55: 145-156.
Lacassagne, A. (1932).

ComptRend. 195: 630

Lee, H.W ., and Eghbali-Webb, M. (1998). Estrogen enhances proliferative capacity of cardiac fibroblasts
by estrogen receptor- and mitogen-activated protein kinase-dependent pathways. J. Mol. Cell
Cardiol. 30: 1359-1368.
Lee, K.F., Lau, K.M., and Ho, S.M. (1999). Effects of cadmium on metallothionein-l and metallothionein-ll
mRNA expression in rat ventral, lateral, and dorsal prostatic lobes: quantification by competitive
RT-PCR. Toxicol. Appl. Pharmacol. 154: 20-27.

185

Lees, J.A., Fawell, S.E., and Parker, M.G. (1989). Identification of two transactivation domains in the
mouse oestrogen receptor. Nucleic Acids Res. 17: 5477-5488.
Lefebvre, O., Chenard, M.P., Masson, R., Linares, J., Dierich, A., LeMeur, M., Wendling, C., Tomasetto,
C., Chambon, P., and Rio, M.C. (1996). Gastric mucosa abnormalities and tumorigenesis in mice
lacking the pS2 trefoil protein. Science 274: 259-262.
Leopold, A.S., EnMn, M., Oh, J., and Browning, B. (1976).
reproduction in California quail. Science 191: 98-100.

Phytoestrogens: adverse effects on

Levenson, A.S., and Jordan, V.C. (1997). MCF-7: the first hormone-responsive breast cancer cell line.
Cancer Res. 57: 3071-3078.
Leygue, E., Dotzlaw, H., Watson, P H., and Murphy, L.C. (1999). Expression of the steroid receptor RNA
activator in human breast tumors. Cancer Res. 59: 4190-4193.
Liehr, J.G., Ricci, M.J., Jefcoate, C.R., Hannigan, E.V., Hokanson, J.A., and Zhu, B.T. (1995). 4Hydroxylation of estradiol by human uterine myometrium and myoma microsomes: implications
for the mechanism of uterine tumorigenesis. Proc. Natl. Acad. Sci. U. S. A. 9220-9224.
Lingham, R.B., Stancel, G.M., and Loose-Mitchell, D.S. (1988). Estrogen regulation of epidermal grovyth
factor receptor messenger ribonucleic acid. Mol. Endocrinol. 2: 230-235.
Lobenhofer, E.K., Huper, G., Iglehart, J.D., and Marks, J R. (2000). Inhibition of mitogen-activated protein
kinase and phosphatidylinositol 3-kinase activity in M CF-7 cells prevents estrogen-induced
mitogenesis. Cell Growth Differ. 11: 99-110.
Loeber, J.G., and van Velsen, F.L. (1984). Uterotropic effect of beta-HCH, a food chain contaminant.
Addit. Contam 1: 63-66.

Food

Loewe, S., and Muischnek, H. (1926). Über kombinationswirkungen. 1. Mitteilung: Hilfsmittel der
Fragestellung. Naunyn-Schmiedebergs. Arch. Exp. Pathol. Pharmakol. 114: 313-326
Lopez, G.N., Turck, C.W ., Schaufele, F., Stallcup, M.R., and Kushner, P.J. (2001). Growth factors signal to
steroid receptors through mitogen-activated protein kinase regulation of p i 60 coactivator activity.
J. Biol. Chem. 276: 22177-22182.
Lorenzen, A., Casley, W .L , and Moon, T.W . (2001). A reverse transcription-polymerase chain reaction
bioassay for avian vitellogenin mRNA. Toxicol. Appl. Pharmacol. 1 7 6:1 69-1 80 .
Loven, M.A., Wood, J R., and Nardulli, A M. (2001). Interaction of estrogen receptors alpha and beta with
estrogen response elements. Mol. Cell Endocrinol. 181: 151-163.
Luttrell, D.K., Lee, A., Lansing, T.J., Crosby, R.M., Jung, K.D., Willard, D., Luther, M., Rodriguez, M.,
Berman, J., and Gilmer, T.M . (1994). Involvement of pp60c-src with two major signaling pathways
in human breast cancer. Proc. Natl. Acad. Sci. U. S. A 91: 83-87.
Lye, C M., F rid, C .L , Gill, M.E., and McCormick, D. (1997). Abnormalities in the reproductive health of
flounder Platichthys flesus exposed to effluents from sewage treatment works. Mar. Pollut. Bull.
34: 34-41.
Maas, R.A., Bruning, P.F., Top, B., Breedijk, A.J., and Peterse, H.L. (1995). Grov\4h arrest associated
changes of mRNA levels in breast cancer cells measured by semi-quantitative RT-PCR: potential
early indicators of treatment response. Cancer Lett. 9 7 : 107-116.
Machado, J.C., Carneiro, F., Ribeiro, P., Blin, N., and Sobrinho-Simoes, M. (1996). pS2 protein expression
in gastric carcinoma. An immunohistochemical and immunoradiometric study. Eur. J. Cancer
32A: 1585-1590.
Mackenzie, I. (1955). The production of mammary cancer in rats using oestrogens.
299.

Br. J. Cancer 9:284-

MacMahon, B., Cole, P., and Brown, J. (1973). Etiology of human breast cancer: a review.
Inst. 50: 21-42.

J. Natl. Cancer

186

MacMahon, B., Cole, P., Brown, J.B., Raffenbarger, R., Trichopouios, D., and Yen, S. (1983). Urine
estrogens, frequency of ovulation, and breast cancer risk: case- control study in premenopausal
women. J. Natl. Cancer Inst. 70: 247-250.
MacMahon, B., Cole, P., Lin, T.M., Lowe, C.R., Mirra, A.P., Ravnlhar, B., Saiber, E.J., Vaiaoras, V.G., and
Yuasa, S. (1970). Age at first birth and breast cancer risk. Bull. World Health Organ AZ: 209-221.
MacMahon, B., Trichopouios, D., Brown, J., Andersen, A.P., Aoki, K., Cole, P., deWaard, P., Kauraniemi,
T., Morgan, R.W., Purde, M., Ravnlhar, B., Stromby, N., Westiund, K., and Woo, N.C. (1982). Age
at menarche, probability of ovulation and breast cancer risk. Int. J. Cancer 2 9 : 13-16.
Marchbank, T., Westley, B.R., May, F.E., Cainan, D.P., and Piayford, R.J. (1998). Dimerization of human
pS2 (TFF1) plays a key role in its protective/healing effects. J. Pathol. 18 5:1 53-1 58 .
McPherson, M.J., and Moller, S.G. PCR. (2000). BIOS Scientific Publishers Ltd. Oxford, U.K.
Marshall, C.J. (1994). Signal transduction. Hot lips and phosphorylation of protein kinases.
686 .

