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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 concentration- 
response 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 p- 
HCH 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 transcription- 
competitive 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
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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

13



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

AndrostenedioneDehydroepiandrosterone

OH

OestroneTestosterone

p H,0H

•OH

OestriolOestradiol

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 Serum levels (pmoles/l)

Male - < 3 7 - 2 1 0

Female Follicular < 37 - 360

Mid-cycle 625 - 2830

Luteal 6 9 9 -  1250

Post-menopausal < 37 - 250

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 O- 

methylation, 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 of 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 AF-2
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149 214 248 500 530

ERP

LBDDBD

Figure 1.2. Comparison of the structures of E R a and ERp. The figures 
above the receptor representations indicate the number of amino acids, with 
number 1 being the N-terminal. The numbers within ERp represent the 
percentage of homology between the different domains. AF-1 and AF-2 are 
the transcriptional activation functions 1 and 2 respectively, DBD represents 
the DNA binding domain and LBD the ligand binding domain.

Like other members of the superfamily, both E R  forms (E R a  and E R p )  

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 ) of target genes (Gronemeyer et 
al., 1991). The carboxyl-terminal region E 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 E R  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/mitogen- 
activated 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.

Growth factors Oestrogens

Raf/MEKK

MAPKK/MEK

MAPKs/Erk

Cell membrane

Nucleus

! '# A F , 2
CBP/300

AF-1
AF-1 G ene  

transcription

Figure 1.3. Schematic representation for ER ligand dependent and 
independent activation. The ligand independent activation of the ER is 
triggered by growth factor signalling pathways through activation of the 
Ras/Raf/M APK cascade. This leads to phosphorylation of ER AF-1 serine 
residues. Phosphorylated AF-1 will then allow a functional interaction with 
coactivators such as SR C -1, which results in receptor-mediated  
transactivation of target genes. Activation of the ER by growth factors does 
not exclude the oestrogen-mediated activation pathway 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”.
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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 albumin- 

bound 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.

21



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 40- 

60 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 case- 

control 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 (Mussalo- 

Rauhamaa 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 dose- 

response 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
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between growth factor signalling pathways and ER activation These 

observations led us to question whether oestrogen-like chemicals, such as p- 

HCH, 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 OF 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 0.3nM )

0.6

Expected effect (2 X 0.3pM )0.4

Effect at O.SpM0.2

0.0
0.1 1 10

Concentration (pM)

Figure 2.1. Demonstration of the inappropriateness of 
Effect summation for mixtures of agents with sigmoidal 
dose-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 0.17 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 (2x0.3 nM) 
will produce an effect of 2x0.17 = 0.34 units (dashed line). In 
fact, the dose-response curve shows that 0.6 pM of this 
compound induces a response of 0.68 (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.

A
1.00

_  0 .7 5Ü
^ 0 . 5 0

0 .2 5 Dose [Z]

Dose [Y]

B
0.5 effect isobole

Dose [Y]

Figure 2.2. Derivation of 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 measured (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 means a number 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. The 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 of 

xenoestrogens where the combination effect predictions derived 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.).

V  Estrogen 

M  Estrogen receptor 

OS Activated receptor 

A  p-Galactosidase

nucleus

cytoplasm

CPRG 
(yellow)

CPR
assay (red) 

medium

Figure 2.3, Schematic of the YES. The hERa, 
integrated into the main genome, is expressed 
(1) in a form capable of binding to oestrogen 
response elements (ERE) 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 enzym e p- 
galactosidase. This enzyme is secreted into the 
medium (5), where it acts to convert the 
chromogenic substrate CPRG  (6), into 
chlorophenol red, a change that is measured 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’-isopylidene- 

diphenol; 97% purity) from Acros Organics (Geel, Belgium), 4’-chloro-4- 

biphenylol (+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 96- 

well, 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 fe 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

Z p ,>  D , " '
(2.5) EC„„

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 concentration- 

response models by using the inverse expression of the asymmetric Hill 

function.

i i-p

(2 .6 ) ECj = EC 50 X
M a x - M in  

( c - M l n ) - 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 ) TEQ  = ECmi, = 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 of potency, the concentrations of E2 and of

test agent i that induce the same effect (effect concentrations) were used:

E C d
(2 .8 ) TEFj = ^

ECj
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where ECr is the effect concentration of the reference compound (E2) and E C j  

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 ) ^mix -  ^max ^ ®mix ^mix ~  ^max 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-experimental variability of data obtained in
the YES for genistein. Replicate data (orange and grey 
circles) for experiments run on separate occasions. The  
regressions fit to the separate experiments using the 
asymmetric 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-4- 
biphenylol 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. UVscreens

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, 2,4- 

dihydroxybenzophenone was more potent than communicated by these 

authors, presenting a median effect concentrations of 0.7 pM vs 4 pM.
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Figure 2.6. C oncentration-response analysis  fo r 2 ,4 - 
dihydroxybenzophenone and resorcinol m onobenzoate .
Experim ents w ere carried out in duplicate and repeated  at least 
tw ice. D ata w ere fitted to the best fit regression m odel asym m etric  
Hill function. For explanation of symbols see Figure 2 .5 .
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2.7.2.3. Benzyl-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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Figure 2.7. C oncentration-response curve fo r benzyl-4- 
hydroxyparabene. D ata from three independent experim ents  
w ere  fitted to the asym 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 were run three times in duplicate and fitted to the 
asymmetric 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 (4,5,7- 

trihydroxyisoflavone). 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. Experiments 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^

X50 (pM) P Max

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

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

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 1.35x10-3

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 dose- 
response 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.

