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Studies of the Mechanisms of Action of the Cancer Chemopreventive Agent
Genistein.

Karen Dampier.

The discrepancy in incidence of breast cancer between the Western world and South
East Asia has been associated with the high content in Asian diets of
chemopreventive foodstuffs such as soy. Genistein, a major constituent of soy, can
both inhibit and stimulate cell growth, depending on concentration. Whilst some
biochemical properties of genistein are well known, such as inhibition of tyrosine
kinases and DNA topoisomerase I, the mechanisms by which it regulates cell
growth are unclear.

In order to explore generic features of the modulation of human breast cell growth by
genistein, its effects on cell lines MCF-7, ZR-75.1, T47-D, MDA-MB 468, MDA-
MB 231 and HBL 100 were compared. Genistein at 1 uM stimulated growth only in
MCF-7 cells, whilst at 10 uM it arrested the growth of all six cell types. However, in
T47-D and HBL 100 cells, genistein only inhibited growth in medium with reduced
(2 %) foetal calf serum. Genistein induced apoptosis only in MDA-MB 468 cells
and arrested cells in the G2 phase transition of the cell cycle in all cell lines, except
ZR-75.1 cells.

Cells differed in their susceptibility towards inhibition by genistein of phorbol ester-
induced proto-oncogene c-Fos levels, transcription factor activator protein-1 (AP-1)
activity, AP-1 DNA-binding activity and extracellular signal regulated kinase (ERK)
activation. Genistein augmented anisomycin-induced protein levels of the proto-
oncogene c-Jun in ZR 75.1 and MCF-7 cells, but inhibited c-Jun phosphorylation.

The results suggest that induction of apoptosis, G2 cell cycle arrest, inhibition of c-
Fos expression, AP-1 transactivation and binding, and ERK phosphorylation may
contribute to the growth-inhibitory effect of genistein in some breast cell types, but
none of these effects of genistein constitutes a generic mode of growth-arresting
action.
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1.1 Carcinogenesis and the relationship to cancer chemoprevention

With one quarter of deaths in the Western world attributed to malignant diseases, the
field of cancer research is challenging and exciting. Most chronic diseases such as
cardiovascular disease and diabetes are not curable, yet great advances have been
made in their control. The progress in cancer research does not only relate to cure,

but also to the improvement in the quality of life of individuals.

One problem existing for cancer prevention is that we do not know the cause for over
50% of cancers (Wattenberg, 1995). Major factors that affect the incidence of cancer
are age, gender and family history, but occupational, social and geographic factors
are also extremely important. Chemical carcinogens such as asbestos and aflatoxins
are known to increase the incidence of lung and liver cancers, respectively, but there

are probable environmental carcinogens that are unidentified.

Many epidemiological studies support the view that the Western diet is one of the
main factors in the incidence of so-called Western diseases (Adlercreutz et al., 1995),
which includes hormone dependent cancers and coronary heart disease. One striking
example is the incidence of breast cancer in South East Asian women. Asian
women who consume a traditional low fat, high soy diet have a four to six-fold lower
risk of developing breast cancer than women living in the industrialised Western
world. Research into dietary components may help to identify factors that could
decrease the incidence of cancer in the Western world. Analysis of the biochemical
targets and mechanisms of action need to be elucidated, in addition to any
undesirable effects. This study is concerned with identifying the mechanisms of
action of such factors, present in the Western diet.

The term cancer refers to a tumour (swelling) which is malignant i.e. it can invade
surrounding tissue and metastasise to other sites. Cancers arise from a cell (cells)
that has undergone a series of genetic alterations, through the process of initiation

and mutations resulting in growth advantages when compared to normal cells.
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Acquired environmental factors: Inherited mutations (genetic factors)
chemicals, radiation, viruses

Mutation in the genome
of' somatic cells

Activation of growth- Alterations in Inactivation of cancer
promoting oncogenes  apoptosis-regulating suppressor genes
genes
\ J

Expression of altered gene products and loss ofregulatory gene products

Clonal expansion
Additional mutations

Heterogeneity

Malignant neoplasm

Fig. 1.1. A simplified scheme of cancer pathogenesis. Adapted from
Cotran et al, 1994.
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During normal cell growth there is a finely controlled balance between growth-
promoting and growth-restraining signals, such that proliferation only occurs when
required (Franks et al., 1998). This balance can be altered when increased cell
numbers are needed, for example, during normal tissue turnover and wound healing.
Disruption of this controlled balance can result in continued cell division, loss of

differentiation and inability to signal for programmed cell death.

Cancer cells can be identified from normal cells by a number of features. Their cell
surface growth factor receptors can alter, so binding no longer occurs and they may
secrete their own growth factors, by a process termed autocrine stimulation (Franks
et al., 1998). Cancer cells also have modified cell-cell and cell-stromal interactions,
are anchorage-independent and will often grow over and under each other, unlike
normal cells in culture that grow in monolayers. Finally, when normal cells reach a

certain density they stop dividing, but tumour cells continue to proliferate.

Carcinogenesis is a multistage process and can be separated into three distinct events
termed initiation, promotion and progression. Tumour initiation, which is the
primary and essential step in the process, involves the binding of a carcinogen to its
DNA target resulting in DNA damage. Unless this damage is repaired or the cell is
eliminated by apoptosis, the carcinogen may cause irreversible genetic mutations
providing these cells with distinct advantages over normal cells. Once this initial
change has taken place, the initiated (mutated) cells remain latent until acted upon by
promoting agents. The presence of a promoting agent leads to proliferation and
clonal expansion of initiated cells. The initiated clone of cells suffers additional
mutations, developing eventually into a malignant tumour (Cotran et al., 1994). A
malignant neoplasm has several phenotypic attributes, for example, excessive
growth, local invasiveness and the ability to form distant metastases (Cotran et al.,
1994). These characteristics are acquired in a step-by-step fashion and this complex
process is termed tumour progression. Tumour progression is associated with altered
gene expression (see figure 1.1) and additional genetic damage due to progressive

genommic instability (Pitot, 1989).
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The optimal way of dealing with any disease is by prevention and the process of
chemoprevention is one such intervention (Wattenberg, 1995). Cancer
chemoprevention involves preventing, delaying or reversing cancer by intervention
using either non-toxic synthetic chemicals or chemicals from natural substances prior
to development of malignancy (Lee et al., 1999). Depending on which phase of
carcinogenesis these chemicals affect, they can be divided into ‘blocking’ or

‘suppressing’ agents.

Blocking agents exert a barrier function by preventing carcinogeni;: agents from
reaching or reacting with critical target sites (Wattenberg, 1995), for example, by
trapping reactive carcinogenic species before they reach a critical target, whilst
suppressing agents intercept promotion and progression (Gescher et al., 1998). The
multifactorial nature of the carcinogenic process provides numerous pathways that
may be manipulated by such agents, resulting in the inhibition or delay of tumour
development (Lee et al., 1999).

1.2.  Cellular mechanisms regulating growth and survival
1.2.1. The cell cycle

The eukaryotic cell cycle is comprised of a series of highly conserved events serving
to ensure that firstly DNA is replicated once during S phase, and secondly, that
identical chromosomal copies are equally distributed to two daughter cells (Sherr,
1996). Multiple extracellular signals control entry and exit from the cell cycle in

order to both co-ordinate normal cell growth and avoid uncontrolled proliferation.

A characteristic feature of most, if not all, malignant tumours is deregulation of the
cell cycle (Landberg and Roos, 1997). Cancer cells exhibit increased proliferative
activity (Fernandez et al., 1998) and abnormalities in both positive and negative
modulators of the cell cycle are frequent in many cancer types, including breast

carcinomas.
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Mitogens, Nutrients,
Growth Factors,

Mitosis 4n/2

\ CAK (cyclin h/cdk7)
Cdk4/6

pl5, pl6, pl8, pl9

G2/4n G0/2n Gl1/2n

p21, p27, p57
restriction point

p21,p27, pS7

Fig. 1.2. An overview of'the cell cycle. Adapted from Nguyen and Jameson, 1998. P= phosphorylation, ® = cell cycle checkpoint.



Regulatory proteins are potential targets in tumourigenesis, and the cell cycle has

several checkpoints that are controlled by a complex system of modulators, amongst

which the pRb, cyclins, CDKs and CDKIs are key members (Sherr, 1996, Fernandez
_etal., 1998, Choi et al., 1998).

pRb controls an important regulatory pathway in G1 and is affected by upstream
regulators such as cyclins and CDKs. Cyclins are proteins that regulate cell cycle
specific kinases by direct binding and are activated sequentially, modulating both
CDK activity and inactivating pRb phosphorylation to control progression of the cell
cycle. Cyclin proteins are only present duriﬁg particular phases of the cell cycle
(Choi et al., 1998, Michalides, 1999), with induction of cyclins starting when cells

enter the cycle from a quiescent state.

Early in G1, mitogenic signals and growth factors activate multiple binding sites in
the promoter of fhe cyclin D1 gene to induce transcription factors that regulate
‘expression of the cyclin D protein (Nguyen and Jameson, 1998, Michalides, 1999)
(see ﬁgdre 1.2). Three different D type cyclins have been identified (D1, 2 and 3)
and their distribution is virtually cell type specific, with D1 expressed in most
epithelial and fibroblast cells and D3 present in lymphoid cells. Cyclin D/CDK4/6
complexes accumulate and persist throughout most of the cell cycle as long as
nutrient and growth factor availability is susfained (Nguyen and Jameson, 1998). The
final target of an-activated cyclin D/CDK4/6 complex is the pRb tumour suppressor
gene. Phosphorylation of pRb results in the dissociation of E2F transcription factors
» required for the transcription of E2F responsive genes, including those with proteins

involved in DNA synthesis and essential for S phase progression.

E2F is a family comprising a number of different transcription factors that can bind
to hypophosphorylated pRb. Once activated, the transcription of E2F genes
(including cyclins D1, E and A) is mediated, after which phosphorylation of Rb frees
E2F, enabling gene transactivation. This process is initially triggered by the cyclin D
dependent kinases and accelerated by the cyclin E/CDK2 complex (Sherr, 1996).
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Progression through G1 to the first restriction point requires cyclin E activity and
continuation through S phase requires the activity of cyclin A, both complexed with
CDK2. Activation of G1 cyclins is directly linked to the synthesis of DNA, as cyclin
D or cyclin E/CDK activity releases E2F, inducing a cdc6 protein, essential for DNA
replication in S phase. During G2 there are checkpoints to ensure that DNA has been
properly copied before entry into mitosis. If any errors have occurred, DNA repair
systems can be activated. Levels of the mitotic cyclins (A and B) increase in S phase
and G2 and cyclin B complexes with unphosphorylated cdc2 (Nguyen and Jameson,
1998). Expression of B-type cyclins is maximal during G2 to M transition and they

control entry into M phase.