Nature 367:

Mangelsdorf, D.J., Thummel, C., Beato, M., Herrlich, P., Schütz, G., Umesono, K., Blumberg, B., Kastner,
P., Mark, M., Chambon, P., et al. (1995). The nuclear receptor superfamily: the second decade.
Cell 83: 835-839.
Manz, A., Berger, J., Dwyer, J.H., Flesch-Janys, D., Nagel, S., and Waltsgott, H. (1991). Cancer mortality
among workers in chemical plant contaminated with dioxin. Lancet 338: 959-964.
Martin, M.B., Franke, T.F., Stoica, G.E., Chambon, P., Katzenellenbogen, B.S., Stoica, B.A., McLemore,
M.S., Olivo, S.E., and Stoica, A. (2000). A role for Akt in mediating the estrogenic functions of
epidermal growth factor and insulin-like growth factor I. Endocrinology 141: 4503-4511.
Martin, P.M., Horwitz, K.B., Ryan, D.S., and McGuire, W.L. (1978). Phytoestrogen interaction with
estrogen receptors in human breast cancer cells. Endocnnology 103: 1860-1867.
Masiakowski, P., Breathnach, R., Bloch, J., Gannon, F., Krust, A., and Chambon, P. (1982). Cloning of
cDNA sequences of hormone-regulated genes from the M CF-7 human breast cancer cell line.
Nucleic Acids Res. 10: 7895-7903.
Matsuda, S., Kadowaki, Y., Ichino, M., Akiyama, T., Toyoshima, K., and Yamamoto, T. (1993). 17 betaestradiol mimics ligand activity of the c-erbB2 protooncogene product. Proc. Natl. Acad. Sci. U. S.
A 90: 10803-10807.
May, F.E., and Westley, B.R. (1986). Cloning of estrogen-regulated messenger RNA sequences from
human breast cancer cells. Cancer Res. 46: 6034-6040.
May, F.E., and Westley, B.R. (1997). Expression of human intestinal trefoil factor in malignant cells and its
regulation by oestrogen in breast cancer cells. J. Pathol. 182: 404-413.
McLachlan, J.A. (1993). Functional toxicology: a new approach to detect biologically active xenobiotics.
Environ. Health Perspect. 101: 386-387.
McLachlan, J.A. (1997). Synergistic effect of environmental estrogens: report withdrawn.
462-463.

Science 277:

McCulloch, R.K., Choong, C.S., and Hurley, D.M. (1995). An evaluation of competitor type and size for use
in the determination of mRNA by competitive PCR. PCR Methods Appl. 4: 219-226.
Mendelsohn, M.E. and Karas, R.H. (1994). Estrogen and the blood vessel wall.
619-626.

Curr. Opin. Cardiol. 9:

Migliaccio, A., Castoria, G., Di Domenico, M., de Falco, A., Bilancio, A., Lombardi, M., Barone, M.V.,
Ametrano, D., Zannini, M.S., Abbondanza, C., and Auricchio, F. (2000). Steroid-induced
androgen receptor-oestradiol receptor beta-Src complex triggers prostate cancer cell proliferation.
EMBO J. 19: 5406-5417.

187

Migliaccio, A., Di Domenico, M., Castoria, G., de Falco, A., Bontempo, P., Nola, E., and Auricchio, F.
(1996). Tyrosine kinase/p21ras/MAP-kinase pathway activation by estradiol- receptor complex in
M C F-7 cells. EMBO J. 15: 1292-1300.
Migliaccio, A., Piccolo, D., Castoria, G., Di Domenico, M., Bilancio, A., Lombardi, M., Gong, W ., Beato, M.,
and Auricchio, F. (1998). Activation of the Src/p21 ras/Erk pathway by progesterone receptor via
cross-talk with estrogen receptor. EMBO J. 17: 2008-2018.
Miller, D., W heals, B.B., Beresford, N., and Sumpter, J.P. (2001). Estrogenic activity of phenolic additives
determined by an in vitro yeast bioassay. Environ. Health Perspect. 1 0 9 :1 3 3 -1 3 8 .
Milligan, S.R., Balasubramanian, A.V., and Kalita, J.C. (1998). Relative potency of xenobiotic estrogens in
an acute in vivo mammalian assay. Environ. Health Perspect. 106: 23-26.
Mobley, J.A., Bhat, A S., and Brueggemeier, R.W. (1999). Measurement of oxidative DNA damage by
catechol estrogens and analogues in vitro. Chem. Res. Toxicol. 12: 270-277.
Moller, H. (2001). Trends in incidence of testicular cancer and prostate cancer in Denmark.
16: 1007-1011.
Moore, D.R.J., and Caux, P.Y. (1997). Estimating low toxic effects.

Hum. Reprod.

Environ. Toxicol. Chem. 16: 794-801.

Morley, P., Whitfield, J.F., Vanderhyden, B.C., Tsang, B.K., and Schwartz, J .L (1992). A new, nongenomic
estrogen action: the rapid release of intracellular calcium. Endocrinology 131: 1305-1312.
Morrison, C., and Gannon, F. (1994). The impact of the PCR plateau phase on quantitative PCR.
Biophys. Acta 1219: 493-498.

Biochim.

Mosselman, S., Polman, J., and Dijkema, R. (1996). ER beta: identification and characterization of a novel
human estrogen receptor. FEBS Lett. 392: 49-53.
Mukku, V.R ., and Stancel, G.M. (1985). Regulation of epidermal growth factor receptor by estrogen.
Biol. Chem. 260: 9820-9824.

J.

Mur, C., Martinez-Carpio, P.A., Fernandez-Montoli, M E., Ramon, J.M., Rosel, P., and Navarro, M.A.
(1998). Growth of MDA-MB-231 cell line: different effects of T G F -b eta(l), EGF and estradiol
depending on the length of exposure. Cell Biol. Int. 22: 679-684.
Murphy, L.J., Murphy, L.C., and Friesen, H.G. (1987). Estrogen induces insulin-like growth factor-1
expression in the rat uterus. Mol. Endocrinol. 1: 445-450.
Mussalo-Rauhamaa, H., Hasanen, E., Pyysalo, H., Antervo, K., Kauppila, R., and Pantzar, P. (1990).
Occurrence of beta-hexachlorocyclohexane in breast cancer patients. Cancer 66: 2124-2128.
Mussalo-Rauhamaa, H., Pyysalo, H., and Antervo, K. (1988). Relation between the content of
organochlorine compounds in Finnish human milk and characteristics of the mothers. J. Toxicol.
Environ. Health 2 5 :1 -1 9 .
Muthuswamy, S.K. and Muller, W.J. (1995). Direct and specific interaction of c-Src with Neu is involved in
signaling by the epidermal growth factor receptor. Oncogene 11: 271-279.
Nadal, A., Ropero, A.B., Laribi, O., Maillet, M., Fuentes, E., and Soria, B. (2000). Nongenomic actions of
estrogens and xenoestrogens by binding at a plasma membrane receptor unrelated to estrogen
receptor alpha and estrogen receptor beta. Proc. Natl. Acad. Sci. U. S. A. 9 7 : 11603-11608.
Nandi, S., Guzman, R.C., and Yang, J. (1995). Hormones and mammary carcinogenesis in mice, rats, and
humans: a unifying hypothesis. Proc. Natl. Acad. Sci. U. S. A. 92: 3650-3657.
Nardulli, A M., Romine, I.E ., Carpo, C., Greene, G .L , and Rainish, B. (1996). Estrogen receptor affinity
and location of consensus and imperfect estrogen response elements influence transcription
activation of simplified promoters. Mol. Endocrinol. 10: 694-704.