2.0

3
(Q 1.6

8c 1.4 TE F
Mixture

ES

T3
2

C A -0.6I 0.4

0.2

0.0

1 0 ’ 10» 10 ’

Concentration (pM)

Figure 2.10. Predicted and observed effects of a mixture of all 
tested oestrogenic chemicals. 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 estimates of mean responses (shading). The red solid line 
shows the predicted combination effects derived from concentration 
addition. The line labelled lA is the prediction derived from independent 
action, ES is effect summation and TEF the toxicity equivalency factor 
approach. The solid and dashed horizontal lines are the mean and 
95%  confidence interval of the mean 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 concentration- 

response 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 clear- 

cut, 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 LOW  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 ofNOECs

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. Results

3.3.1. Oestrogen icity o f the individual compounds.

All tested agents induced activation of the hERa 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.

Compound^ Fraction 
In mix*

NOEC
(pM)

ECqi
(pMr

Gone (pM) in 1.43 
pM mixture‘s

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

® 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).

% 0.3 -

T> 0 .2  -

T  T ' T ' T  T - r  ' T

1 2 3 4 5 6 7 8 ES CA MIX

Compound

Figure 3.2. Effects of individual mixture components 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 estimate of mean 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 EC01. 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 EC01, 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

74



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 (RT- 

CPCR) -  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 ligand- 

independent 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 p- 

HCH. 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 hormone- 

independent activation of ER by growth factors leads to phosphorylation of 

amino acid residues, namely Ser̂ ^®, 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

Figure 4.1. The hum an trefo il peptide TFF1. The
circles correspond to the amino acid sequence 
(Jakowlew et a!., 1984). The 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). Adapted 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 ligand- 

independent 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 oestrogen- 

responsive 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-polymerase 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.).

Competitor RNA  

^ T a rg e t mRNA

CRT- PCR RT-cPCR

■ d J J
1 2 3 4 5 6

I
RT reaction

I

Target mRNA

Target and mimic 
cDNA ID
PCR

I
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1 2 3 4 5 6

i
RT reaction

PCom petitor DNA

E H cl J  J
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Figure 4.2. Comparison between the oRT-PCR and RT-cPCR protocols. In c R T -  
PG R, fixed am ounts of target m R N A  are m ixed with decreasing am ounts of 
com petitor R N A . R everse transcription is perform ed, followed by P C R . T h e  sam ples  
are then analysed by agarose gel electrophoresis and the intensity of the resulting  
bands determ ined. W hen  the ratio target/com petitor equals 1, the initial am ount of 
target m R N A  corresponds to the am ount of competitor. In R T -cP C R , a set am ount of 
target m R N A  is reverse transcribed into cD NA. Then, a dilution series of com petitive  
D N A  is added to fixed am ounts of the target cD N A . P C R , gel electrophoresis and  
analysis of the sam ples are perform ed as for cR 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. Normalisation o f the amount o f mRNA in samples 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 p- 

HCH 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 RT- 

competitive PCR technique, when using DNA heterologous competitors and p- 

actin 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 chemicals

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 GLUTAMAX- 

1 (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. Removal 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. Cell treatment

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 purity

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
absorbances at 26 0  and 28 0  nm, as well as  
the ratios Abs 2 6 0 /2 8 0  are presented In 
Tab 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 Abs 2 6 0 /2 8 0  w ere calculated from the values of 
absorbance obtained from the sam ples’ U V  spectrum . T h e se  ratios represent protein 
contam ination levels for each of the analysed sam ples. All the ratios w ere higher that the set 
value of 1.7, indicating acceptable purity. Only R N A  sam ples yielding ratios higher than this 
value w ere considered suitable to be used in further experim ents.