There is great potential for increased cellular proliferation if alterations occur in these
regulatory genes/proteins. Overexpression of cyclin D1, for example, allows cells to
proliferate even in the absence of growth factors, perturbing tissue homeostasis and is
positively associated with, among others, breast and colorectal carcinomas (Franks et
al., 1998). The kinase activity of cyclin dependent kinase complexes is regulated by
both phosphorylation and dephosphorylation and cyclin/CDK complexes are
negatively controlled by CDKIs (Nguyen and Jameson, 1998, Fernandez et al.,
1998), for example, p21WAFI/CIP1 which acts by directly inhibiting kinase activity.
The p21 and p27 proteins have been identified as inhibitors of cyclin D/CDK4,
cyclin E/CDK2 and cyclin A/CDK2 and in addition, p21WAFI/CIP1 (3 cdk2 inhibitor),
has been demonstrated to play a crucial role in the G1 checkpoint and appears to be
required for G1 arrest following DNA damage (Fernandez et al., 1998). Itis
speculated that these proteins, in addition to the cyclins and their associated kinases

are also potential targets for deregulation in the cancer cell cycle.
1.2.2. Signal transduction pathways
Growth factors regulate cell growth by the activation of intracellular signal

transduction pathways following binding to cell surface receptors (Lange et al.,

1998), resulting in changes in the transcriptional activity of genes. Among the
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pathways often used is the highly conserved MAPK cascade (Robinson and Cobb,
1997). In their simplest form, MAPK modules consist of three distinct kinases
arranged linearly, in which the upstream kinase phosphorylates and thereby activates
the downstream kinase (Kieran et al., 1999). MAPK can enter the nucleus to directly
modulate transcriptional regulation by phosphorylation of transcription factors, such
as AP-1.

In mammalian cells, three MAPK cascades are important in the transmission of
signals to the nucleus. The first pathway is the ras-raf pathway leading to the
activation of the ERKs (Xing and Imagawa, 1999) and is largely responsive to
mitogenic stimuli (Kieran et al., 1999). The second and third pathways result in
activation of the SAPK/JNK and p38 families respectively (Karin and Hunter, 1995,
Kieran et al., 1999, Ichijo, 1999,). Unlike the ERK signalling pathway, JNK and p38
pathways are not preferentially activated by mitogens, but by an array of cellular
stresses including UV light, hydrogen peroxide and osmotic shock, in addition to
inflammatory cytokines such as TNF and IL-1f (Ichijo, 1999). The components of
each MAPK pathway are outlined in figure 1.3. ‘

1.23. T ranséription Sactors

Specific stimulatory proteins termed transcription factors interact with eukaryotic
promoters to modulate transcriptional activity. The MAPK pathways culminate in
the stimulation of AP-1, implicated as a critical target for many signalling pathways
that regulate cell differentiation, proliferation and tfansformation (Angel and Karin,
1991).

The activation of ERKs is responsible for cellular proliferation and differentiation
and also promotes cell survival, in contrast to JNK, which is not only involved in cell
proliferation, but also contributes to cell death (Zi and Agarwal, 1999). ERK and
JNK MAPK are both activated by dual phosphorylation on threonine and tyrosine
residues (Croisy-Delcey et al., 1997).

23



Extracellular Stimuli

A Cell membrane

Small GTP-binding proteins

ERK JNK/SAPK p38
TAK1
MEK1.2 MEK3
MEKG6
ERKI1,2

Nucleus

Integration ofsignal leading to ligand- and cell type specific responses.

Fig. 1.3. Parallel MAPK cascades. Adapted from Robinson and Cobb, 1997.



The ERK and JNK pathways contribute to the induction of AP-1 activity through
phosphorylation of different substrates, namely c-Fos and c-Jun (Karin, 1995) (see
figure 1.4). In response to stimulation, an increase in c-Fos expression occurs by
ERK phosphorylation on Ser-374 producing an association of phosphorylated
TCF/Elk-1 with the SRE. The SRE is a regulatory site in the c-Fos promoter through
which the effects of growth factors and phorbol esters are mediated.

JNK binds to both the N terminal regions of ATF2 and c-Jun, leading to increased
transcriptional activity. JNK phosphorylates the amino terminal domain of c-Jun on
Ser-63/73 (Croisy-Delcey et al., 1997, Caelles et al., 1997) and mediates
transcriptional activation by a TRE bound by ATF?2 either as a homodimer, or as a
heterodimer with c-Jun. In addition to c-Jun, both ATF2 and Elk-1 are activated by
JNK (Deng and Karin, 1994, Caelles et al., 1997).

Induction of c-Jun expression can be mediated by JNK either causing an upregulation
of AP-1 activity to increase expression through AP-1 like sites in the c-Jun promoter,
or by phosphorylation of c-Jun, leading to decreased ubiquitin-mediated degradation
of c-Jun protein. This degradation may result in an increase in the half-life of c-Jun

protein (Lee et al., 1999).
1.2.3.1. The AP-1 transcription factor

The AP-1 family consists of several groups of bZIP domain proteins: the Jun, Fos
and ATF-2 subfamilies (Angel and Karin, 1991, Zhou and Lee, 1998, Leppa and
Bohmann, 1999). The AP-1 complex consists predominantly of either homodimers
of the Jun family (c-Jun, JunB and JunD) or heterodimers of Jun and Fos families,
namely c-Fos, Fos B, Fra-1 and Fra-2 (Karin, 1996, Smith et al., 1997). Dozens of
different homo- and heterodimeric combinations with different regulatory properties
can therefore be formed (Leppa and Bohmann, 1999).

AP-1 proteins dimerise to form a protein complex before they can bind to their DNA
target sites. These AP-1 complexes bind to a specific target DNA sites known as a
TRE, found in the promoters of several cellular genes, such as human collagenase,

stromelysin and plasminogen activator inhibitor, and activate transcription of these
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genes (Smith et al., 1997). Activation of AP-1 has been shown to mediate growth-
factor induced proliferation of breast cancer cells in vitro and it also upregulates a

number of genes, including the p-glycoprotein multidrug resistance gene (Chen et al.,
1996).

The AP-1 complex can either positively or negatively regulate transcription of target
genes, depending on the composition of the heterodimers (Smith et al., 1997), and
different stimuli (such as UV light or growth factor stimulation) can rapidly and
transiently induce the activity and expression of Jun and Fos proteins. Total AP-1
activity may be increased by changes in the relative abundance of Jun/Fos proteins or
by specific phosphorylation of c-Jun. Recent evidence also suggests that growth-
promoting AP-1 activity may be co-regulated with ligand-bound ER, (see section 4)
with oestrogen treatment of ER-positive cells resulting in enhanced AP-1
transcriptional activity and gene expression, mediated by DNA bound Jun/Jun or
Fos/Jun dimeric complexes. ER can interact with the AP-1 complex through protein-

protein interactions independent of oestrogen receptor DNA binding.

Interference in both cell cycle regulation and MAPK cell signalling pathways may be
important when observing deregulation of cancer cell growth. Treatment with agents
such as the tumour promoter TPA can promote cells to exhibit uncontrollable growth
(Angel and Karin, 1991, Chen et al., 1996). Repeated treatment with TPA may result
in the conversion of already continuously growing cells into the tumourigenic
phenotype characteristic of cancer cells, which may prove useful as a model for

tumour promotion.
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Fig. 1.4. Stimulation of AP-1 activity by MAP kinases. Adapted from Karin and Hunter, 1995.
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1.2.4. Programmed cell death

The mechanism of programmed cell death, or apoptosis was first described in 1972
(Kerr et al., 1972) and is a series of controlled events resulting in the removal of
unwanted cells in response to a number of different stimuli, including UV radiation,
hypoxia and chemotherapy (Nguyen and Jameson, 1998). Apoptosis differs from
necrosis or accidental cell death and is required for normal development and
maintenance of tissue homeostasis (Antonsson and Martinou, 2000). Itisa
morphologically distinct form of cell death characterised by nuclear and cytoplasmic
condensation, DNA fragmentation, plasma membrane blebbing and formation of
membrane bound apoptopic bodies (Bratton et al., 2000, Balabhadrapathruni et al.,
2000). In recent years there has been increasing interest in the role of apoptosis in
tumourigenesis (Eissa et al., 1999) as its significance in cancer is realised. Two gene
families are of particular interest: the ICE family of cysteine proteases and the bcl-2
protein family (Li et al., 1998, Li et al., 1999a, Eissa et al., 1999). Bcl-2 was first
identified as an oncogene in follicular B-cell lymphoma translocations, resulting in
transcriptional upregulation of the gene and overexpression of bcl-2 protein
(Antonsson and Martinou, 2000). Such overexpression can breach the balance

between cell death and proliferation.

Anti-apoptopic  Pro-apoptopic

Bcl-2 Bax
Bcel-X. Bak
Bcl-W Bok
Mcl-1 Bad
Al Bel-Xg

Table 1.1. Examples of bc/-2 gene family members with pro- and anti-apoptopic
activity. Adapted from Antonsson and Martinou, 2000.
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There are both positive and negative regulators of bcl-2 and a number of bcl-2 related
genes have been identified, some of which are outlined in table 1.1. Inhibition of cell
death by alterations in crucial apoptopic genes, for example, suppression of genes

that induce cell death or activation of those genes that cause cell survival, can lead to

increased and uncontrolled levels of cell proliferation characteristic of cancer.

1.3.  Breast cancer

Breast cancer is one of the most common cancers in women in the developed
countries of the world. In 1998 it was estimated that 180,000 new cases were
diagnosed in the USA, while deaths were estimated at 44,000 (Baquet, 1999). Most
cases of breast cancer are diagnosed in women with no family history of the disease
and there is a higher incidence post-menopausally (Welsch et al., 1998). The disease
appears to be more common among Caucasians living in colder climates and highly
industrialised countries of the Western world. A number of risk factors have been
associated with development of the disease, such as parity status, age at first child
and menopause. Mutations in BRCA 1 and BRCA 2 are associated with a family
history in about 5% of cases (Walker et al., 1997).

Amplification and overexpression of the oncogene erbB2 is found in 60% of ductal
carcinomas in situ and 20-30% of invasive carcinomas (Walker et al., 1997).
Alterations in the tumour suppressor gene p53 have been identified in in situ and
invasive carcinomas and comprise allelic imbalance and /or mutation. Recent
molecular studies of breast cancer such as those using comparative genomic
hybridisation have identified alterations in many chromosomal regions, illustrating

the complexity of the disease.

The incidence of and deaths from cancers arising in hormone-dependent tissues such
as breast and prostate are significantly lower in Asia than in Western populations
(Messina et al., 1994, Barnes and Peterson, 1995, Lamartiniere et al., 1998). Yet,

these rates are seen to increase when Asians emigrate to Western Countries
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(Lamartiniere et al., 1998), or when the lifestyle of countries, such as Japan, become
more westernised (Nagata and Shimizu, 1996).