188

Nelson, K G., Takahashi, T., Bossert, N .L , Walmer, O.K., and McLachlan, J.A. (1991). Epidermal growth
factor replaces estrogen In the stimulation of female genital-tract growth and differentiation. Proc.
Natl. Acad. Sci. U. S. A 88: 21-25.
Nesaretnam, K., Jin, L.E., Reimann, K., and Lai, L.C. (2000). Effect of a carotene concentrate on the
growth of human breast cancer cells and pS2 gene expression. Toxicology 151: 117-126.
Newton, C.J., Trapp, T., Fagotto, U., Renner, U., Buric, R., and Stalla, O.K. (1994). The oestrogen
receptor modulates growth of pituitary tumour cells in the absence of exogenous oestrogen. J.
Mol. Endocrinol. 12: 303-312.
Newton, C.R., and Graham, A. (1994). In PCR (Graham, J.M. and Billington, D. Eds) pp 138, BIOS
Scientific Publishers Ltd. Oxford.
Odum, J., Lefevre, P.A., Tittensor, S., Paton, D., Routledge, E.J., Beresford, N.A., Sumpter, J.P., and
Ashby, J. (1997). The rodent uterotrophic assay: critical protocol features, studies with nonyl
phenols, and comparison with a yeast estrogenicity assay. Regui. Toxicol. Pharmacol. 25: 176188.
Olea, N., Olea-Serrano, P., Lardelli-Claret, P., Rivas, A., and Barba-Navarro, A. (1999). Inadvertent
exposure to xenoestrogens in children. Toxicol. Ind. Health 1 5 :15 1-15 8.
Olea, N., Pulgar, R., Perez, P., Olea-Serrano, P., Rivas, A., Novillo-Pertrell, A., Pedraza, V., Soto, A.M.,
and Sonnenschein, C. (1996). Estrogenicity of resin-based composites and sealants used in
dentistry. Environ. Health Perspect. 104: 298-305.
Olaya-Contreras, P., Rodriguez-Villamil, J., Posso-Valencia, H.J., and Cortez, J.E. (1998). Organochlorine
exposure and breast cancer risk in Colombian women. Cad. Saude Publica 14 S u pp I 3: 125-132.
Olsen, C M., Meussen-Elholm, E.T., Holme, J.A., and Hongslo, J.K. (2002). Brominated phenols:
characterization of estrogen-like activity in the human breast cancer cell-line MCP-7. Toxicol. Lett.
129: 55-63.
Onate, S.A., Tsai, S.Y., Tsai, M.J., and O'Malley, B.W. (1995). Sequence and characterization of a
coactivator for the steroid hormone receptor superfamily. Science 2 7 0 :1 3 5 4 -1 3 5 7 .
Osborne, O.K., Hobbs, K., and Clark, G.M. (1985). Effect of estrogens and antiestrogens on growth of
human breast cancer cells in athymic nude mice. Cancer Res. 45: 584-590.
Oursler, M.J. (1998). Mechanisms of steroid action on osteoclasts and osteoblasts.
26: 33-38.
Ozturk, Z.N. and Gozukirmizi, N. Overview of cDNA microarray analysis.
SuppI 8 : 23-26.

Biochem. Soc. Trans.

Blotechnol. Biotech. Eq. 15 (2)

Palmer, J R., Rosenberg, L , Kaufman, D.W ., Warshauer, M.E., Stolley, P., and Shapiro, S. (1989). Oral
contraceptive use and liver cancer. Am. J. Epidemiol. 130: 878-882.
Pannetier, C., Delassus, S., Darche, S., Saucier, C., and Kourilsky, P. (1993). Quantitative titration of
nucleic acids by enzymatic amplification reactions run to saturation. Nucleic Acids Res. 21: 577583.
Paulozzi, L.J. (1999). International trends in rates of hypospadias and cryptorchidism.
Perspect. 107: 297-302.

Environ. Heaith

Panter, G.H., Hutchinson, T.H., Lange, R., Lye, C M., Sumpter, J.P., Zerulla, M., and Tyler, C.R. (2002).
Utility of a juvenile fathead minnow screening assay for detecting (anti-)estrogenic substances.
Environ. Toxicol. Chem. 21: 319-326.
Papaconstantinou, A.D., Umbreit, T.H., Pisher, B.R., Goering, P.L., Lappas, N T., and Brown, K.M. (2000).
Bisphenol A-induced increase in uterine weight and alterations in uterine morphology in
ovariectomized B6C3P1 mice: role of the estrogen receptor. Toxicol. Sci. 56: 332-339
Parker, M.G. (1995). Structure and function of estrogen receptors.

Vitam. Horm. 51: 267-287.
189

Payne, J., Jones, C., Lakhani, S., and Kortenkamp, A. (2000). Improving the reproducibility of the M CF-7
cell proliferation assay for the detection of xenoestrogens. Sci. Total Environ. 248: 51-62.
Payne, J., Rajapakse, N., Wilkins, M., and Kortenkamp, A. (2000). Prediction and assessment of the
effects of mixtures of four xenoestrogens. Environ. Health Perspect. 108: 983-987.
Payne, J., Scholze, M., and Kortenkamp, A. (2001). Mixtures of four organochlorines enhance human
breast cancer cell proliferation. Environ. Health Perspect. 109: 391-397.
Pedram, A., Razandi, M., Aitkenhead, M., Hughes, C.C. and Levin, E.R. (2002). Integration of the non
genomic and genomic actions of estrogen-Membrane-initiated signalling by steroids to
transcription and cell biology. J. Biol. Chem. 277 (52): 50768-50775
Petit, P., Le Goff, P., Cravedi, J.P., Valotaire, Y., and Pakdel, F. (1997). Two complementary bioassays for
screening the estrogenic potency of xenobiotics: recombinant yeast for trout estrogen receptor
and trout hepatocyte cultures. J. Mol. Endocrinol. 19: 321-335.
PfaffI, M., Meyer, H.H., and Sauerwein, H. (1998). Quantification of insulin-like growth factor-1 (IGF-1)
mRNA: development and validation of an internally standardised competitive reverse
transcription-polymerase chain reaction. Exp. Clin. Endocrinol. Diabetes 106: 506-513.
Picard, D., KUMAR, V., Chambon, P., and Yamamoto, K.R. (1990). Signal transduction by steroid
hormones - nuclear localisation is differentially regulated in estrogen and glucocorticoid
receptors. Cell Regulation 1: 291-299.
Pierik, F.H., Burdorf, A., Nijman, J.M., de Muinck Keizer-Schrama SM, Juttmann, R.E., and W eber, R.F.
(2002). A high hypospadias rate in The Netherlands. Hum. Reprod. 17 :1 1 12-1 11 5.
Pietras, R.J., Arboleda, J., Reese, D M., Wongvipat, N., Pegram, M.D., Ramos, L , Gorman, C M., Parker,
M.G., Sliwkowski, M.X., and Slamon, D.J. (1995). HER -2 tyrosine kinase pathway targets
estrogen receptor and promotes hormone-independent growth in human breast cancer cells.
Oncogene 10: 2435-2446.
Pike, A C . , Brzozowski, A.M., Walton, J., Hubbard, R.E., Thorsell, A.G., Li, Y.L., Gustafsson, J.A., and
Carlquist, M. (2001). Structural insights into the mode of action of a pure antiestrogen. Structure.
(Camb. ) 9 : 145-153.
Plackett, R .L , and Hewlett, P S. (1948). Statistical aspects of the independent joint action of poisons,
particular insecticide. I. The toxicity of a mixture of poison. Ann. Appl. Biol. 35: 347-358.
Poch, G. (1993). Combined effects of drugs and toxic agents: Modern evaluation in theory and practice.
Springer-Verlag, New York.
Podolsky, D.K., Lynch-Devaney, K., Stow, J.L., Oates, P., Murgue, B., DeBeaumont, M., Sands, B E., and
Mahida, Y.R. (1993). Identification of human intestinal trefoil factor. Goblet cell-specific
expression of a peptide targeted for apical secretion. J. Biol. Chem. 268: 6694-6702.
Polshakov, V I., Williams, M.A., Gargaro, A.R., Frenkiel, T.A., Westley, B.R., Chadwick, M.P., May, F.E.,
and Feeney, J. (1997). High-resolution solution structure of human pNR-2/pS2: a single trefoil
motif protein. J. Mol. Biol. 267: 418-432.
Powell, C.E., Soto, A.M., and Sonnenschein, C. (2001). Identification and characterization of membrane
estrogen receptor from MCF7 estrogen-target cells. J. Steroid Biochem. Mol. Biol. 77: 97-108.
Power, R.F., Conneely, O.M., and O'Malley, B.W. (1992). New insights into activation of the steroid
hormone receptor superfamily. Trends Pharmacol. Sci. 13: 318-323.
Prest, S.J., May, F.E., and Westley, B.R. (2002). The estrogen-regulated protein, TFF1, stimulates
migration of human breast cancer cells. FASEB J. 16: 592-594.
Purdom, C.E., Hardiman, P.A., Bye, V.J., Eno, N.C., Tyler, C.R., and Sumpter, J.P. (1994). Estrogenic
effects of effluents from sewage treatment works. Chem. Eco/. 8: 275-285.