Sample Absorbance Ratio Abs 260/280

260 nm 280 nm
1 0 .1 80 0.091 1.98

2 0 .2 30 0 .1 10 2 .1 0

3 0 .2 68 0 .1 45 1.85

4 0 .270 0 .1 45 1.86

5 0 .3 40 0 .1 86 1.83

6 0 .3 57 0 .195 1.83

7 0 .3 98 0 .2 19 1.82
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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 ilutionfactor x A b s 2 6 0 n m  x 4 0
1000

4.5.6. Primer 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' Target size (bp)

T F F 1
Forw ard

R eve rse

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

A C C A C A A T T C T G T C T T T C A C G G G G
146

p-actin
Forw ard

R everse

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

G A T G G A G T T G A A G G T A G T T T
2 5 3

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 A TC C C TG A C T CGGGGTCGCC TTTGG AG CAG AGAGGAGGCA ATGG CCACCA TGGAGAACAA

F o r w a r d  p r i m e r  5 '  - TTTGG AG CAG AGAGGAGGCA ATG  - 3 '

61 G G TG ATCTG C G CCCTGGTCC TG G TG TC C A T G CTG GCCCTC GGCACCCTGG CCGAGGCCCA

1 2 1 GACAGAGACG TG TACAG TG G CCCCCGGTGA AAGACAGAAT T G T G G T T T T C C TG G TG TC A C

R e v e r s e  p r i m e r  3 -  GGGGCACT T T C T G T C T T A A C A C C A -5 '

1 8 1 G CCCTCCCAG TG TG C A A A TA AGGGCTGCTG TTTC G A C G A C AC CG TTC G TG G GG TCCCCTG

2 4 1 G T G C T T C T A T CC TA A TA C C A TCGACG TCCC TCCAGAAGAG G AG TG TG A AT T T T A G A C A C T

3 0 1 TCTGCAG GG A TC TG C C TG C A TCCTGACGGG G TGCCG TCCC CAGCACGGTG A T T A G T C C C A

3 6 1 G AGCTCGGCT GCCACCTCCA CCGGACACCT CAGACACGCT TC TG C AG CTG TG C C TC G G C T

A ' y ^ CACAACACAG A T TG A C TG C T C T G A C TTT G A C T A C TC A A A A TTG G C C TA A A A A TTA A A A G A

(

8 4 1  A TTG C AC CA C CACTGGCGGC CG TG AC TCTG  TG TAAAG GCA TA G C TG G TG A TG C TG A TC A G
9 0 1  A G C C TC TG TA  G TC TT A A A TG  A C T T T T C T A A  C T A A T T C T A A  A T C TTC A G A A  C C C A TC G TA T

9 6 1 1  AAAAAGGCCA TA C C TTC T G G  AGGGACGTCG A T G G TA T TA G  G ATAGAAG CA CCAGGGGACC
0 2 1 1  CCACGAACGG TG TCG TC G A A ACAGCAGCCC T T A T T T G C A C  ACTGGGAGGG CG TG ACACCA
0 8 1 1  GGAAAACCAC 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
1 4 1 1  -GTAAGAAGCA /vAGTAAG’iT G  TGGGt. i CAA'r T C C T T G A T G T  lA T C A T G C A C  A C AC CC ATC C
2 0 1 1  A G G TTC C TTC  TC CA ATG AC A TGAGCAAGTG TCGAGTGAGG CG G ATA TAA A ACCCTCAGG A
2 6 1 1  - : GAGAGGG AGACGTGGTC G TC A G A 'IC G T G A'IGTG G AAA CA TTA C G G TC  AGGGAAAATG
3 2 1 1  JAAGGTGCCG CA G G TTTG TG  G AG TTTG G A T 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
3 3 8 1  A A TTTC A A G A  A A T G A T T A T T  A A A T T 'i’TAG']' CAATAG.A'l'AA A T A l'T T A C T G  A G C A C C A TT T

( .  . . )
3 9 6 1  AGTCTCCACC T G C T T T T G C C  G ATC CTG TAA A T IG G A T A T A  C T TTTA A G G G  CCTAGAACAG
4 0 2 1  CACGTGGGAG AAAAGAGG'I'G GTCAAAAAGA 'i 'A 'i/-/i'G TA AA ACAGTGGCTG CTGGCGGAGG
4 0 8 1  G '^G tXAG AG C TGGGGGTGGC CCGACAGAGC AG'.AA.'V.AG'': ACG C CTTAC C TG TCTG G G C C
4 1 4 1  TCGGCCAGGG TGCCGAGGGC CAGCATGGAC ACCAGGACCA GGGCGCAGAT C A C C T T G T T C
4 2 0 1  TC CA TG G TG G  C C A TTG C C TC  C TC TG TG G TC  GAAAGGCGAC CCCGAGTCAG G G A T / /

Figure 4.4. Selection of gene specific primers. Panel A shows the sequence of TFF1  
m R N A , Forward and R everse primers. In red is represented the sequence w here  primers 
anneal. T h e  expected cD N A  product is 146 bp long. Panel B indicates the sequence of 
TFF 1 genom ic DNA. T h e  sequence in red corresponds to the prim er recognition sites. In 
blue are m arked the sections of the two exons that will be transcribed into m R N A  and  
am plified by the selected primers. T h e  sequence in grey represents the interm ediate  
intron. Forward and R everse primers w ere selected so that they annealed  in two different 
exons. This prevented exponential amplification of possible contam inating genom ic DNA.