The notion that diet derived substances can prevent the onset of cancer has received
considerable interest in recent years (Messina et al., 1994, Zava and Duwe, 1997,
Gescher et al., 1998). As a result from population and case contro] studies it is now
readily accepted that many common diseases, including breast cancer, are attributed,
at least in part, to differences in dietary intake (Messina et al., 1994) and may be
influenced by certain dietary modifications. The human diet contains an array of
phytochemicals that, if incorporated into the diet as either an integral part of the food
or as a supplement, may provide individuals with significant health benefits
(Setchell, 1998).

1.4.  The oestrogen receptor

Oestrogen is an essential regulator of female reproductive functions (Giguere et ai.,
1998), for example, it regulates the growth and development of mammary glands
during embryogenesis and ovarian follicles during the reproductive cycle. However,
in addition to its normal roles in reproductive physiology, it is also important in bone
maintenance and within the cardiovascular system (Enmark and Gustafsson, 1998).
Oestrogens are produced primarily in the ovaries and adrenal glands, and the three
main forms of oestrogen are 17B-oestradiol (the most biologically potent), oestriol

and oestrone.

The physiological effects of these steroids are mediated by ligand-inducible nuclear
binding proteins termed oestrogen receptors. Upon biriding of the hormone
(oestradiol) to the oestrogen receptor, there is displacement of heat shock binding
protein 90 and dimerisation of two bound oestrogen receptors. The dimerised
complex translocates to the nucleus and interacts with oestrogen response elements

(ERE) located in promoter regions of target genes to stimulate gene transcription.
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Steroid receptor proteins share a common structure and oestrogen receptors possess a
similar functional organisation that can be subdivided into several structural and
functional domains (Katzenellenbogen, 1996, Enmark and Gustafsson, 1998). The N
terminal A/B domain contains a transactivation function (AF-1) and is highly
variable in sequence and length (Enmark and Gustafsson, 1998). The most
conserved region of the alpha and beta forms of the receptor is the DNA binding
domain (Saunders, 1998) that contains two zinc fingers involved in specific DNA
binding and receptor dimerisation (Enmark and Gustafsson, 1998, Saunders, 1998).
The hinge region (D) gives flexibility to the DNA via the LBD, which is relatively
large and is important for ligand binding, receptor dimerisation and interaction with
transcriptional co-activators and co-repressors (Enmark and Gustafsson, 1998,
Saunders, 1998). It also contains a second transactivation function (AF2) (Giguere et
al., 1998). The functions of the C-terminal domain are largely unknown, but it may
contribute to the transactivation capacity of the receptor (Enmark and Gustafsson,
1998).

Until recently, oestrogens were thought to mediate their actions principally through a
single receptof (Leygue et al., 1998), but the first oestrogen receptor cloned in 1986
from the uterus has now been re-named ER-a, after the identification of a second
oestrogen-specific receptor (Kuiper et al., 1996). This second receptor was cloned

from a rat prostate cDNA library and has been termed ER-p.

In addition to its identification in the rat, ER-p has also been cloned from the mouse
and humans (Mosselman et al., 1996). There is a high degree of conservation (96%)
between the human B-type receptor and the ER-a receptor in the DNA binding
domain and relatively high homology (58%) within the LBD (Mosselman et al.,
1996). The high levels of homology between the receptors suggested ER-f3 was
capable of binding oestradiol with high affinity (Vladusic et al., 1998) and could
stimulate transcription of an ER target gene in an oestradiol dependent manner,
properties duly identified by various ligand binding experiments (Kuiper et al., 1996,
Mosselman et al., 1996).
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The tissue distribution of ER-f mRNA has been studied (Enmark et al., 1997, Kuiper
etal., 1997), and further studies have been performed to identify receptor subtypes
and variants in both breast tumours and breast cancer cell lines (Dotzlaw et al., 1996,
Vladusic et al., 1998, Fuqua et al., 1999, Leygue et al., 1999). One example of an
ER-B mRNA variant is ER-B2, which encodes a receptor with an 18 amino acid
insertion in the LBD. This variant exhibited altered ligand binding and
transcriptional activation properties (Peterson et al., 1998). The kidney, lung, spleen
and pituitary gland were identified to exhibit elevated levels of ER-P expression
while in the breast; detectable levels were expressed in the tubular é:pithelium
(Enmark et al., 1997). ER-a and ER- are not generally co-expressed in breast cell
lines and a four-fold increase in expression of ER-f has been observed when
comparing breast cells to normal mammary tissue. Expression of the receptors may
also vary between tumours, with differences between cells and tumours due to down

regulation of ER-B.

The mitogenic and regulatory effects of oestrogen are known to act via its nuclear
receptor(s) (Pennie et al., 1998). While the two receptors are very similar to one
another and share many functional properties, they also possess individual
characteristics suggesting each isoform may perform different biological functions.
Differential activation of ER-a. and ER-P has been observed by the anti-oestrogen 4- -
hydroxytamoxifen (Watanabe et al., 1997) and the receptors have also been shown to
differentially activate AP-1 regulated reporter genes (Paech et al., 1997).
Interestingly, ER-f has also shown a relatively high affinity for several plant-derived
substances with oestrogenic activity, an affinity that is considerably higher than that
of ER-a (Kuiper et al., 1997, Kuiper et al., 1998, Casanova et al., 1999).

Lastly, it has been speculated that ER-a variants may play a role in breast cancer
tumour progression and it is possible that the variants of the beta-receptor may also
contribute to this change from a hormone-dependent to a hormone-independent
phenotype (Viadusic et al., 1998). The existence of two oestrogen receptor subtypes

presents another potential source of specific oestrogen regulation.
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1.5.  Phyto-oestrogens
1.5.1. Definition and structure

Phyto-oestrogens are plant-derived compounds of natural origin (Barnes, 1998,
Setchell, 1998). The number of these plant-derived compounds identified as having
biological activity is expanding rapidly, as epidemiological studies continue to
indicate possible associations between diet and disease. All phyto-oestrogens are
polyphenols and can be divided into two major chemical classes: isoflavones and

lignans, with isoflavones found predominantly in soyabeans (Anderson et al., 1999).

One characteristic feature of the structure of phyto-oest:rogené is the presence of a
phenolic ring that is required for interaction with the oestrogen receptor. Phyto-
oestrogens can act as either oestrogen agonists or antagonists (Barnes and Peterson,
1995) and their actions at the cellular level can be influenced by many factors
including receptor status and the presence or absence of endogenous oestrogens.
Phyto-oestrogéns, or dietary oestrogens, are weakly oestrogenic (102 -103-fold) when
compared with oestradiol or oestrone (Martin et al., 1978). Phyto-oestrogens also
exhibit preferential binding to the recently cloned oestrogen receptor beta (ER-B)
(Kuiper et al., 1998), suggesting they may exert their actions via distinct and separate
pathways from those of classical steroidal oestrogens. The 4 hydroxyl position on
the B ring and its spatial orientation with the 7 position hydroxyl on the A ring are

primarily responsible for the oestrogenicity of flavanoids.

1.5.2. Phyto-oestrogens in the diet and their relationship to breast cancer

The largest concentrations of phyto-oestrogens in the human diet are isoflavanoids
present in soy food and lignans found in flaxseed and linseed (Reinli and Block,

1996). The highest concentration of the major isoflavones (genistein and daidzein)

are found in soyabeans and soyabean products, with the isoflavone concentration
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lower in the derivative or second generation soyabean foods (Anderson et al., 1999).
This decrease is due to dilution with other constituents and losses during processing,
however isoflavones do appear to be resistant to degradation by common food

preparation methods such as frying and baking.

Western diets do not customarily include soy products; the British intake has been
estimated to be less than 1mg per day, whereas adding soy to the typical Western diet
increases urinary isoflavone levels as much as 1000-fold (Setchell et al., 1984). This
can be compared to the mean daily intake of soy in South East Asia that has been
estimated to range between 10 and 50g (Peterson, 1995).

Epidemiological studies have supported the view that soy foods can prevent hormone
dependent cancers, and this has been recognised when the incidence of breast cancer
in Asian women and women of the Western world have been compared (Wei et al.,
1995). Asian women who consume a traditional diet of high soy and low fat have a
four-fold decreased risk of developing breast cancer compared to women in Western
Europe, and it has been hypothesised that it is the consumption of soy which is
responsible for the lower incidence of breast cancer due to its chemopreventive

effects.

1.5.3. Soy isoflavones

The first recorded use of soy was in 2838 BC, contained in Materia Medica of the
Chinese Emperor Shen Nung (Adolph and Kiang, 1920). South East Asians have

used soybeans as a staple in their diet for several centuries (Dotzlaw et al., 1996) and

nowadays soybeans are converted to a variety of food products (see figure 1.5).
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Soy Milk Tofu

(super heated water) (hot water extraction,
7 coagulation, pressing)

Soybeans
Soy oil
(hexane extraction)
Defatted soy flour
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(water or aqueous (alkaline extraction,
alcohol extraction) acidification to isoelectric

point)

Fig. 1.5. Soy food materials prepared for the US market, adapted from Barnes,
1995a.

The major isoflavones in soybeans are the glycosides genistin, daidzin and glycitin
and their aglycones genistein, daidzein and glycitein (Wahala et al., 1998) (see figure
1.6), with genistein accounting for two-thirds or more of the total soybean isoflavone

content (Coward et al., 1993).

Little is known about the biological activity of the individual glycosidic conjugates of
isoflavones, as they are readily hydrolysed by intestinal bacteria, making it difficult to
assess their activity. Intestinal bacteria can differ between

individuals and studies have shown considerable variation in isoflavone phyto-
oestrogen metabolism (Wiseman, 1998), which may influence their protective

activity towards breast cancer risk. Soy isoflavones undergo extensive enterohepatic
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Fig. 1.6. Structure of phyto-oestrogens.
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circulation, are rapidly conjugated by the liver to glucuronic acid and to a lesser
extent, with sulphate (Messina et al., 1994) and are found primarily as conjugates in

both blood and urine.

Genistein (4’5,7 trihydroxyisoflavone), the most abundant isoflavone in soy, is a
diphenolic planar molecule with an aromatic A ring. It is found in the form of a -
glucoside called Genistin (Lamartiniere et al., 1998), with 6’-O-malonylgenistin
being the principle glucoside (Barnes, 1995a). The natural intestina}l microflora
hydrolyse this B-glucoside to free genistein and other related flavones which are
present in circulating blood, accumulate in tissues and are excreted in the urine
(Fioravanti et al., 1998). Like other phyto-oestrogens, genistein is structurally similar
to oestradiol and binds relatively weakly to the oestrogen receptor (Ingram et al.,
1997).