190

Quarmby, V.E. and Korach, K.S. (1984). The influence of 17 beta-estradiol on patterns of cell division in
the uterus. Endocrinology ^^4: 694-702.
Rajapakse, N., Ong, D., and Kortenkamp, A. (2001). Defining the impact of weakly estrogenic chemicals
on the action of steroidal estrogens. Toxicol. Sci. 60: 296-304.
Rajapakse, N., Silva, E., and Kortenkamp, A. (2002). Combining xenoestrogens at levels below individual
no-observed-effect concentrations dramatically enhances steroid hormone action. Environ. Health
Perspect. 11 0:9 17-9 21 .
Ramamoorthy, K., Wang, F., Chen, I.C., Norris, J.D., McDonnell, D.P., Leonard, L.S., Gaido, K.W.,
Bocchinfuso, W .P., Korach, K.S., and Safe, S. (1997). Estrogenic activity of a dieldrin/toxaphene
mixture in the mouse uterus, M CF-7 human breast cancer cells, and yeast-based estrogen
receptor assays: no apparent synergism. Endocrinology 138: 1520-1527.
Ratajczak, T. (2001). ER alpha and ER beta Protein coregulators that mediate estrogen receptor function.
Reprod. Fertll. Dev. 13: 221-229.
Rattenborg, T., Gjermandsen, I., and Bonefeld-Jorgensen, E C. (2002). Inhibition
expression of BRCA1 by persistent organochlorines. Breast Cancer Res. 4: R12-

of E2-induced

Razandi, M., Pedram, A., Greene, G .L , and Levin, E.R. (1999). Cell membrane and nuclear estrogen
receptors (ERs) originate from a single transcript: studies of ERalpha and ERbeta expressed in
Chinese hamster ovary cells. Mol. Endocrinol. 13: 307-319.
Reed, M.J., Cheng, R.W., Noel, C.T., Dudley, H.A., and James, V.H. (1983). Plasma levels of estrone,
estrone sulfate, and estradiol and the percentage of unbound estradiol in postmenopausal
women with and without breast disease. Cancer Res. 43: 3940-3943.
Reiter, L.W., DeRosa, C., Kavlock, R.J., Lucier, G., Mac, M.J., Melillo, J., Melnick, R .L , Sinks, T., and
Walton, B.T. (1998). The U.S. federal framework for research on endocrine disrupters and an
analysis of research programs supported during fiscal year 1996. Environ. Health Perspect. 106:
105-113.
Ribieras, S., Tomasetto, C., and Rio, M.C. (1998). The pS2/TFF1 trefoil factor, from basic research to
clinical applications. Biochim. Biophys. Acta 1378: F61-F77.
Rio, M.C., Bellocq, J.P., Daniel, J.Y., Tomasetto, C., Lathe, R., Chenard, M.P., Batzenschlager, A., and
Chambon, P. (1988). Breast cancer-associated pS2 protein: synthesis and secretion by normal
stomach mucosa. Science 241: 705-708.
Rio, M.C., Chenard, M.P., Wolf, C., Marcellin, L , Tomasetto, C., Lathe, R., Bellocq, J.P., and Chambon, P.
(1991). Induction of pS2 and hSP genes as markers of mucosal ulceration of the digestive tract.
Gastroenterology ^00: 375-379.
Rivas, A., Fernandez, M.F., Cerrillo, I., Ibarluzea, J., Olea-Serrano, M.F., Pedraza, V., and Olea, N. (2001).
Human exposure to endocrine disrupters: standardisation of a marker of estrogenic exposure in
adipose tissue. APMIS 109: 185-197.
Rose, D.P., Connolly, J.M., Chlebowski, R.T., Buzzard, I.M., and Wynder, E.L. (1993). The effects of a
low-fat dietary intervention and tamoxifen adjuvant therapy on the serum estrogen and sex
hormone-binding globulin concentrations of postmenopausal breast cancer patients. Breast
Cancer Res. Treat. 27: 253-262.
Routledge, E.J., Parker, J., Odum, J., Ashby, J., and Sumpter, J.P. (1998). Some alkyl hydroxy benzoate
preservatives (parabens) are estrogenic. Toxicol. Appl. Pharmacol. 15 3 :1 2 -1 9 .
Routledge, E.J., and Sumpter, J.P. (1996). Estrogenic activity of surfanctants and some of their
degradation products assessed using a recombinant yeast screen. Environ. Tox. Chem. 15: 241248.
Ruehlmann, D O., Steinert, J R., Valverde, M.A., Jacob, R., and Mann, G.E. (1998). Environmental
estrogenic pollutants induce acute vascular relaxation by inhibiting L-type C a2+ channels in
smooth muscle cells. FASEB J. 12: 613-619.

191

Russell, K.S., Haynes, M.P., Sinha, D., Clerisme, E , and Bender, J R. (2000). Human vascular endothelial
cells contain membrane binding sites for estradiol, which mediate rapid intracellular signaling.
Proc. Natl. Acad. Sci. U. S. A 97: 5930-5935.
Safe, S. (1990). Polychlorinated biphenyls (PCBs), dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs),
and related compounds: environmental and mechanistic considerations which support the
development of toxic equivalency factors (TEFs). Crit Rev. Toxicol. 21: 51-88.
Safe, S.H. (1995). Environmental and dietary estrogens and human health: is there a problem?
Health Perspect. 103: 346-351.