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 1 1 1 1

^  11111>
Composite primers Heterologous DNA fragment

1TPCR with 
,, composite primers

I I I I I'

-------- fe_________________

1

4 --------------------

2"  ̂ PCR with gene 
r specific primers

1
Purification of PCR 

, 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. Com posite primers have 
two distinct nucleotide sequences: the pBiuescript binding sequence (higher case) that anneal 
to the ends of the plasmid during the first step of the mimic’s generation, yielding a fragm ent 
with the gene’s specific primers (lower case) incorporated on each end.

CDNA Primer sense Composite primer sequence 5' to 3’ Mimic size 
(bp)

TFF1 C
Forward

Reverse

TttggagcagagaggaggcaatgTT CT CTT ACT GT CAT GCCATCC 

AccacaattctgtctttcacggggTTCCGTGTCGCCCTTATTC
390

p-actin C
Forward

Reverse

T gctatccaggctgtgctatTT CT CTTACT GT CAT GCCAT CC 

GatggagttgaaggtagtttTT CCGT GTCGCCCTT ATT C
383

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. Competitive polymerase 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> 0.00 -
P
5

43 -0.05 -
2

-0.10 -
_l

-0.15 -

-0.20 -

•

y = 0.213 x -0.2075
= 0.989

-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 sample gel.
The logarithm of the ratio of amplified target to mimic is graphed as a 
function of the logarithm of the known concentration of the mimic added  
to the PC R  reaction. Note that when the molar ratio of target and 
competitor is equal to 1 (log of ratio = 0), it is possible to estim ate the 
am ount of target in the sample. In this particular case, the molar am ount 
of mimic equals the molar am ount of target when its concentration is log 
(-0 .975), i.e. 0 .106  fmoles/^l. This is, therefore, the concentration of the 
target cD N A  in the sample tested. Also shown is the 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 -

r r  650

600 -

550 -

500 -

450
26

Cycle num ber

Figure 4.8. Kinetics of the PCR amplification of the target
and competitor. Target cD N A  (blue line and sym bols) and  
mimic (in red) w ere co-am plified by P C R  as described in 
Section 4.5.9. Aliquots of sam ples w ere  taken at 22 , 23 , 25, 
27, 29  and 31 cycles and separated by electrophoresis on a 
2 %  agarose gel. T h e  gel w as stained with ethidium brom ide  
and photographed. T h e  intensity of the resulting bands w as  
analysed densitom etrically and the a re a  under the curve  
(A U C ) (arbitrary units, a .u .) plotted against cycle num ber. 
D ata points represent m ean ±  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 mimic amplification

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 ifferent P C R s  
w ere  conducted by adding th e  sa m e  am ou n t of target c D N A  to  
increasing concentrations of m im ic. Log (ratio ta rget/m im ic) 
w ere  plotted against Log (m im ic concentrations). T h e  standard  
curve w as obta ined  by linear regression.
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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 ab le  4 .4 . S in g le  v a lu es  o f TFF1 co ncen tra tio n  fo r  each  o f th e  rep etitio n s  o f th e  
e x p erim en ts  describ ed  in a), b), c) and d). The data is presented for both untreated controls 
and treatm ents with 100 pM E2 for 24 h. Final results are presented as m ean ±  S EM  of the 
single values with number of observations equal to three. Rep. represents each repeat of the 
sam e experim ent, variation Is the coefficient of variation of the S E M s associated with each of 
the experiments.

TFF1 co n cen tra tio n  (fm o les /p l)

Rep. 1 R ep. 2 R ep. 3 M ean  ±  SEM V aria tio n

a) step 1 -4 Control 0 .0057 0 .0017 0.0012 0 .0 0 2 9  ± 0 .0 0 1 4 49.9%

E2 0.208 0.0490 0 .0473 0 .1 0 1 4  ± 0 .0 5 3 3 52.5%

b) step 2 -4 Control 0 .0057 0.0075 0.0031 0 .0 0 5 4  ± 0 .0 0 1 3 0 24 .2%

E2 0.208 0 .322 0 .138 0 .2 2 2 7  ±  0 .0536 24 .1%

c) step 3 -4 Control 0 .0057 0 .0045 0.0051 0.0051 ±  0 .00035 6 .79%

E2 0.208 0.195 0 .213 0 .2 0 5 3  ±  0 .00536 2 .61%

d) step 4 Control 0 .0057 0 .0056 0 .0059 0 .0057  ±  8 .0 9 E -0 5 1.40%

E2 0.208 0.205 0 .205 0 .206  ±  0.001 0 .48%

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%.

108



6 0  1

50 H

40

.2  30

20 -

10  -

Control

T reatment

Cell culture and RNA isolation
RT
PCR
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Figure 4.10. Contribution of each individual step to the overall assay 
variability. T h e  data w as calculated from the variation va lues presented in 
T ab le  4 .4 . As an exam ple: the variation associated with the quantitative  
analysis (step 4) of control TFF1 sam ples w as 1 .40% . T h e  variation of 
P C R  and quantitative analysis (steps 3 -4 ) w as 6 .7 9 % . Therefo re , the  
variation associated with the PC R  step only, w as 6 .7 9  - 1 .40, i.e. 5 .3 9%  
(P C R  band on the graph). T h e  sam e procedure w as conducted for the 
rem aining 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). Total variation corresponds to the variation of the S E M s of the final 
result.