1.5.4. Metabolism of genistein

The potential importance of flavanoids as chemopreventive agents requires an
understandingr of the absorption, distribution, metabolism and excretion after
ingestion (King and Bursill, 1998). Biotransformation plays an important role in
regulating the biological activity of isoflavanoids (Coldham and Sauer, 2000), with
phase II biotransformations such as glucuronidation and sulphation providing
mechanisms for isoflavanoid inactivation and excretion. Eight different genistein
metabolites have been identified in rat urine and bile (Yasuda, 1996) and in a more
recent study, seven metabolites of [14C]-genistein were also observed in the rat
(Coldham et al., 1999). Human pharmacokinetic studies have also been performed
after ingestion of soy meals, with differences apparent between urinary excretion of
genistein and daidzein (King and Bursill, 1998) and the identification of urinary

metabolites (Heinonen et al., 1999).

Although the liver is regarded as the major site of biotransformation, metabolism can
occur in other body compartments (Coldham et al., 1999). The metabolism of

isoflavones largely occurs in organs such as the liver, small intestine and the kidney;
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however, metabolism of isoflavones in cells of the breast has also been reported
(Peterson et al., 1996). Peterson et al., observed metabolites of isoflavones in breast
cell culture media with analysis by HPLC (Peterson et al., 1996, Peterson et al.,
1998). Genistein was converted in various amounts to its 7-monosulphate form in
MCF-7, ZR-75.1, T47-D and BT-20 breast cell lines, in addition to a hydroxylated
and methylated metabolite found in both MCF-7 and T47-D cells (Peterson et al.,
1996, Peterson et al., 1998). Another isoflavone closely related to genistein,
biochanin A, was demethylated to genistein, which in turn was converted to genistein
7-monosulphate (Peterson et al., 1998). Interestingly, no signiﬁcaJ;t metabolism of

genistein occurred in normal HMECs (Peterson et al., 1996).
1.5.5. Chemopreventive activity of genistein

Animal models of cancer have been widely used to investigate the chemopreventive
effects of dietary agents (Barnes, 1995b). Different groups have performed a number
of animal chemoprevention studies using soy protein preparations containing
isoflavanoid conjugates.

In rodent modéls, breast cancer can be induced by a carcinogen such as orally
administered DMBA and the animals observed for periods from 3 months to 2 years,
after which tumour incidence is measured. Initial studies by Lamartiniere et al.
showed that neonatal or prepubertal genistein (500ug/g body weight) could protect
against DMBA-induced mammary cancer (Lamartiniere et al., 1995).

Further studies concluded that dietary genistein, provided early in life, reduced the
number of undifferentiated terminal end buds, reduced cell proliferation and
protected against mammary cancer in the adult (Fritz et al., 1998). Such data
suggests a programming effect during early postnatal life on the target tissue can

result in lifetime protection against mammary cancer (Lamartiniere and Wang, 1999).
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1.5.6. Mechanisms of action of genistein
1.5.6.1. Biochemical targets of genistein

Cancerous cells can lose the ability to respond appropriately to extracellular signals
via signal transduction pathways of which PTK are key components. Two classes of
PTK are recognised: receptor tyrosine kinases and cytosolic tyrosine kinases. The
former receive signals through the extracellular domain whilst the latter are
downstream signal transducing elements (Gescher et al., 1998). P’i‘K catalyse the
transfer of the y-phosphate group of ATP to the hydroxyl group of tyrosine on a

number of proteins.

Genistein has received much attention in recent years, following an investigation by
Akiyama et al, (1987). They identified genistein as a specific in vitro inhibitor of
tyrosine kinases, and in particular EGF-R tyrosine kinase. Since this discovery,
genistein has been used extensively to explore tyrosine phosphorylation events in cell
signalling cascades. Genistein has also been observed to suppress protein tyrosine
phosphorylatibn in response to cell adhesion to the ECM (Yan and Han, 1998), and
subsequently to inhibit invasion through the ECM by B16-BL6 melanoma cells.
Genistein has also been shown to inhibit p56/p53b, a kinase involved in the G2/M
transition of the cell cycle (Kaufmann, 1998).

Experiments performed with supercoiled plasmid DNA and DNA topoisomerase II
revealed an inhibition of topoisomerase II activity by genistein. In vitro studies
indicate that genistein, which does not intercalate with DNA, inhibits this enzyme by

stabilising the DNA-topoisomerase II cleaved complex (Yamishita et al., 1990).

The production of ROS has been postulated to play a role in carcinogenesis,
particularly in tumour promotion (Peterson, 1995). Genistein is a potent antioxidant
capable of inhibiting TPA-induced hydrogen peroxide production in HL-60 cells,
neutrophils and mouse skin (Wei et al., 1993, Wang et al., 1998), in addition to

inhibition of superoxide anion production by xanthine/xanthine oxidase.
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It has been shown that ER-P has a higher affinity for plant-derived chemicals with
oestrogenic activity compared to the classical alpha type receptor (Kuiper et al.,
1997, Enmark and Gustafsson, 1998) and genistein has been observed to have a
greater affinity for ER-f in saturation ligand binding assays (Kuiper et al., 1997,
Kuiper et al., 1998). In other experiments it was observed that genistein could
effectively compete with oestradiol binding to rat ER-B1, but was >150-fold weaker
at competing to ER-B2 (Peterson et al., 1998). Similar in vitro studies (Casanova et
al., 1999) showed that both genistein and daidzein were complete agonists to rat ER-
o and ER-B. Genistein showed a stronger interaction with rat ER- compared to
oestradiol, As genistein shows a much greater affinity for ER-B rather than ER-0, it
is possible it may exert some of its actions via a different oestrogen receptor

mediated pathway (Ingram et al., 1997).
1.5.6.2. Effects of genistein on cell growth and cell cycle regulation

Many studies have shown that over a range of physiological concentrations, genistein
has differing effects on breast cell growth (Zava and Duwe, 1997, Fioravanti et al.,
1998, Hsieh et al., 1998, LeBail et al., 1998). At concentrations between 10-5 and 10
4 M, genistein has been shown in vitro to inhibit cell growth in a wide range of breast
cell lines (Barnes, 1995b, LeBail et al., 1998, Fioravanti et al., 1998). Paradoxically,
in vitro at 106 M, it is seen to stimulate, rather than attenuate the growth of MCF-7
breast cancer cells (Martin et al., 1978, Fioravanti et al., 1998, Hsieh et al., 1998,
LeBail et al., 1998).

The effects of genistein on the cell cycle have been very well documented in recent
years. Studies from different groups have observed cyéle arrest at both G2/M and
G1/S phase transitions (Matsukawa and Aoike, 1993, Kuzumaki et al., 1998, Shao et
al., 1998, Lian et al., 1998, Constantinou et al., 1998, Davies, et al., 2000) within a
range of human and murine cancer cell lines. Genistein has been reported to arrest

cell cycle progression at G2/M within MCF-7, T47-D, MDA-MB 468 and MDA-MB
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231 human breast carcinoma cell lines (Choi et al., 1998, Shao et al., 1998,
Constantinou et al., 1998).

One mechanism by which genistein interferes with breast cell cycle progression is by
inhibiting expression of cyclin B1 protein (Choi et al., 1998, Balabhadrapathruni et
al., 2000) which has been correlated with a decrease in cyclin B1 mRNA (Choi et al.,

1998). Genistein has been shown to induce levels of pZIWAFucm expression,
accompanied by increased levels of apoptosis (Shao et al., 1998). In addition to
G2/M arrest, genistein has also been observed to inhibit both cdc2 and cdk2 kinase
activity, both associated with an increase of p21 VA*"“®! expression.

As previously mentioned, genistein has also been shown to inhibit p56/p53 " kinase,
which is involved in the cell cycle (Kaufmann, 1998). Progression from G2 into M
phase of the cell cycle is controlled by a cyclinB/CDK1 complex, which in turn is
regulated by tyrosine phosphorylation. The inhibition of p56/p53ly'l kinase by
genistein inhibits phosphorylation on a tyrosine residue (Tyr15) on CDK1, thereby

interfering with cell cycle progression.
1.5.6.3. Induction of apoptosis by genistein

The mechanism of programmed cell death can be measured by a variety of different
methods. Fragmentation of cellular DNA at internucleosomal linker regions
illustrated by DNA laddering is a widely used biochemical marker, in addition to
cleavage of PARP and the activation of caspase-3, which are also early indicators of
apoptosis (Li et al., 1999a). Apoptosis can also be confirmed by Hoechst 33342
staining or phosphatidylserine externalisation by Annexin V staining. Genistein-
induced apoptosis has been observed in a number of different cell lines, including
MCF-7 and MDA-MB 231 cells (Pagliacci et al., 1994, Choi et al., 1998,).

Genistein has been reported to cleave PARP and activate caspase-3 in MDA-MB 231

cells (Li et al., 1999a). In a number of different studies, genistein has been reported

to induce apoptosis by altering the expression of apoptosis related genes. It has been
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shown to upregulate levels of the apoptopic inducers Bax and p21, while
downregulating both bcl-2 and p53 protein expression in MDA-MB 231 and MDA-
MB 435 breast cancer cells treated with 30uM genistein (Li et al., 1999b, Li et al.,
1999a). At high concentrations (150uM), genistein has also been observed to inhibit
bcl-2 protein, increase levels of bcl-2 phosphorylation and cause upregulation of p53
in MCEF-7 cells (Constantinou et al., 1998).

1.6. Project Aims.

This project is directed at elucidating the mechanisms involved in genistein-induced
effects on cell growth. The hypothesis to be tested is that genistein affects the growth
of human-derived breast cancer cell lines in a similar manner.

To do this, six breast cell lines have been used, covering a range of phenotypes. The
tumour cell lines used were MCF-7, ZR-75.1, T47-D, MDA-MB 468 and MDA-MB
231, which are thought to possess different levels of hormone dependence, in
addition to an immortalised, but transformed cell line, HBL 100. The study was
designed to determine the generic nature or otherwise, of some of the features
pertinent to thé modulation of breast cell growth by genistein, and to highlight

differences in the response of these cell lines to genistein.