Environ.

Safe, S.H. (1998). Hazard and risk assessment of chemical mixtures using the toxic equivalency factor
approach. Environ. Health Perspect. 106 SuppI 4: 1051-1058.
Safe, S.H. (2000). Endocrine disrupters and human health-is there a problem? An update.
Perspect. 108: 487-493.

Environ. Health

Saiki, R.K., Gelfand, D.H., Stoffel, S., Scharf, S.J., Higuchi, R., Horn, G.T., Mullis, K.B., and Erlich, H.A.
(1988). Primer-directed enzymatic amplification of DNA with a thermostable D N A polymerase.
Science 239: 487-491.
Saiki, R.K., Scharf, S., Faloona, F., Mullis, K.B., Horn, G.T., Erlich, H.A., and Arnheim, N. (1985).
Enzymatic amplification of beta-globin genomic sequences and restriction site analysis for
diagnosis of sickle cell anemia. Science 230: 1350-1354.
Sathyamoorthy, N., Wang, T.T., and Phang, J.M. (1994). Stimulation of pS2 expression by diet-derived
compounds. Cancer Res. 54: 957-961.
Sato, K., Yamamoto, H., Otsuki, T., Aoto, M., Tokmakov, A.A., Hayashi, F., and Fukami, Y. (1997).
Phosphatidylinositol 4,5-bisphosphate stimulates phosphorylation of the adaptor protein She by cSrc. FEBS Lett. 410: 136-140.
Saunders, P.T., Fisher, J.S., Sharpe, R.M., and Millar, M R. (1998). Expression of oestrogen receptor beta
(ER beta) occurs in multiple cell types, including some germ cells, in the rat testis. J. Endocrinol.
156: R13-R17.
Schafer, J.M., Bentrem, D.J., Takei, H., Gajdos, C., Badve, S. and Jordan, V.C. (2002). A mechanism of
drug resistance to tamoxifen in breast cancer. J. Steroid Biochem. Mol. Biol. 83 (1-5): 75-83.
Schecter, A., Toniolo, P., Dai, L.C., Thuy, L.T., and Wolff, M.S. (1997). Blood levels of D D T and breast
cancer risk among women living in the north of Vietnam. Arch. Environ. Contam Toxicol. 33: 453456.
Schlumpf, M., Cotton, B., Conscience, M., Haller, V., Steinmann, B., and Lichtensteiger, W. (2001). In vitro
and in vivo estrogenicity of UV screens. Environ. Heaith Perspect. 109: 239-244.
Scholze, M., Boedeker, W ., Faust, M., Backhaus, T., Altenburger, R., and Grimme, L H . (2001). A general
best-fit method for concentration-response curves and the estimation of low-effect concentrations.
Environ. Toxicol. Chem. 20: 448-457.
Schmidt, B.M., Gerdes, D., Feuring, M., Falkenstein, E., Christ, M., and Wehling, M. (2000). Rapid,
nongenomic steroid actions: A new age? Front Neuroendochnoi. 21: 57-94.
Schmidt, E.E. and Merrill, G.F. (1991). Changes in dihydrofolate reductase (DH FR ) m RNA levels can
account fully for changes in DHFR synthesis rates during terminal differentiation in a highly
amplified myogenic cell line. Mol. Ceil Biol. 11: 3726-3734.
Schmittgen, T.D., and Zakrajsek, B.A. (2000), Effect of experimental treatment on housekeeping gene
expression: validation by real-time, quantitative RT-PCR. J. Biochem. Bioph. Meth. 46: 69-81.
Schwartz, L.H., Koerner, F.C., Edgerton, S.M., Sawicka, J.M., Rio, M.C., Bellocq, J.P., Chambon, P., and
Thor, A.D. (1991). pS2 expression and response to hormonal therapy in patients with advanced
breast cancer. Cancer Res. 51: 624-628.

192

Seger, R., and Krebs, E.G. (1995). The MAPK signaling cascade.

FASEB J. 9: 726-735.

See, H.S., and Leclercq, G. (2002). Evaluation of potential implication of membrane estrogen binding sites
on ERE-dependent transcriptional activity and intracellular estrogen receptor-alpha regulation in
M CF-7 breast cancer cells. J. Steroid Biochem. Mol. Biol. 8 0 : 109-123.
Sharpe, R.M. (2001). Hormones and testis development and the possible adverse effects of environmental
chemicals. Toxicol. Lett. 120: 221-232.
Sharpe, R.M., and Skakkebaek, N.E. (1993). Are oestrogens involved in falling sperm counts and
disorders of the male reproductive tract? Lancet 34 1:1 392 -13 95 .
Sharpe, R.M., Turner, K.J., and Sumpter, J.P. (1998). Endocrine disrupters and testis development.
Environ. Health Perspect. 106: A220-A221.
Shekhar, P.V., Werdell, J., and Basrur, V S. (1997). Environmental estrogen stimulation of growth and
estrogen receptor function in preneoplastic and cancerous human breast cell lines. J. Natl.
Cancer Inst. 89: 1774-1782.
Shelby, M.D., Newbold, R.R., Tully, D.B., Chae, K., and Davis, V.L. (1996). Assessing environmental
chemicals for estrogenicity using a combination of in vitro and in vivo assays. Environ. Health
Perspect. 104: 1296-1300.
Siebert, P.D., and Fukuda, M. (1985). Induction of cytoskeletal vimentin and actin gene expression by a
tumor- promoting phorbol ester in the human leukemic cell line K562. J. Biol. Chem. 260: 38683874.
Sieber, P.O., and Kellogg, D.E. PCR mimics: competitive DNA fragments for use in quantitative
PCR.(1995). In: PCR2- A practical approach. (McPherson, M.J., Names, B.D. and Taylor, G.R.
Eds.) pp: 135-148, Oxford University Press.
Siebert, P.D., and Larrick, J.W. (1992). Competitive PCR.

Nature 359: 557-558.

Siiteri, P.K. (1981). Extraglandular oestrogen formation and serum binding of oestradiol: relationship to
cancer. J. Endocrinol. 89 SuppI: 119P-129P.
Silva, E., Rajapakse, N., and Kortenkamp, A. (2002). Something from "nothing" - eight weak estrogenic
chemicals combined at concentrations below NO ECs produce signifficant mixture effects.
Environ. Sci. Technol. 36: 1751-1756.
Singer, C.A., Figueroa-Masot, X.A., Batchelor, R.H., and Dorsa, D.M. (1999). The mitogen-activated
protein kinase pathway mediates estrogen neuroprotection after glutamate toxicity in primary
cortical neurons. J. Neurosci. 19: 2455-2463.
Singer, P.L., (1949). Occupational oligospermia.

J.A.M.A. 14 0:1 249 .