Sample TFF1 Conc 
(fmoles/pl)

p-actin Conc 
(fmoles/pl) TFF1/p-actin ratio Fold increase 

over controls

Control 0 .0 057 0 .1 05 0 .0 5 4 2 8 6 -

0 .0 017 0 .009 0 .1 8 6 6 6 7 -

0 .0 012 0 .0 1 1 6 0 .1 0 3 4 4 8 -

E2 0 .208 0 .1 13 1 .8 407 08 33.91

0 .0 490 0 .0 0 7 6 6 .4 4 7 3 6 8 34.54

0 .0 473 0 .0 115 4 .1 1 3 0 4 3 39 .76

M ean ± S E M - - - 36 .07  ± 1 .8 5 4

Total
variation 5.14%

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).

14 -1

12  -
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1000010 100 
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Figure 4.11. Dose-response analysis for TFF1 gene expression 
following incubation of MCF-7 cells with E2. Cells w ere treated  
with 1, 10, 100 and 1000 pM of the horm one as described in the  
experim ental section. T h e  graph is a representation of m ean ±  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. Time-course studies of the TFF1 gene expression in MCF-7 ceiis treated 
with 100 pM E2. G rap h  A  show s the variation of th e  ratio b etw een  T F F 1  and  p -actin  levels  
with increasing incubation tim es. G raph  B represents the fold increase in th e  ratios T F F I /p 
actin  re lative to untreated  controls for each  incubation period. T h e  results a re  represen ted  as  
th e  m e an  ±  S E M  of tw o individual experim ents .

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 MOF- 

7 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 p- 

HCH 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 tal., 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 MCF- 

7 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-DDT

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 oestrogen- 

dependent 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 (Mussalo- 

Rauhamaa 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,p- 

DDT, 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-MB- 

231 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 ERa and ERp expression in MCF-7 and MDA- 

MB-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.

Table 5.1. Gene specific prim er pairs used in E R a and ERp am plification. These were 
designed based on the mRNA sequences of hERa (Genebank NM 000125) and human ERp 
(hERp) (Genebank AF051427).

CDNA Prim er sense Prim er sequence 5' to 3 ’ Target size (bp)

Fon/vard TGCCAAGGAGACTCGCTA
ERa 263

Reverse TCAACATTCTCCCTCCTC

Forward AACCTCCTGATGCTCCTGTC
ERP 199

Reverse C CTCTTTG C TTl 1 AC 1G 1 CC

123



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 ells  w e re  tre a te d  w ith fixed co ncen tra tio n s  o f e a c h  o f th e  c h em ica ls  fo r a 

period  o f 2 4  hours. T h e  resulting leve ls  o f T F F 1  m R N A  w e re  th en  m e a s u re d  by 

R T -c P C R .

A s sh ow n  in Figure 5.1, p -H C H  w as  c a p a b le  o f inducing  T F F 1  g e n e  

exp ress io n  in M C F -7  cells a t a co ncen tra tion  o f 10 p M . Th is  concen tra tio n  

cau sed  an in c rease  in T F F 1  m R N A  leve ls  o f 25 -fo ld  re la tive  to u n trea ted  

contro ls. A n e ffe c t o f c o m p a ra b le  strength  w a s  o b s e rv e d  w ith 10 pM  o ,p -D D T ,  

w hich  in c re a s e d  the  levels o f T F F 1  m R N A  by 2 6 .6 -fo ld . E 2 , a t 1 0 0  p M , induced  

a slightly h ig h er in c rease  in T F F 1  transcrip tiona l ac tiva tio n , w ith 3 6 .1 -fold  in 

re lation  to contro ls. T h e s e  observa tio n s  a re  co ns is ten t w ith p rev ious  find ings  

(S te in m e tz  e t  a!., 1 9 9 6 ), w hich  d em o n stra ted  th a t p -H C H  in duced  T FF 1  

transcrip tion  in a w a y  c o m p a ra b le  to o ,p -D D T  and E 2 .

40  -

TO 15 -

E 2 o ,p '-D D T  p ,p '-D D E  p -H C H  E G F

Compounds

Figure 5.1. Fold increases in TFF1 mRNA levels in MCF-7 
cells in relation to untreated controls. Cells were individually 
treated with 100 pM E2. 10 pM o ,p -D D T, 10 pM p,p '-DDE, 10 pM 
p-HCH or 100 ng/ml EGF (orange bars). The black and grey bars 
show the effects of each chemical after the addition of 0.1 pM ICI 
182,780 or 50 pM of the MEK inhibitor PD 98059, respectively. 
The results are represented as the mean ± SEM  of three 
individual experiments.
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On the other hand, the DDT metabolite p,p-DDE (10 îM) 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,p- 

DDE, 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 cDNA were measured in untreated controls. Data 
correspond to mean ± SD from three different samples.