Genistein in the 10" to 10* M concentration range has been shown to inhibit the
growth and survival of breast cancer cells (see section 1.5.6.2). Here, the growth
inhibitory effect was investigated using two different cell culture conditions. Studies
were performed using media differing in content of serum and serum constituents, to
allow observation of the role of serum in genistein-induced growth inhibition.
Furthermore, it was hypothesised that genistein also elicits growth-stimulatory effects
also in oestrogen receptor-positive cell lines other than MCF-7 cells. Differences
between cell lines towards the effect of genistein on growth may be attributed to the
presence of receptors germane to proliferation. Therefore, the presence of the EGF-R

and ER (see section 1.5.6.1) were examined, as they may be targets for genistein.
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The susceptibility of cell lines towards genistein-induced growth effects may be
related to changes in cellular biochemistry. The mechanism of genistein-
induced growth inhibition was investigated with respect to its ability to modulate
the activity of cell signalling pathways and transcription factors. The effect on
transcription factor AP-1, important in controlling cell growth and proliferation,
and its effect on MAPK cell signalling pathways within the cell lines were
examined. The hypotheses that genistein inhibits cell growth by interfering with
phosphorylation of ERKSs and by inhibiting levels of c-Jun and c-Fos protein
were tested. -
Investigation into the effect of genistein on cell cycle regulation and apoptosis
was also performed, as inhibition of cell growth by genistein can occur via
deregulation of such processes (see sections 1.5.6.2-3). Here, the hypothesis

tested was that genistein modulates cell cycle regulation similarly in all cell lines.

The ability of genistein to inhibit tumour cell growth is important for
chemoprevention and perhaps for therapy, and the mechanisms by which it
inhibits growth are not necessarily identical in different cell lines. Overall, the
study was designed to provide an insight into the effect of genistein on a number
of cell lines and to find potential mechanisms that are common or specific to a
particular cell line. The overall results may help to optimise the design of the

clinical evaluation of genistein.
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CHAPTER 2: MATERIALS AND
METHODS. |



2.1. MATERIALS.

2.1.1. Source of chemicals and kits

Acrylamide (30% acrylamide: bis acrylamide)
AMYV buffer
Benzamidine
Beta galactosidase reporter gene assay kit
BSA
Cholera toxin
dNTPs
DMEM
DMEM /F12 Nut Mix
DMEM /F12 (Ham 1:1)
Dextran coated charcoal
DMSO
Dynabead kit
ECL
Endofree MaxiPrep Kit
EGF
Fugene transfection reagent
Genistein
Glutamax
B-Glycerophosphate

| Hybond Nitrocellulose
Hydrocortisone
Insulin
Igepal CA 630
Luciferase reporter assay kit
Miniprep DNA kit
Pierce Protein Reagent Kit
Poly DIDC

Polyoxyethlene sorbitan monolaurate (Tween 20)
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Anachem

Promega

Sigma

Promega

Sigma

Sigma

Pharmacia Biotech
Gibco BRL

Gibco BRL

Gibco BRL

Sigma

Fisons Analytical Reagents
Dynal

Amersham

Qiagen

Sigma

Boeringher Mannheim
Sigma

Gibco BRL

Sigma

Amersham

Sigma

Sigma

Sigma

Promega

Promega

Pierce Protein Reagents
Sigma

Sigma



Protein A agarose beads
RPMI 1640

Sodium Pyrophosphate
TPA

TEMED

Triton-X-100

2.1.2. Protein and phosphatase inhibitors.

Aprotonin
Leupeptin
Pepstatin A
PMSF

Sodium fluoride

Sodium vanadate

2.1.3. Enzymes.

AMV reverse transcriptase

RNAse

Hind III restriction enzyme (+buffer B)

T4 polynucleotide kinase (+ T4 PNK buffer)

Taq polymerase

2.1.4. Antibodies.

c-Fos - specific for c-Fos, clone H-125,

corresponds to amino acids 210-235 of carboxy

terminus of human c-Fos.

c-Jun — specific for c-Jun, corresponds to residues

1-79 of human c-Jun
cyclin B1 — clone 7A9, specific for complete

cyclin B1 molecule
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Sigma
Gibco BRL
BDH
Sigma
Sigma
Sigma

~ Sigma

Sigma
Sigma
Sigma
Sigma
Sigma

Promega

Sigma

Boehringer Mannheim
Promega

Promega

Santa Cruz

New England BioLabs

Vector Laboratories



cyclin D1 — clone P2D11F11, corresponds to
human cyclin D1 molecule

EGF-R - clone Z-12, specific for full length
human EGF-R

JNK1 - clone C-17, corresponds to human JNK1
molecule

PARP - clone C2-10, recognises epitope in the C
terminal binding domain of human, mouse and
rat, raised against bovine PARP

phosphorylated ERK - corresponds to short
amino acid sequence containing phosphorylated
Tyr-204 of human ERK 1

anti-mouse HRP linked secondary antibody
anti-rabbit HRP linked secondary antibody

Santa Cruz

Santa Cruz

Santa Cruz

gift from M MacFarlane
(from Dr G Poirier, Laval

Univ, Quebec)
Santa Cruz

Sigma
Sigma

2.1.5. Oligonucleotide primers, dyes and molecular weight standards.

100bp ladder

1 Kbp ladder

AP-1 consensus oligonucleotide*

Bromophenol blue

Oestrogen receptor beta primers for PCR*

GL2 counter clockwise primer *

NFxB consensus oligonucleotide*

Pre-stained broad range molecular weight marker

Xylene cyanol

2.1.6. Radioisotopes

[y-32P] Adenosine 5’-triphosphate (ATP)

* see appendix for nucleotide sequences.
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New England BioLabs
New England BioLabs
Promega

USB

Genset

Promega

Promega

BioRad

BDH

Amersham



2.2. Buffers, solutions and other agents

All buffers and solutions were prepared using autoclaved water distilled to 18.5
Ohms (ultapure) or phosphate buffered saline (PBS) unless otherwise stated.

Agarose gel electrophoresis
To prepare a 2% agarose gel, 1g ultrapure electrophoresis grade agarose was
dissolved in S0ml 1 x TAE buffer by heating in a microwave. The solution was

cooled to 70°C, poured in the casting tray and left to set at room temperature.

AJ buffer final concentration
167pul 2M Tris-HCL pH 8.0 45mM
83ul 1M ammonium sulphate 11mM
33.5ul 1M magnesium chloride 4.5mM
75ul 100mM dATP ImM
75ul 100mM dATP ImM
75ul 100mM dCTP ImM
75ul 100mM dTTP 1ImM
85ul 10mg/ml BSA 113pg/ml
3.6u1 100% B-mercaptoethanol 6.7mM
3.4n1 0.01M EDTA pH 8.0 4.4mM

The components were mixed and pelleted at 3000g for 1 minute at 4°C, the

supernatant was removed and stored at -20°C in 100ul aliquots.

Agar plates (with ampicillin) final concentration
0.5ml 50mg/ml ampicillin 0.05mg/ml
50mg X-gal in 2ml DMF 0.05mg/ml

Agar was heated in a microwave until fully dissolved and left to cool until below
50°C. The above components were added and 20ml of agar mixture poured into
sterile petri dishes and left to set for 30 minutes. The plates were then incubated for

1 hour upside down at 37°C, after which they were stored at 4°C until use.
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Annexin buffer final concentration

10ml 0.5 M HEPES 10mM
15ml 5M NACl 150mM
1.25ml 2M KCl 5mM
0.5ml 1M MgCl, 1mM
0.9ml 1M CaCl, 1.8mM

The components were mixed, the solution calibrated to pH 7.4 with sodium

hydroxide and the volume adjusted to 500ml. The buffer was stored at room

temperature.

Binding buffer final concentration
4g Ficoll 8% (W/V)

1.6ml 0.5M HEPES (pH 7.5) 40mM

The components were added together and the volume adjusted to 50ml. The buffer

was stored at 4°C.

Caspase-3 activity assay buffer final concentration
11.9g HEPES 100mM

50g sucrose 10% (w/v)

0.5g CHAPS 0.1% (w/v)

The following was added prior to use:

2M DTT 10mM

The components were mixed, the solution calibrated to pH 7 with sodium hydroxide
and the volume adjusted to 500ml. The solution was stored at -20°C in 50ml

aliquots.

Dulbecco’s Minimal Essential Medium (DMEM)
This was purchased from Gibco Life Technologies. 500ml of media was
supplemented with 2mM glutamax and 10% FCS prior to use.

Dulbecco’s Modified Essential Medium (DMEM) / F12 Ham (1:1)

This was purchased from Gibco Life Technologies. 500ml of media was
supplemented with 2mM glutamax and either 2% charcoal stripped FCS or 10% FCS
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prior to use.

Dulbecco’s Minimal Essential Medium (DMEM) /F12 Nut Mix

This was purchased from Gibco Life Technologies. Media (500ml) was
supplemented with 5% horse serum, 2mM glutamax, 20ng/ml EGF, 10ug/ml insulin,
0.5pg/ml hydrocortisone and 100ng/ml cholera toxin prior to use.

Electrophoresis running buffer final concentration
30.2g Tris base 25mM

188g glycine 250m

100ml 10% SDS 1% (v/v)

The first two components were mixed in 850ml water, after which 100ml 10% SDS
was added. The volume was adjusted to 1000ml to give a x10 stock buffer. This

buffer was diluted 1:10 with water prior to use and stored at room temperature.

Freezing medium final concentration
5ml heat inactivated FCS 25% (v/v)
1.5ml DMSO 7.5% (v/v)
0.5ml Glutamax 2.5% (viv)
13ml relevant medium 65% (v/v)

The components were mixed and used to re-suspend cell pellets prior to freezing.

Genistein
Genistein was purchased from Sigma Chemical Corp. Stock solutions of 500mM
and 50mM were prepared in DMSO and aliquots were stored at -20°C. Cells were

treated with genistein by addition to cell culture media at desired concentrations.

Kinase assay buffer final concentration
0.6g HEPES 25mM
0.31g B glycerophosphate 25mM
2.5ml 1M MgCl, 25mM
100ul 0.5M EDTA ' 0.5\mM

The components were mixed, volume adjusted to 100ml and stored at 4°C. The
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following were added immediately prior to use:

100mM Na,;VO, 0.5mM
500mM DTT 0.5mM
Nuclear preparation buffer A final concentration
2ml 0.5M HEPES pH 7.8 10mM
0.5ml 2M KCl 10mM
200l 1M Mg(Cl, 2mM
50ul 2M DTT lmM
20ul 0.5M EDTA 0.1mM
0.4M PMSF 0.4mM
20pl 0.5M NaF 0.2mM
200ul 100mM Na, VO, 0.2mM

The components were mixed, the volume adjusted to 100ml and stored at 4°C.

The following was added immediately prior to use:

0.3 mg Leupeptin
Nuclear preparation buffer B final concentration
10ml Igepal CA630 10% (v/v)

This was added to 90ml water and stored at 4°C.

Nuclear preparation buffer C | final concentration
10ml 0.5M HEPES pH 7.8 ' 50mM
2.5ml 2M KCl 50mM
6ml 5M NaCl 300mM
200pl 0.5M EDTA 0.1mM
200ul 2M DTT 1mM
10 ml Sterile glycerol 10% (v/v)
0.4M PMSF 0.4mM
400ul 1M NaF 0.2mM
200pul 0.1M Na;VO, 0.2mM

The components were mixed, volume adjusted to 100ml and stored at 4°C.
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Oestrogen stripping buffer final concentration

500ml 0.5M sucrose 250mM

3ml MgCl, 1.5mM

20ml HEPES pH 7.4 10mM

The components were mixed, the volume adjusted to 1000ml and stored at room
temperature.