Skakkebaek, N.E., Berthelsen, J.G., Giwercman, A., and Muller, J. (1987). Carcinoma-in-situ of the testis:
possible origin from gonocytes and precursor of all types of germ cell tumours except
spermatocytoma. Int. J. Androl 10: 19-28.
Skakkebaek, N.E., Meyts, E.R., and Main, K.M. (2001). Testicular diysgenesis syndrome: an increasingly
common developmental disorder with environmental aspects Hum. Reprod. 16: 972-978.
Smith, C.L. (1998). Cross-talk between peptide growth factor and estrogen receptor signaling pathways.
Biol. Reprod. 58: 627-632.
Smith, C .L , Conneely, O.M., and O'Malley, B.W. (1993a). Modulation of the ligand-independent activation
of the human estrogen receptor by hormone and antihormone. Proc. Natl. Acad. Sci. U. S. A 90:
6120-6124.
Smith, D.F., Sullivan, W .P., Marion, T.N., Zaitsu, K., Madden, B., McCormick, D.J., and Toft, D O. (1993b).
Identification of a 60-kilodalton stress-related protein, p60, which interacts with hsp90 and hsp70.
Mol. Cell Biol. 13: 869-876.

193

Smith, D.F., and Toft, D O. (1993c). Steroid receptors and their associated proteins.
11 .

Mol. Endocrinol. 7: 4-

Smith-Warner, S.A., Spiegelman, □., Adami, H.O., Beeson, W .L , van den Brandt, P.A., Folsom, A.R.,
Fraser, G.E., Freudenheim, J .L , Goldbohm, R.A., Graham, S., Kushi, L.H., Miller, A.B., Rohan,
I.E ., Speizer, F.E., Toniolo, P., Willett, W .C ., Wolk, A., Zeleniuch-Jacquotte, A., and Hunter, D.J.
(2001). Types of dietary fat and breast cancer: a pooled analysis of cohort studies. Int. J. Cancer
92: 767-774.
Snedeker, S.M. (2001). Pesticides and breast cancer risk: a review of DDT, DDE, and dieldrin.
Health Perspect. 109 S u p p 11: 35-47.

Environ.

Sokal. R.R., and Rohlf, E.J. (1981). Biometry. Freeman, San Francisco
Song, R.X., Santen, R.J., Kumar, R., Adam, L , Jeng, M.H., Masamura, S., and Yue, W . (2002). Adaptive
mechanisms induced by long-term estrogen deprivation in breast cancer cells. Mol. Cell
Endocrinol. 193: 29-42.
Soto, A.M., Chung, K .L , and Sonnenschein, C. (1994). The pesticides endosulfan, toxaphene, and dieldrin
have estrogenic effects on human estrogen-sensitive cells. Environ. Health Perspect. 102: 380383.
Soto, A.M., Fernandez, M.F., Luizzi, M.F., Oles Karasko, A S., and Sonnenschein, C. (1997). Developing a
marker of exposure to xenoestrogen mixtures in human serum. Environ. Health Perspect. 105
SuppI 3: 647-654.
Soto, A.M., Sonnenschein, C., Chung, K .L , Fernandez, M.F., Olea, N., and Serrano, F.O. (1995). The ESCR EEN assay as a tool to identify estrogens: an update on estrogenic environmental pollutants.
Environ. Health Perspect. 103 SuppI 7:1 1 3 -1 2 2 .
Sprague, J.B. (1970). Measurements of pollutant toxicity to fish. II. Utilizing and applying bioassay results.
Water Res. 4: 3-32.
Stancel, G.M., Gardner, R.M., Kirkland, J .L , Lin, T.H., Lingham, R.B., Loose-Mitchell, D.S., Mukku, V.R.,
Orengo, C.A., and Verner, G. (1987). Interactions between estrogen and EG F in uterine growth
and function. Adv. Exp. Med. Biol. 230: 99-118.
Steinmetz, R., Young, P.C., Caperell-Grant, A., Gize, E.A., Madhukar, B.V., Ben Jonathan, N., and Bigsby,
R.M. (1996). Novel estrogenic action of the pesticide residue beta- hexachlorocyclohexane in
human breast cancer cells. Cancer Res. 56: 5403-5409.
Stewart, A.J., Johnson, M.D., May, F.E., and Westley, B.R. (1990). Role of insulin-like grov^th factors and
the type I insulin-like growth factor receptor in the estrogen-stimulated proliferation of human
breast cancer cells. J. Biol. Chem. 265: 21172-21178.
Stoica, A., Saceda, M., Doraiswamy, V .L , Coleman, C., and Martin, M B. (2000a). Regulation of estrogen
receptor-alpha gene expression by epidermal growth factor. J. Endocrinol. 165: 371-378.
Stoica, A., Saceda, M., Fakhro, A., Joyner, M., and Martin, M B. (2000b). Role of insulin-like growth factor-1
in regulating estrogen receptor- alpha gene expression. J. Cell Biochem. 76: 605-614.
Suchar, L A ., Chang, R .L , Rosen, R.T., Lech, J.,. and Conney, A H. (1995). High-performance liquid
chromatography separation of hydroxylated estradiol metabolites: formation of estradiol
metabolites by liver microsomes from male and female rats. J. Pharmacol. Exp. Ther. 272: 197206.
Sumida, A., Fukuen, S., Yamamoto, I., Matsuda, H., Naohara, M., and Azuma, J. (2000). Quantitative
analysis of constitutive and inducible CYPs mRNA expression in the HepG 2 cell line using
reverse transcription- competitive PCR. Biochem. Biophys. Res. Commun. 267: 756-760.
Sumpter, J.P. (1995). Feminized responses in fish to environmental estrogens.
742.

Toxicol. Lett. 82-83: 737-

194

Sumpter, J.P. and Jobling, 8. (1995). Vitellogenesis as a biomarker for estrogenic contamination of the
aquatic environment. Environ. Health Perspect. 103 SuppI 7 : 173-178.
Swan, S.H. (2000). Intrauterine exposure to diethylstilbestrol: long-term effects in humans.
793-804.

APMIS 108:

Swan, S.H., Elkin, E.P., and Fenster, L. (2000). The question of declining sperm density revisited: an
analysis of 101 studies published 1934-1996. Environ. Health Perspect. 108: 961-966.
Tasset, D., Tora, L , Fromental, C., Scheer, E., and Chambon, P. (1990). Distinct classes of transcriptional
activating domains function by different mechanisms. C e //62: 1177-1187.
Teschke, K., Kelly, S.J., Wiens, M., Hertzman, 0 ., Dimich-Ward, H., Ward, J.E., and Van Oostdam, J.C.
(1993). Concentrations of organochlorine pesticides in the adipose tissue of British Columbia
residents. Can. J. Public Health B4: 192-196.
Thim, L. (1989). A new family of growth factor-like peptides. Trefoil' disulphide loop structures as a
common feature in breast cancer associated peptide (pS2), pancreatic spasmolytic polypeptide
(PSP), and frog skin peptides (spasmolysins). FEBS Lett. 250: 85-90.
Thim, L. (1997). Trefoil peptides: from structure to function.

Cell Mol. Life Sci. 53: 888-903.