Cell line TFF1 (fmoles/^l) p-actin (fmoles/pl)

MCF-7 0.00286 + 0.00141 0.0419 ±0 .0 3 1 5

MDA-MB-231 1.33x10°® ±3.89x10°® 0.0361 ± 0.020

126



T h e  low  am o u n ts  o f T F F 1  m R N A  in creased  slightly a fte r  incubation  with  

1 0 0  pM  E 2  fo r 2 4  h, as  show n in Figure 5.2. O n  th e  o th er h and , o ,p -D D T , p ,p -  

D D E  and  E O F  fa iled  to induce an y  d e te c ta b le  c h a n g e s  in T F F 1  transcrip tion .

S urpris ing ly , th e  action o f p -F iC H  w a s  m uch m o re  p ro no u n ced . T h e  

a g e n t c a u s e d  an in c rease  o f o v e r 15 fold in th e  T F F 1  m R N A  leve ls , w h en  

co m p a re d  w ith  u n trea ted  controls.

2  20

$  10

B -H C H

Compounds

Figure 5.2. Increase in TFF1 mRNA levels in MDA-MB-231 after 
treatment with 100 pM E2 and 10 pM p-HCH. M DA-M B-231 cells 
were treated, and mRNA processed as described in the 
experimental section. Orange bars correspond to treatment with 
the individual agents. Grey bars correspond to the effect of the 
chemicals in the presence of 50 pM PD98059. The graph is a 
representation of mean ± SEM (n=3).

A s s e e n  in M C F -7  cells, th e  e ffec ts  o f both E 2  and  p -H C F i w e re  

su scep tib le  to th e  p re s e n c e  o f th e  M E K  inhib itor P D  9 8 0 5 0  and  to IC I 1 8 2 ,7 8 0 . 

P D  9 8 0 5 9  red u ced  the  leve ls  o f T F F 1  m R N A  by o v e r fo u r fo ld , w h e re a s  

tre a tm e n t w ith  IC I 1 8 2 ,7 8 0  red u ced  the  a m o u n t o f T F F 1  m R N A  to levels  

ind is tin g u ishab le  from  contro ls in both c a s e s . C ruc ia lly , su p p ress io n  o f T F F 1  

transcrip tion  by P D  9 8 0 5 9  w a s  m uch m ore  p ro no u n ced  th an  o b s e rv e d  in M C F -7  

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

From  th e  resu lts  p resen ted  so far, e s p ec ia lly  w ith IC I 1 8 2 ,7 8 0 , it s e e m s  c lear  

th a t th e re  is an  in vo lvem ent o f the  n u c lea r E R  in th e  e ffec ts  c a u s e d  by th e  test 

ag e n ts  in both M C F -7  and M D A -M B -2 3 1  cell lines.

A s d escrib ed  in Sections 4.4. and  5.2. th e s e  cells  h a v e  d istinct 

ch arac teris tics  in te rm s o f E R  exp ress io n . It has  b een  sh ow n  th a t M C F -7  cells  

conta in  high leve ls  o f E R a  and  low  leve ls  o f E R p  (S e o  an d  L ec le rcq , 2 0 0 2 ) . On  

the  o th er h and , m an y  stud ies h ave  re v e a le d  th a t M D A -M B -2 3 1  cells  do not 

e xp ress  E R a  (T sa i e t  al., 2 0 0 1 ; Frigo e t  al., 2 0 0 2 ) , but conta in  E R p  (F rigo  e t  al., 

2 0 0 2 ), or a t leas t a va rian t o f this recep 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 ch aracteris tics  m ay  c h a n g e  b e tw e e n  d iffe ren t s tra ins  of 

th e  s a m e  cell line and  from  lab o ra to ry  to lab o ra to ry  (B a h ia  e t  al., 2 0 0 2 ), it is 

im po rtan t to  a s s e s s  w h e th e r the cells used in this w o rk  conta in  th e  m en tion ed  

recep to rs . F or that, the  exp ress io n  o f E R a  and  E R p  in both M C F -7  and  M D A -  

M B -2 3 1  w a s  e x a m in e d  by 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 

high sensitiv ity , w h en  co m p ared  to o th er a v a ila b le  tec h n iq u e s , such as  w es te rn  

blotting.

A s can  be seen  in Figure 5.3. E R a  is ex p re s s e d  a t re la tive ly  high levels  

in M C F -7  cells , w h e re a s  no d e te c ta b le  leve ls  o f E R a  m R N A  w e re  found  in 

M D A -M B -2 3 1  cells . O n  the  o th er hand , it w as  o b served  e x p ress io n  o f low  levels  

o f E R p  in both cell lines.