PMSF final concentration
0.35g PMSF 100mM

PMSF is hazardous, therefore weighing out of the powder was performed in a fume
hood. A 100mM stock solution was prepared in 20ml 100% methanol, protected
from light and stored at 4°C.

PIPES cell lysis buffer final concentration
12.5ml 2M PIPES/KOH pH 6.5 50mM

2ml 0.5 M EDTA 2mM

CHAPS 0.1% (w/v)

These components were combined, the volume adjusted to 500mls and stored at 4°C.

The following were added to Sml immediately prior to use:

1 MDTT 5mM
Aprotonin 10pg/ml
10ul 10mg/ml Leupeptin 10pg/ml
10yl 10mg/ml Pepstatin A 10pg/ml
100pul 100mM PMSF 2mM

Polyacrylamide gel for gel shift assay

8 ml 30% acrylamide:bis acrylamide (37.5:1)
49.75ml water

3ml 5X TBE

400ul 10% AMPS

100ul TEMED
The components were combined, with TEMED added last, mixed thoroughly and
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poured into a large gel casting system (Hoeffer Scientific Instruments, San

Francisco, CA) and left to set.

Polyacrylamide separating gel (10%)

3.3ml 30% acrylamide:bis acrylamide (37.5:1)

4ml distilled water

2.5ml 1.5M Ttris pH 8.8

100u1 10% SDS

100ul 10% AMPS

4ul TEMED

The components were combined with TEMED added last, mixed thoroughly and
poured into a Hoeffer mini gel casting system (Hoeffer Scientific Instruments). The

gel was overlaid with water and left to set.

Polyacrylamide separating gel (8%)

4ml 30% acrylamide

3.4ml distilled water

2.5ml 1.5M Tris pH 8.8

100ul 10% SDS

100ul 10% AMPS

6ul TEMED

The components were combined with TEMED added last, mixed thoroughly and
poured into a Hoeffer mini gel casting system (Hoeffer Sceintific Instruments). The

gel was overlaid with water and left to set.

Polyacrylamide stacking gel

0.83ml 30% acrylamide

3.4ml distilled water

0.63ml 1 M Tris

50pl 10% SDS

50ul 10% AMPS

5 Wl TEMED

The components were combined with TEMED added last, mixed thoroughly and
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poured on top of the stacking gel, a comb inserted and left to set.

RPMI 1640 medium
This was purchased from Gibco Life Technologies. 500ml of media was
supplemented with 2mM glutamax and 10% FCS prior to use.

TPA
TPA was purchased from Sigma Chemical Corp. A 5mM stock solution was
prepared in DMSO and aliquots stored at -20°C. Cells were treated with TPA by

addition to cell culture media at desired concentrations.

TAE buffer final concentration
242g Tris M

57.1ml glacial acetic acid 57.1mM

100ml 0.5M EDTA pH 8.0 SmM

The components were dissolved in a volume of 1000ml, making a x 50 stock
solution. The solution was autoclaved, stored at room temperature and diluted with

distilled water to give a 1x working solution prior to use.

TBS final concentration
50ml 1M Tris 5mM

8.78g sodium chloride 15mM

The components were dissolved in a volume of 1000mi and stored at room
temperature.

TBS-T final concentration
50ml 1M Tris pH 7.5 5mM

8.78¢g sodium chloride 15mM

1ml polyoxyethylene sorbitan monolaurate (Tween 20) 0.1% (v/v)

The components were dissolved in a volume of 1000ml and stored at room

temperature.
Triton lysis buffer final concentration
10ml 1M Tris pH 7.4 20mM
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4g NaCl

1.575g B glycerophosphate

0.45g NaPPi

2ml 0.5 M EDTA
50ml sterile glycerol
0.156g benzamidine

137mM
25mM
2mM
2mM
10% (v/v)
2mM

The components were combined to make a 2x solution, the volume adjusted to

250ml and stored at 4°C. This was diluted with water to give a 1x working solution

before use.

The following were added prior to use:

100mM Na,VO,
100mM PMSF
10mg/ml pepstatin A
10mg/ml leupeptin
2mg/ml aprotonin
Triton X-100
500mM DTT

Urea sample buffer
0.5ml 1M Tris pH 7.4
3ml 20% SDS

3.6ml glycerol
5ml16M urea

ImM
ImM
2ug/ml
2ug/ml
2pg/ml
1% (v/v)
0.5mM

final concentration
50mM

6%

36% (v/v)

M

The components were dissolved in a volume of 15ml and the following protease and

phosphatase inhibitors were added prior to use:

10mg/ml pepstatin
10mg/ml leupeptin
2mg/ml aprotonin

Western blotting sample buffer

1.51g Tris base
75ml 20% SDS
90ml glycerol
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The components were dissolved in a volume of 250ml and the following protease

and phosphatase inhibitors were added to 5ml buffer prior to use:

10mg/ml pepstatin 2pg/ml

10mg/ml leupeptin 2ug/ml

2mg/ml aprotonin 2pg/ml

50ul 100mM PMSF 1mM

50ul 100mM Na3VvVO4 ImM

500ul 1M NaF 10mM

Western blotting transfer buffer final concentration
5.8g Tris 48mM

2.9g glycine ' 39mM

200ml methanol 20% (v/v)

1.85ml 20% SDS 0.037%

The components were dissolved in a volume of 1000ml and stored at room
temperature.

Western blotting stripping buffer final concentration
50ml 20% SDS 2% (v/v)

3.78g Tris base 62.5mM

The components were combined, the volume adjusted to 500ml and 400pl1 B-
mercaptoethanol added per 50ml prior to use.

Western blotting BSA blocking buffer
A 5% stock was made by dissolving 5g electrophoresis grade BSA in 100ml TBS-T
and stored at 4°C.

Western blotting non-fat milk blocking buffer

A 5% solution of non -fat milk (Marvel) was prepared by mixing 5g Marvel and
100ml TBS-T, immediately prior to use.
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2.3 METHODS.
2.3.1. Celllines

MCF-7, ZR-75.1, T47-D, MDA-MB 468 and MDA-MB 231 breast carcinoma cell
lines in addition to HBL 100 and MCF-10A immortalised breast cell lines, were a
gift from the Breast Cancer Research Unit, Glenfield Hospital, Leicester, UK
courtesy of Prof. R. A. Walker and Dr L. Gordon, and were originally obtained from
American Type Culture Collection (Manassas,VA). For details of cell lines see table
2.1.

2.3.2 Routine cell maintenance

MDA-MB 468 and MCF-7 cells were grown and routinely passaged in RPMI-1640
medium supplemented with 10% FCS and 2mM glutamax. T47-D, HBL 100 and
MDA-MB 231 cells were passaged in DMEM medium supplemented with 1g/litre
glucose, 2mM glutamax, 110 mg/litre sodium pyruvate and 10% FCS. ZR-75.1 cells
were grown in DMEM/F12 media F12 (Ham) 1:1, containing 15mM HEPES and
supplemented with 10% FCS and 2mM glutamax. MCF-10A cells were routinely
passaged in specially defined DMEM/F12 Nut Mix media. This was supplemented
with 20ng/ml EGF, 0.5ug/ml hydrocortisone, 10pg/ml insulin, 100ng/ml cholera
toxin, 2mM glutamax and 5% horse serum. All cell lines tested negative for
mycoplasma infection and were cultured without antibiotics. Cell culture was
performed using a class II laminar flow cabinet, where cells at 70-80% confluency
were washed with PBS, trypsinised with 1x T/E and pelleted at 200g for 3 minutes.

Cells were re-seeded at required densities in T125 flasks and maintained in a Sanyo

incubator at 37°C in 5% CO,.

2.3.3. Cell storage and resurrection

Cells in log phase of growth (70-80% confluent), were washed with PBS, trypsinised
with 1x T/E and pelleted at 200g for 3 min. The cell pellet was resuspended in
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8s

Cell Line

Derived from Culture and Morphology Other comments Reference:
HBL 100 | Milk of nursing Continuous culture as Cell line of normal origin, contains SV40 | Gaffney et al., 1979
mother, 27 yrs, monolayer, epithelial-like, | virus genome
Caucasian will dome when heavy
MCF-7 Adenocarcinoma, from | Continuous culture as " [ Retained several characteristics of Soule et al., 1973
pleural effusion, 69 yrs, | monolayer, epithelial-like, | differentiated mammary epithelium,
Caucasian will dome when heavy including the ability to process oestradiol
ZR-75.1 | Ductal carcinoma, 63 | Continuous culture as Oestrogen receptor alpha positive Engel et al., 1978
yrs, malignant effusion, | monolayer, epithelial-like
Caucasian
T47-D Infiltrating ductal Continuous culture as Contains cytoplamic junctions and Lamp et al., 1981
carcinoma, 54 yrs, monolayer, epithelial-like, | oestrogen receptor alpha
substrain of T47 cell tendancy to multilayer
line
MDA- Pleural effusion of Continuous culture as Oestrogen receptor alpha negative Brinkey et al., 1980
MB 468 | metastatic monolayer, ¢pithelial-like
adenocarcinoma, 51
yrs, Negro
MDA- Pleural effusion of Continuous culture as Tumourigenic in nude mice Cailleau et al., 1974
MB 231 | adenocarcinoma, 51 monolayer, epithelial-like )

yrs, Caucasian

Table 2.1. Cell lines used in this study.




10mls freezing mixture and aliquoted into 1ml cryovials. The vials were stored
overnight at -80°C, after which they were transferred to liquid nitrogen for long-term
storage.

To revive cell lines, a vial of frozen cells was defrosted at 37°C and added to 9ml
media. The cells were pelleted at 200g for 3 min, resuspended in 1ml media, added
to a T25 flask containing 9ml fresh media and incubated at 37°C in 5% CO,,.

2.4. Cell growth assays

Cells in log phase of growth (60-70% confluent), were washed with PBS and
trypsinised with 1x T/E. The cells were pelleted at 200g for 5 min and seeded at
densities of 1.5 x 10* for HBL 100, MCF-10A, MCF-7, ZR-75.1, MDA-MB 468 and
MDA-MB 231 cells and 2 x 10* for T47-D cells in 1.75cm wells. Cells were
incubated for 48 hrs after which the medium was removed and cells were washed
twice with PBS. Fresh medium (DMEM/F12 with either 10% FCS or 2% DCC-S
FCS or DMEM Nut Mix with 5% horse serum for MCF-10A cells) containing
genistein (10 and 1uM) was added to the wells and cells incubated for 96 hrs.
Control cells were incubated with DMSO, the volume of which did not exceed
0.01%, and which on its own did not affect cell growth. After 96 hrs, the media was
removed, cells washed twice with PBS and trypsinised. Media (1ml) was added to
cells and thoroughly mixed to form a single cell suspension. An aliquot of cells
(200p1) were diluted in 9.8ml isoton and counted using a Coulter Counter (Beckman
- Coulter, Luton, UK) (model ZM, settings: current 100, full scale 10, polarity auto,
upper threshold 99.9, preset gain 1, volume 500ul).