Thorpe, K .L , Hutchinson, T.H., Hetheridge, M.J., Scholze, M., Sumpter, J.P., and Tyler, C.R. (2001).
Assessing the biological potency of binary mixtures of environmental estrogens using vitellogenin
induction in juvenile rainbow trout (Oncorhynchus mykiss). Environ. Sci. Technol. 35: 2476-2481.
Tian, Y., Ke, S., Thomas, T., Meeker, R.J., and Gallo, M.A. (1998). Regulation of estrogen receptor mRNA
by 2,3,7,8-tetrachlorodibenzo-p- dioxin as measured by competitive RT-PCR. J. Biochem. Mol.
Toxicol. 12: 71-77.
Tice, D.A., Biscardi, J.S., Mickles, A.L., and Parsons, S.J. (1999). Mechanism of biological synergy
between cellular Src and epidermal growth factor receptor. Proc. Natl. Acad. Sci. U. S. A 96:
1415-1420.
Tomasetto, C., Rio, M.C., Gautier, C., Wolf, C., Hareuveni, M., Chambon, P., and Lathe, R. (1990). hSP,
the domain-duplicated homolog of pS2 protein, is co-expressed with pS2 in stomach but not in
breast carcinoma. EMBO J. 9: 407-414.
Tong, □., Schneeberger, C., Czerwenka, K., Schmutzler, R.K., Speiser, P., Kucera, E., Concin, N.,
Kubista, E., Leodolter, S., and Zeillinger, R. (1999). Messenger RNA determination of estrogen
receptor, progesterone receptor, pS2, and plasminogen activator inhibitor-1 by competitive
reverse transcription-polymerase chain reaction in human breast cancer. Clin. Cancer Res. 5:
1497-1502.
Toniolo, P.G. (1997). Endogenous estrogens and breast cancer risk: the case for prospective cohort
studies. Environ. Health Perspect. 105 SuppI 3: 587-592.
Toniolo, P.G., Levitz, M., Zeleniuch-Jacquotte, A., Banerjee, S., Koenig, K .L , Shore, R.E., Strax, P., and
Pasternack, B.S. (1995). A prospective study of endogenous estrogens and breast cancer in
postmenopausal women. J. Natl. Cancer Inst. 8 7 : 190-197.
Toppari, J., Larsen, J.C., Christiansen, P., Giwercman, A., Grandjean, P., Guillette, L.J., Jr., Jegou, B.,
Jensen, T.K., Jouannet, P., Keiding, N., Leffers, H., McLachlan, J.A., Meyer, O., Muller, J.,
Rajpert-De Meyts, E., Scheike, T., Sharpe, R., Sumpter, J., and Skakkebaek, N.E. (1996). Male
reproductive health and environmental xenoestrogens. Environ. Health Perspect. 104 SuppI 4:
741-803.
Tora, L , White, J., Brou, C., Tasset, □., Webster, N., Scheer, E., and Chambon, P. (1989). The human
estrogen receptor has two independent nonacidic transcriptional activation functions. Cell 59:
477-487.
Tremblay, A. and Giguere, V. (2001). Contribution of steroid receptor coactivator-1 and CR EB binding
protein in ligand-independent activity of estrogen receptor beta. J. Steroid Biochem. Mol. Biol. 77:
19-27.

195

Tremblay, G.B., Tremblay, A., Copeland, N.G., Gilbert, D.J., Jenkins, N.A., Labrle, F., and Giguere, V.
(1997). Cloning, chromosomal localization, and functional analysis of the murine estrogen
receptor beta. Mol. Endocrinol. 11: 353-365.
Tretli, S. (1989). Height and weight in relation to breast cancer morbidity and mortality. A prospective study
of 570,000 women in Norway. Int. J. Cancer 44: 23-30.
Trichopouios, D., MacMahon, B., and Cole, P. (1972). Menopause and breast cancer risk.
Inst. 48: 605-613.

J. Natl. Cancer

Tsai, E.M., Wang, S.C., Lee, J.N., and Hung, M.C. (2001). Akt activation by estrogen in estrogen receptornegative breast cancer cells. Cancer Res. 61: 8390-8392.
Twamleystein, G.M., Pepperkork, R., Ansorge, W ., and Courtneidge, S.A. (1993). The Src family tyrosine
kinases are required for platelet-derived growth factor mediated signal transduction in NIH 3T3
cells. P.N.A.S. 90: 7696-7700.
Liberia, K., Platzer, C., Diamantstein, T., and Blankenstein, T. (1991). Generation of competitor DNA
fragments for quantitative PCR. PCR Methods Appl. 1 : 136-139.
Ullrich, A., Coussens, L , Hayflick, J.S., Dull, T.J., Gray, A., Tam, A.W., Lee, J., Yarden, V., Libermann,
T.A., Schlessinger, J., and . (1984). Human epidermal growth factor receptor cD NA sequence
and aberrant expression of the amplified gene in A431 epidermoid carcinoma cells. Nature 309:
418-425.
Ullrich, A. and Schlessinger, J. (1990). Signal transduction by receptors with tyrosine kinase activity.
6 1 :2 0 3 -2 1 2 .

Cell

Ursin, G., Ross, R.K., Sullivan-Halley, J., Hanisch, R., Henderson, B., and Bernstein, L. (1998). Use of oral
contraceptives and risk of breast cancer in young women. Breast Cancer Res. Treat. 50: 175184.
Ushiro, H. and Cohen, S. (1980). Identification of phosphotyrosine as a product of epidermal growth factoractivated protein kinase in A-431 cell membranes. J. Biol. Chem. 255: 8363-8365.
Van der Hoeven, N. (1997). How to measure no effect. Part I. Towards a new measure of chronic toxicity
in ecotoxicology. Introduction and workshop results. Environmetrics 8: 241-248.
V an ’t Veer, P., Lobbezoo, I.E., Martin Moreno, J.M., Guallar, E., Gomez Aracena, J., Kardinaal, A.F.M.,
Kohlmeier, L , Martin B.C., Strain, J.J., Thamin, M., van Zooner, P., Baumann, B.A., Huttunen,
J.K., and Kok, F.J. (1997). DD T (dicophane) and postmenopausal breast cencer in Europe: Casecontrol study. B.M.J. 315: 81-85.
Vignon, F., Bouton, M.M., and Rochefort, H. (1987). Antiestrogens inhibit the mitogenic effect of growth
factors on breast cancer cells in the total absence of estrogens. Biochem. Biophys. Res.
Commun. 146: 1502-1508.
Vladusic, E.A., Hornby, A.E., Guerra-Vladusic, F.K., and Lupu, R. (1998). Expression of estrogen receptor
beta messenger RNA variant in breast cancer. Cancer Res. 58: 210-214.
vom Saal, F.S., Nagel, S.C., Palanza, P., Boechler, M., Parmigiani, S., and Welshons, W .V. (1995).
Estrogenic pesticides: binding relative to estradiol in M CF-7 cells and effects of exposure during
fetal life on subsequent territorial behaviour in male mice. Toxicol. Lett. 77: 343-350.
Wakeling, A.E., Dukes, M., and Bowler, J. (1991). A potent specific pure antiestrogen with clinical
potential. Cancer Res. 51: 3867-3873.
Waliszewski, S.M., Pardio, V.T., Waliszewski, K.N., Chantiri, J.N., Infanzon, R.M., and Rivera, J. (1996).
Detection of some organochlorine pesticides in cow's milk. FoodAddlt. Contam 13: 231-235.
Walter, P., Green, S., Greene, G., Krust, A., Bornert, J.M., Jeltsch, J.M., Staub, A., Jensen, E., Scrace, G.,
Waterfield, M., et al. (1985). Cloning of the human estrogen receptor cDNA. Proc. Natl. Acad. Sci.
U.S.A. 82:7889-7893.