Figure 5.3. RT-PCR analysis of ERa and ERp expression. M CF-7  
(lanes 2 and 6), MDA-MB-231 (lanes 3 and 7) and human ovary total 
RNA (lanes 5 and 9) were subjected to RT-PC R  using primers specific 
for hE R a (gel A) and hERp (gel B). Human ovary total RNA was used 
as a positive control, lanes 4 and 8 are RT 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 ligand- 

independent 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 ERa negative MDA-MB-231 cells. Here, p- 

HCH 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 7a- 

alkylamide 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 ERa 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, p- 

HCH 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 (Ignar- 

Trowbridge 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 non-
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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 
Growth Factors Growth Factors

Cell membrane

Oestrogens

GRB2 She 

SoS

Nucleus

Raf/MEKK

MAPKK/MEK

MAPKs/Erk

^  i \
PI PI4P PI4.5P2 ->Pil.4,5P3

I I I  \
P I3 P  PI3.4P2 PI3.4.5P3 C a '*

\  1  /
> K

Gene
transcription

Figure 6.1. Possible cross-talk between growth factors and ER cell signalling 
pathways. Activation of RTKs by growth factors such as EGF, IGF-I and T G F -a  leads 
to Ras-Raf-M EK-Erk1/Erk2 mediated phosphorylation of the ER. The sam e growth 
factors may also lead to activation of Src, which results in activation of the ER  by the 
M APK cascade. The PI3-K/PKB cascade has also been associated with the ligand- 
independent activation of the ER. E2, and possibly other oestrogens, rapidly activate 
the Src-Ras-Erk1/Erk2 and PI-3K/PKB cascades. The mechanism 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; GRB2: growth factor receptor-binding protein 2; PI: inositol phosphate; MAPK: 
mitogen-activated protein kinase; MAPKK: MAPK kinase; MEK: Erk kinase, MEKK: 
M EK 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 non- 

genomic 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 (Improta- 

Brears 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 Câ "" 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 p- 

HCH 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 a- 

toluenesulfonyl 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 immunoblotting

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 anti- 

phospho-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 HRP- 

conjugated 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:

(6 .1) Xcorr ~ 2.3026-

f
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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 chi- 

square 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 f y 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:

YOi
(6.4)

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:

(6 .8) estSD^n =Md - ]

SSr
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 of Erk-1/Erk-2 in MCF-7 

and MDA-MB-231 cells

p -H C H  induced  phosphorylation  o f Erk-1 and E rk -2  in M C F -7  and  M D A -M B -2 3 1  

b reas t c a n c e r cells (Figures 6.2. and 6.3)

Control

B -H C H

Tim e (m inutes)

Figure 6.2. Activation of Erk-1/Erk-2 by the test agents in the 
MCF-7 cell line. M CF-7 cells were either left untreated (control) or 
treated with 10 nM E2, 10 laM p-HCH or 100 ng/ml EOF for the 
lengths of time indicated. Cells were then processed as described 
in the experimental section and probed for phosphorylated Erk-1 
(dark bars) and Erk-2 (light bars). The data shown above are 
representative of three independent experiments. Band intensities 
from these individual experiments were quantified and results 
represented as fold increase over untreated controls. Data plots 
are representative of mean + SEM . * indicates Erk-1/Erk-2  
activation significantly (p< 0.05 by paired t test) greater than that in 
untreated cells.

In M D A -M B -2 3 1  cells, it w a s  o b served  th a t th e  to tal leve ls  o f E rk -2  (p 4 2 )  

w e re  m uch h ig h er than  th o se  o f Erk-1 (p 4 4 ). T h e  p ho sp h ory la tio n  in resp o nse  

to all th e  tes t ag e n ts  w a s  a lso  s tron g er fo r th e  E rk -2 . A s  can be  s e e n  in Figure 
6.2., this w a s  not the  c ase  in M C F -7  cells. In this cell line, th e  leve ls  o f Erk-1  

and E rk -2  (both  total and  p ho sp h o ry la ted ) re m a in e d  v e ry  s im ilar, in d ep en d en tly  

of the  tre a tm e n t profile. N e v e rth e le s s , b e c a u s e  the  ratio  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

E G FP -H C H  

T im e (m inutes)

Figure 6.3. Phosphorylation of Erk-2 following treatment of
MDA-MB-231 with test agents. Cells were treated in the same way  
as described in Figure 6.2. for the indicated periods of time. Using 
anti-Erk-1/Erk-2 (blot A) and anti phospho-Erk-1/Erk-2 (blot B) 
antibodies, cell lysates were analysed as described in Section 6.4.8. 
Data (bar graph) is presented as fold increase of Erk-1 
phosphorylation in relation to untreated samples. Bars represent the 
mean + SEM  {n = 3) and * indicates samples 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 MDA- 

MB-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.

it
Li. Ü

0.0
Control 2

p -H C H E G FE2

T im e (m inutes)

Figure 6.4. Activation of the Src kinase by the test agents in
MCF-7 cells. Cells were left untreated (white bar) or treated with 10 
nM E2 (orange bars), 10 |iM p-HCH (grey) or 100 ng/ml EG F (blue) 
for the indicated times. Total Src was immunoprecipitated as 
described in Section 6.4.7. The resulting immunoprecipitates were  
resolved on SDS-acrylamide gels, transferred to nitrocellulose and 
probed for phosphorylated Src (Tyr 416) (blot A). The nitrocellulose 
membrane 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 mean + SEM (n = 3). * indicates samples where Src activation is 
significantly (p<0.05, paired f test) greater than untreated controls.