Further studies using HBL 100 cells cultured in medium containing either 2% FCS or
10% FCS were performed as above. Experiments were also performed culturing
HBL 100 cells in medium containing 2% FCS for 48 hrs, after which FCS was added
to adjust the final serum content to 10% for a further 48 hrs. Cells were harvested as

described above.
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2.4.1.  Growth assays in HBL 100 cells cultured in media supplemented with

various serum components

HBL 100 cells were seeded as before, but in DMEM media supplemented with 2%
DCC-S FCS either with or without four components of serum. Oestradiol (10-> M),
hydrocortisone (0.5pg/ml), insulin (10ug/ml), and EGF (2ug/ml) were added to
media (100ml) and incubated together with genistein (10uM) for 96 hrs. Control
cells were grown in 2% DCC-S FCS media for the same period of time, after which

all cells were harvested and counted as described above.
2.4.2.  Stripping foetal calf serum using DCC

To prepare serum free of endogenous oestrogens, DCC was used to ‘strip’ FCS.
DCC was added (0.25% w/v) to oestrogen stripping buffer and incubated overnight
at 4°C. A volume of DCC equivalent to the amount of serum to be stripped was
taken and spun at 500g for 20 min to pellet the charcoal. The supernatant was
removed and replaced with the same volume of FCS and mixed thoroughly. This
mixture was incubated for 2 x 45 min at 56°C to produce heat inactivated DCC
stripped serum and spun for 20 min at 500g to pellet the DCC. The serum
supernatant was removed, filtered into 10ml aliquots and stored at -20°C.

2.5. Analysis of EGF-R expression by western blotting

HBL 100, T47-D, MDA-MB 468 and MDA 231 cells were seeded at 5x105 cells per
3.5cm well, whilst MCF-7 and ZR-75 cells were seeded at 4x10° cells per 3.5cm
well in media supplemented with 10% FCS the day prior to use. Cells were allowed
to adhere, after which the media was removed and replaced with that containing 0%
FCS and cells incubated overnight at 37°C. Culture medium was removed and

replenished with fresh 1hr prior to commencing treatment.
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2.5.1. Harvesting cells for western blotting

Sample buffer was boiled and an aliquot (50u1) added to each well. The resulting
cell lysates were sonicated to shear DNA, after which 10p] was retained for protein
determination using the Pierce protein assay (see section below for details). DTT
(2M) and bromophenol blue were added, samples spun for 10 sec, vortexed and

boiled for 5 min prior to loading.

2.5.2. Pierce protein assay

The cell lysate (10ul) was diluted 1:5 with distilled water, to which 1ml Pierce
protein reagent (1:50 copper sulphate and BCA reagent) was added. Once added, the
samples were vortexed and incubated at 37°C for 30 min. Sample absorbance was
read at 562nm using a spectrophotometer (Perkin Elmer UV/V15 Lamda 28,
Beaconsfield, UK) and protein yields were calculated from a standard curve.

2.5.3. Gel electrophoresis and protein transfer

A 10% acrylamide separating gel was poured using a mini gel cast (Hoeffer
Scientific Instruments, San Francisco, CA), overlaid with water and left to set (based
on a method by Sambrook et al., 1989). Once set, a stacking gel was poured. An
equal amount of protein was loaded into each well, alongside a molecular weight
marker. The samples were run through the stacking gel at 80V for 15 min, then at
150V through the separating gel until the dye front ran off the bottom of the plate.
Gels were removed from the gel tank, floated in transfer buffer to equilibrate for 15
min, after which protein was transferred to a nitro-cellulose membrane (Hybond,
Amersham Life Sciences Ltd, UK) using a wet blotting system (BioRad
Laboratories, Hemel Hempstead, UK) running at 100V for 90 min. The membrane
was blocked overnight at 4°C in 5% BSA in TBS-T.

61



2.5.4. Detection of EGF-R expression

An antibody specific for the EGF-R was used at a dilution of 1:2000 in 0.5% BSA in
TBS-T, for 90 min. Membranes were washed with TBS-T (4 washes x 10 min) and
incubated with an anti-mouse HRP-linked secondary antibody (1:1000 dilution) in
TBS-T for 1 hr. The signal was detected using the ECL detection system.
Membranes were exposed to ECL hyperfilm (Amersham) for approximately 30 sec
and developed using the X-ograph Compact X2 developer. Scanning and
densitometry were performed using the Molecular Dynamics Densitometer
Instrument and quantified by Image Quant Analysis software.

2.6. Detection of ER-S mRNA levels

2.6.1 mRNA extraction from cell lines

The extraction of mRNA was performed using the Dynabead Kit purchased from
Dynal. Cells were trypsinised, counted, 1 x 106 cells were resuspended in 1ml lysis
binding buffer (LBB) and divided into four samples. Resuspended dynabeads (40pl)
were added to each tube, a magnet used to ‘pellet’ the beads and the pellet re-
suspended in LBB (40pul). The mixture was re-pelleted via the magnet and the cell
lysate added after mixing to reduce viscosity and to shear the DNA. The lysate/bead
mix was incubated at room temperature for 10 min, pelleted via the magnet and the
liquid removed. Wash/SDS buffer (200ul) was added and the mixture re-pelleted via
the magnet. This wash step was repeated twice, but the second time the mixture was
resuspended in wash buffer alone. This step was repeated three times with the final

re-suspension performed with 30l sterile water.

2.6.2. RT-PCR of extracted mRNA

This process produces complementary DNA from mRNA. A mastermix containing
5ul AMV buffer, 4ul NTP mix and 1ul RNasin was made, 10ul was aliquoted into
each tube, after which, 14.2ul of resuspended beads were added. Finally, 0.8ul
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reverse transcriptase was added to each tube and incubated at 42°C for 1 hr. The
mixture was pelleted via a magnet and washed with 1 x TE, the TE removed and the

pellet resuspended in 25l sterile water.

2.6.3. Detection of ER-B by RT-PCR

A mastermix was made by combining Sul 10 x AJ buffer, 2ul forward ER-B primer
(10pmol/ul), 2ul reverse ER-B primer (10pmol/ul) and 42ul PCR water per sample
(for primer sequences, see appendix). An aliquot (48l) of this mix and 1ul of
relevant resuspended bead mix (RT-PCR product) were added to each sample tube
(using 1pl water for the negative control). A drop of sterile paraffin oil was added to
the top of each reaction to ensure successive rounds of heating and cooling did not
result in sample evaporation. A ‘hot start’ to the reaction was performed by placing
the samples in the PCR machine after the program reached 95°C, thus avoiding
amplification of non-specific PCR products that may be produced as the temperature
rises from room temperature at the start of the program. Once at 95°C, 0.2ul Taq
polymerase was added to each sample to start the reaction. The conditions used
were: 95°C for 5 min (amplification), 95°C for 1 min (denaturing), 60°C for 1 min
(annealing) and 72°C for 1 min (extension of the DNA). The last three steps were
repeated for 30 cycles with a final extension step at 72°C for 7 min.

A 1:50 dilution of first round PCR products were used and an identical reagent mix
made, with the exception of different primers (see appendix). Conditions for the
second round PCR were slightly different, with a hot start performed at 95°C for 5
min, followed by 95°C for 40 sec, 60°C for 40 sec, 72°C for 1 min, with the last
three steps repeated for 30 cycles. A final extension step at 72°C for 7 min followed
and fragments of approximately 429 base pairs were produced at an exponential rate.

The PCR products were stored at 4°C prior to visualisation on a 2% agarose gel.
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2.7. Preparation of DNA for transfections

The PBL-Luciferase/TRE plasmid (5.3kB) was kindly donated by Dr. P. Parker,
ICRF Laboratories, London, UK. The PBL-Luciferase/TRE construct was
generated from a Sca I and Bgl II digest ligating a large fragment of a pGL2
basic vector with a small fragment of PBLCAT2 plasmid. The TRE plasmid
comprises a PGL Basic backbone, a TK minimal promoter and three tandem

TRE sites upstream of a luciferase coding region.
2.7.1.  Preparation of the TRE pGL2 plasmid

The plasmid glycerol stock for the TRE pGL2 construct (1ul) was added to 10ml

L- Broth medium (containing ampicillin 50mg/ml) and incubated overnight in an
orbital shaker at 37°C. An aliquot of the starter culture (50ul) was added to 400ml L
Broth medium (containing ampicillin) in a large conical flask and the overnight
incubation repeated. The following day the plasmid DNA was extracted using the
endo free maxiprep kit. The bacterial culture (250ml) was spun at 5000g for 10 min
at 4°C, the supernatant removed and the pellet resuspended in 10ml Buffer P1.
Buffer P2 (10ml) was added and the suspension incubated at room temperature, after
which 10ml Buffer P3 was added, mixed, poured into a QIAfilter maxi cartridge and
incubated for 10 min, again at room temperature. During this time a precipitate
containing proteins, genomic DNA and detergent floats to the top of the solution to
ensure convenient filtration. The plunger was inserted into the cartridge and the cell
 lysate filtered into a 50ml tube.

Buffer ER (2.5ml) was added to the filtered lysate, mixed and incubated on ice for 30
min. A qiagen tip-500 was equilibrated by applying 10ml Buffer QBT and allowing
the column to empty by gravity flow. The cleared lysate was added to the giagen tip-
500 and washed twice with 30ml Buffer QC. The DNA was eluted using 15ml
Buffer QN into endotoxin free polypropylene centrifuge tubes, precipitated with
10.5ml isopropanol and thoroughly mixed before being spun at 15000g for 30 min at
4°C. The supernatant was carefully removed, the DNA washed with 2.5ml
endotoxin-free 70% ethanol and re-pelleted at 15000g for 10 min at 4°C. The



supernatant was removed, the DNA pellet air dried for approximately 1 hr and
resuspended in 300ul Buffer TE.

2.7.2.  Restriction digest of TRE plasmid DNA

To check the DNA prepared in section 2.7.1 was the correct size, a restriction digest
was carried out. This was performed by combining DNA (2ul), buffer B (1pl),
water (6ul) and finally Hind III restriction enzyme (1ul). This mixture was digested
for 2 hrs at 37°C, after which the products were visualised on a 2% agarose gel

against a 1 Kbp molecular marker.
2.7.3. Determination of plasmid concentration

Plasmid concentration was determined by measuring the optical density of a solution
containing a 1:100 dilution (plasmid: water). The absorbance was read at 260, 280
and 320nm using a spectrophotometer (Perkin Elmer UV/V15 Lamda 2S). The -

following calculation was used to provide the DNA concentration:
absorbance (260nm) x 100 (dilution) x 50 (for dsDNA) = [plasmid]}/ pg/ml.