196

W ang, A.M., Doyle, M.V., and Mark, D.F. (1989). Quantitation of mRNA by the polymerase chain reaction.
Proc. Natl. Acad. Sci. U. S. A. 86: 9717-9721.
Watters, J.J., Campbell, J.S., Cunningham, M.J., Krebs, E.G., and Dorsa, D.M. (1997). Rapid membrane
effects of steroids in neuroblastoma cells: effects of estrogen on mitogen activated protein kinase
signalling cascade and c- fos immediate early gene transcription. Endocnnology 138: 4030-4033.
W atzka, M., W aha, A., Koch, A., Schmutzler, R.K., Bidlingmaier, F., von Deimling, A , Klingmuller, D., and
Stoffel-Wagner, B. (1997). An optimized protocol for m RNA quantification using nested
competitive RT-PCR. Biochem. Biophys. Res. Commun. 231: 813-817.
Welch, R.M., Levin, W ., and Conney, A H. (1969). Estrogenic action of DDT and its analogs.
Pharmacol. 14: 358-367.

Toxicol. Appl.

Welsh, T.H., Jr., Jones, P.B., Ruiz de Galarreta, C M., Fanjul, L.F., and Hsueh, A.J. (1982). Androgen
regulation of progestin biosynthetic enzymes in FSH-treated rat granulosa cells in vitro. Steroids
40: 691-700..
White, E., Lee, C.Y., and Kristal, A.R. (1990). Evaluation of the increase in breast cancer incidence in
relation to mammography use. J. Natl. Cancer Inst. 82: 1546-1552.
W HO . (1993). Environmental Health criteria 140: Polychlorinated biphenyls and terphenyls. 2"*^ ed. World
Health organisation.
W HO . The World Health Report 1997: Conquering suffereing- Enriching humanity. World Health
Organisation (1997). Parkin, D M., Whelan, S .L , Ferlay, L , Raymond, L , Youngs, J. : Eds.
Cancer incidence in five continents. Vol VII. lARC Scientific Publications No. 143. Lyon:
International Agency for Research on Cancer.
Wiese, T.E and Kelce, W .R. (1997). And introduction to environmental oestrogens.
16: 648-653

Chem. ind.-London.

Williams, R., Stamp, G.W., Gilbert, C., Pignatelli, M., and Lalani, E.N. (1996). pS2 transfection of murine
adenocarcinoma cell line 410.4 enhances dispersed growth pattern in a 3-D collagen gel. J. Ceil
Sci. 109 (P ti): 63-71.
Wolff, M.S., Toniolo, P.G., Lee, E.W., Rivera, M., and Dubin, N. (1993). Blood levels of organochlorine
residues and risk of breast cancer. J. Natl. Cancer Inst. 85: 648-652.
Wolff, M.S., Zeleniuch-Jacquotte, A., Dubin, N., and Toniolo, P. (2000). Risk of breast cancer and
organochlorine exposure. Cancer Epidemiol. Biomarkers Prev. 9: 271-277.
Wong, C.W ., McNally, C., Nickbarg, E., Komm, B.S., and Cheskis, B.J. (2002). Estrogen receptorinteracting protein that modulates its nongenomic activity-crosstalk with Src/Erk phosphorylation
cascade. Proc. Natl. Acad. Sci. U. S. A 99: 14783-14788.
Wright, N.A., Poulsom, R., Stamp, G.W ., Hall, P.A., Jeffery, R.E., Longcroft, J.M., Rio, M.C., Tomasetto,
C., and Chambon, P. (1990). Epidermal growth factor (EG F/UR O ) induces expression of
regulatory peptides in damaged human gastrointestinal tissues. J. Pathol. 162: 279-284.
Xiang, Z., Yang, Y., Ma, X.J. and Ding, W. (2003) Microarray expression profiling: Analysis and
applications. Curr. Opin. Drug Di. De. 6: 384-395.
Yee, D. and Lee, A.V. (2000). Crosstalk between the insulin-like growth factors and estrogens in breast
cancer. J. Mammary. Gland. Biol. Neoplasia. 5 : 107-115.
Zacharewski, T. (1997).
29:2140-2146.

in vitro assays used to assess estrogenic substances. Environ. Sci. Technol.

Zacharewski, T.R., Bondy, K .L , McDonell, P., and Wu, Z.F. (1994). Antiestrogenic effect of 2,3,7,8tetrachlorodibenzo-p-dioxin on 17 beta- estradiol-induced pS2 expression. Cancer Res. 54: 27072713.

197

Zacharias, D.A., Garamszegi, N., and Strehler, E.E. (1994). Characterization of persistent artifacts
resulting from RT-PCR of alternatively spliced mRNAs. Biotechniques 17: 652-655.
Zava, D.T., Bien, M., and Duwe, G. (1997). Estrogenic activity of natural and synthetic estrogens in human
breast cancer cells in culture. Environ. Health Perspect. 105 SuppI 3: 637-645.
Zhang, J., and Byrne, C.D. (1997a). A novel highly reproducible quantitative competitve RT PCR system.
J. Mol. Biol. 274: 338-352.
Zhang, J. and Byrne, C.D. (1999). Differential priming of RNA templates during cDNA synthesis markedly
affects both accuracy and reproducibility of quantitative competitive reverse-transchptase PCR.
Biochem. J. 337 ( Pt 2): 231-241.
Zhang, J., Desai, M., Ozanne, S.E., Doherty, C., Hales, C.N., and Byrne, C.D. (1997b). Two variants of
quantitative reverse transcriptase PCR used to show differential expression of alpha-, beta- and
gamma-fibrinogen genes in rat liver lobes. Biochem. J. 321 ( Pt 3): 769-775.
Zheng, T., Holford, T.R., Mayne, S T., Owens, P H., Ward, B., Carter, D., Dubrow, R., Zahm, S.H., Boyle,
P., and Tessari, J. (1999a). Beta-benzene hexachloride in breast adipose tissue and risk of
breast carcinoma. Cancer B5: 2212-2218.
Zheng, T., Holford, T.R., Mayne, S.T., Tessari, J., Owens, P H., Zahm, S.H., Zhang, B., Dubrow, R., Ward,
B., Carter, D., and Boyle, P. (1999b). Environmental exposure to hexachlorobenzene (HCB) and
risk of female breast cancer in Connecticut. Cancer Epidemiol. Biomarkers Prev. 8: 407-411.
Zhu, B.T., Roy, D., and Liehr, J.G., (1993). The carcinogenic activity of ethinyl estrogens is determined by
both their hormonal characteristics and their conversion to catechol estrogens. Endocrinology
131:655-611.
Zhou, N.M., Matthys, P., Polacek, C., Fiten, P., Sato, A., Billiau, A., and Froyen, G. (1997). A competitive
R T-PC R method for the quantitative analysis of cytokine mRNAs in mouse tissues. Cytokine 9:
212-218.
Zimmermann, K. and Mannhalter, J.W. (1996). Technical aspects of quantitative competitive PCR.
Biotechniques 21: 268-269.
Zimmermann, S. and Moelling, K. (1999). Phosphorylation and regulation of Raf by Akt (protein kinase B).
Science 2B6: 1741-1744.

198