152



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 were either left untreated (white 
bar) or treated with 10 nM E2 (orange), 10^M (3-HCH (grey) or 
100 ng/ml EGF (blue) and processed as described in the 
experimental section. Intensity of the resulting bands was 
determined densitometrically and data presented as fold increase 
in Src phosphorylation in relation to untreated controls. Data plots 
represent the mean of at least three independent experiments + 
SEM . * corresponds to samples that are significantly higher (p< 
0.05 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 10 20 10 20
E2 (5-HCH EG F

Figure 6.6. Phosphorylation of the EGFR by test agents in MCF-7 cells.
Cells were left untreated (control) or treated for the indicated times with E2 (10  
nM), (3-HCH (10 }iM) and EGF (10 ng/ml). Total EG FR  was immuno
precipitated as described in Section 6.4.5. The immunoprecipitates were then 
resolved on SDS-acrylamide gels and probed for phosphorylated EG FR  with 
anti-phospho EG FR as described in Section 6.4.7. (top gel). The membranes 
were then stripped and reprobed for total EG FR (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 IC1182,780 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 were treated as described in the 
experimental section in the following way: controls (white bars) -  1% ethanol; controls + ICI 
(white hashed) -  100 nM ICI 182,780 + 1% ethanol; E2 + ICI (orange) 100 nM ICI 182,780 + 
10 nM E2; p-HCH + ICI (grey) -  100 nM ICI 182,780 + 10 pM p-HCH and EG F + ICI (blue) -  
100 nM ICI 182,780 + 100 ng/ml EGF. Data is represented as the increase in Erk-2 (A) and 
Src (B) phosphorylation relative to untreated controls. Bars correspond to mean + SEM  {n = 
3). * indicates samples that were significantly higher (p< 0.05, 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 were treated as described in 
Figure 6.7. A corresponds to the increase in the phosphorylation of Erk-2. Data plots 
represent the mean + SEM  of three individual experiments. * corresponds to the samples 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 experiment.
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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 ER- 

dependent 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 p- 

HCH 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-MB- 

231 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 p- 

HCH. 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., 2001). The
three figures represent the conformational states of the receptor, prior to 
and following interaction with two distinct ligands. The unbound, inactive ER  
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). The change in conformation promoted by the interaction of a ligand 
that leads to the non-genomic activation of the Src/Ras/Erk cascade (e.g. in 
our hypothesis p-HCH) is on the left (red). Blue circle and diamond 
represent the two types of ligands. The 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 Erk- 

2’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 Erk-
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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 p- 

HCH 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 non- 

genotropic 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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APPENDIX 1
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F igure A1.1. G row th curve fo r M CF-7 breast cancer cells . 300x10 cells 
were seeded in 75 cm^ flasks in M E M -a. Following each incubation period, 
cells were harvested by trypsinisation and counted. Black data points and 
line represent the growth of cells kept in full M E M -a. The red line shows 
the growth of cells following media changing to stripped DM EM . The 
results are represented as the mean ± SD (n=3)
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APPENDIX 2

1 2 3 4 5 6 7 8
Figure A2.1. Quantification of TFF1 DNA 
competitor. Increasing volumes of the 
prepared mimic samples were run in parallel 
with several dilutions of a 1Kb DNA ladder, on a 
2%  agarose gel electrophoresis and visualised 
by ethidium bromide staining. The image was 
then recorded on a 667 Polaroid film. Bands 1-4 
correspond to increasing volumes of the 
purified mimic. Lanes 5-8 contain 200, 300, 500  
and 600 ng DNA ladder, respectively.
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Figure A2.2. Calibration curve for the DNA ladder and
determination of mimic concentration. Selected bands on the DNA
ladder profile contained fixed and known amounts of DNA. These  
amounts (ng) were plotted against the determined intensity of the 
resulting bands. The calibration curve was obtained by linear 
regression. The amount of mimic produced was obtained by 
extrapolation.
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APPENDIX 3
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Figure A3.1. Western blot film for activation of Src kinase in MCF-7 cells (see 
Figure 6.4). The bands correspond to blot A in Figure 6.4. i.e. to phosphorylated Src 
in M CF-7 cells following the described treatments. Apparent molecular weight of 
phospho-Src is 60 KDa. On the left is shown the protein marker (Bio-Rad) with the 
corresponding molecular weights (KDa).
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