The amount to be used in subsequent transfection experiments was determined and

DNA was aliquoted accordingly to reduce freeze/thaw cycles.
2.7.4. Sequencing of TRE pGL2 plasmid DNA

The TRE plasmid was sequenced using the facilities of PNACL, housed in Centre for
Mechanisms of Human Toxicity. The plasmid was cultured in L-Broth medium
(10ml) containing ampicillin for 18 hrs to an ODgponm of between 1.5 and 4 units,

pelleted and the supernatant removed. The DNA was purified by PNACL, after
which the sequencing was performed using an ABI prism 377 sequencer. The GL2
primer was used, which sequences counter clockwise across the multiple cloning

sites, upstream of a luciferase coding region.
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2.7.5. Transformation of pGL2 basic vector into JM109 competent cells

Competent transformed cells (100ul) were added to 1ug cloned DNA (pGL2 basic
vector), thoroughly mixed and incubated in ice for 10 min. The cells were heat
shocked for 45 sec in a water bath heated to 42°C, after which they were placed on
ice for 2 min. L-Broth medium (900ul) was added and the cells were incubated in an
orbital shaker for 1 hr at 37°C.

Cells were dispensed onto 5 agar plates (200, 100, 50, 10 or Opl cells per plate) and
incubated overnight at 37°C. A single white colony was selected (containing pGL2
basic DNA) and incubated overnight in a 10ml culture of L-Broth medium. A DNA
miniprep was performed, the resulting DNA was digested using a Hind III restriction
enzyme (see section 2.7.2) and visualised by agarose gel electrophoresis. The DNA
from the miniprep was used as the starter culture in a maxi-prep (see section 2.7.1 for
details) to obtain enough DNA to use in transfections as a control for TPA-induced
AP-1 activity.

2.8. Transient tranfections to detect AP-1 activity

2.8.1. Transfection by electroporation

Cells were trypsinised, pelleted at 200g for 5 min and resuspended in serum free
media. An aliquot of cells was counted using a haemocytometer and the
concentration of cells adjusted to 8x107 cells/ml. DNA was added to cuvettes (TRE
pGL2 2.5pmol, pGL2 basic 2.5pmol, pPCMVp 0.075pmol), incubated on ice,
followed by addition of 200ul of cell suspension. The cell suspension was gently
mixed and cells were electroporated (BioRad Gene Pulser, Hemel Hempstead, UK)
at a voltage of 0.25kV and a capacitance of 960uF. Immediate addition of 800ul of
media (containing 10% FCS) was required to help the cells recover after the shock of
the electrical pulse. The cuvettes were left to stand for 5 min, after which the
transfected cells were seeded onto 5 cm plates. Media (4ml) containing 10% FCS
was added to each plate and incubated for 5 hr at 37°C, to continue cell recovery.
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After this incubation period, the media was removed and replaced with 4ml of serum
free media, after which the plates were incubated for a further 48 hr.

2.8.2. Transfection by fugene

Cells were trypsinised, pelleted at 200g for 5 min and resuspended in 10% FCS
media. An aliquot of cells was counted using a haemocytometer and the
concentration of cells adjusted to 2x105 cells per 3.5cm well. Once cells had adhered
to the wells, media was removed and replaced with that containing.0% FCS for 24
hr. A mastermix of 0% media and fugene reagent (97:3pl per transfection) was
prepared and incubated for 5 min at room temperature. A DNA mastermix
containing desired plasmids (TRE pGL2 0.29pmol, pPCMVp 0.23pmol) was
prepared, to which the media/fugene mixture was added and incubated for 15 min.
An aliquot (100pul) was added to the cell cultures and incubated for 24 hr.

2.8.3. Treatment and lysis of cells

Cells were pre-treated with genistein (1, 10 or 50uM) for 1 hr followed by addition
of TPA (0.2uM) for 4 hr at 37°C. Cells were washed twice with PBS before being
lysed with 300ul reporter lysis reagent (B-Galactosidase Enzyme Assay Kit) for 15

min at room temperature and assayed using both systems described below.
2.8.4. p- Galactosidase enzyme assay system

pCMV is a mammalian reporter vector that is designed to express B galactosidase
from the human cytomegalovirus immediate early gene promoter. This vector
produces very high levels of B-galactosidase expression and can therefore be used as
a reference or control plasmid when monitoring transfection efficiency. This
expression was measured using a B-Galactosidase Enzyme Assay Kit. An extract
(25ul) was mixed with 25ul buffer containing the substrate (o-nitrophenol -d
galactopyranosidase) and incubated at 37°C for 30 min, in which time -
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galactosidase hydrolyses the substrate to produce o-nitrophenol that is yellow in
colour. The reaction was terminated by the addition of 75ul sodium carbonate (1M)

and absorbance read by plate reader iEMS reader MF, Lab Systems UK Ltd) at a
wavelength of 414nm.

2.8.5. Luciferase assay system

The luciferase assay yields luminescence through ATP-dependent oxidation of beetle
luciferin in the presence of magnesium and oxygen, resulting in light emission. The
total amount of light measured over a given time interval is proportional to the
amount of luciferase reporter activity in the chosen sample. This activity was
measured using the luciferase assay kit. Luciferase assay reagent (50ul) was added
to a cell extract (10ul) and light emission measured using a liquid scintillation
counter (Wallac 1450 Microbeta Plus, Milton Keynes, UK). These results were
normalised with values obtained for 3-galactosidase and represented against
untreated values (100%).

2.9. Detection of AP-1 DNA binding by gel shift assay

2.9.1. Seeding and treatment of cells

HBL 100, ZR-75.1, T47-D and MDA-MB 468 cells were seeded at 4 x 106 cells on
9cm plates in media supplemented with 10% FCS, the day prior to treatment. Cells
were allowed to adhere, after which the media was removed and replaced with that
containing 0% FCS and cells incubated overnight at 37°C. Culture media was
replenished with fresh 1 hr prior to commencing treatment. Cells were pre-treated
with genistein (50uM) for 1 hr, followed by treatment with TPA (0.2uM) for 4 hr,

after which cells were harvested as described below.
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2.9.2. Preparation of nuclear extracts

Culture media was removed from plates and cells were washed twice with ice-cold
PBS, scraped off and transferred to an eppendorf tube. Cells were pelleted at 100g
for 10 min at 4°C. The supernatant was removed, the pellet washed with 1ml PBS
and re-spun at 15000g for 15 sec at 4°C. The supernatant was again removed, the
pellet washed in 0.4ml Buffer A and incubated on ice for 15 min. Buffer B (25pl)
was added to the sample, vortexed and spun at 15000g for 30 sec at 4°C. Pelleted
nuclei were resuspended thoroughly in 50ul Buffer C, mixed for 20 min at 4°C and
sonicated. Samples were spun at 15000g for 5 min at 4°C, the supernatant collected

and protein concentration determined by Bradford Assay (see below).

2.9.3. Bradford protein assay

This procedure was based on a method by Bradford, 1976. An aliquot (5ul) of the
nuclear protein supernatant was added to 1ml distilled water, vortexed, 200ul

removed and replaced with 200ul protein reagent (Biorad). Sample absorbance was
read at 595nm using a spectrophotometer (Perkin Elmer UV/V15 Lamda 2S) and

protein yields were calculated from a standard curve.

2.9.4. Labelling of the oligonucleotide

Consensus AP-1 oligonucleotide (8.75pmol), T4 polynucleotide kinase (1pul), T4
polynucleotide kinase buffer (2ul) and water (7ul) were added to a screw top
eppendorf and transferred to the radioactivity room. [y-32P] ATP (5ul) was added to
the mix and incubated at 37°C for 30 min. TE buffer (80ul) was added to stop the
reaction, after which 100pl of the labelled oligonucleotide was dispensed onto the
top of a NAP ‘5’ column and eluted into a fresh tube. The oligonucleotide was
eluted with subsequent 100u! aliquots of TE buffer and collected in 12 fractions.
The DPM of each fraction was measured and the three fractions containing the
highest DPM were combined. The oligonucleotide was precipitated with 2.5x the
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volume of ethanol and 1/10 volume of NaCl and incubated overnight at -20°C. The
following day, the oligonucleotide was thawed, spun at 14000g for 30 min and the
resulting pellet resuspended in 50l water.

2.9.5. Preparation of samples

A polyacrylamide gel was poured and left to set for 1 hr. Protein (5ug) from the
nuclear extracts was added to buffer C to give a volume of 4ul, which was adjusted
to a final volume of 6l with water. For competitive and non-comi)etitive inhibitors,
8.75pmol of cold AP-1 and NFkB oligonucleotides were used respectively. To each
sample, binding buffer (10ul), poly DIDC (1pg), 10nM MgCl,, 10nM DTT and 1.6yl
‘water was added. Once samples were transferred to the radioactivity room, the
labelled oligonucleotide (1pul) was added, mixed and incubated at room temperature

for 30 min.
2.9.6. Loading and running the gel

The combs were removed from the gel, the wells washed out with water and a
syringe used to remove excess water from the wells. TBE buffer (800mls) was
poured into the bottom of the gel tank, the cooling system switched on and the gel
moved into place. Buffer was poured into the top of the tank and the gel was pre-run
for 15 min at 120V, after which loading buffer (2pul) was added to each sample and
loaded onto gel. The gel was run at 240V for 10 min after which the voltage was
reduced to 120V for approximately 2 hrs.

2.9.7. Detection of AP-1 DNA binding

Gels were transferred onto blotting paper and dried (Hoeffer Gel Drier SR, San
Francisco, CA) at 65°C for 1 hr. When completely dry, gels were transferred to a
phosphorimager cassette (Molecular Dynamics) and left overnight after which the

image was scanned into the phosphorimager (Molecular Dynamics). Gels were
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exposed to film for between 3 and 24 hr at -80°C, depending on the signal and
visualised by autoradiography.

2.10.  Analysis of ERK phosphorylation

2.10.1. Seeding and treatment of cells

HBL 100, T47-D, MDA 468 and MDA 231 cells were seeded at 5x105 cells per
3.5cm well, whilst MCF-7 and ZR-75 cells were seeded at 4x105 cells per 3.5cm
well, in medium supplemented with 10% FCS on the day prior to use. After cells
had adhered to the wells, the media was removed and replaced with that containing
0% FCS and cells incubated overnight at 37°C. Serum-free media was removed,
cells washed with PBS and fresh serum free media added 1 hr prior to cell
treatments.

Cells were pre-treated with genistein (50uM) or DMSO for 30 min, after which
0.2uM TPA was added for a further 5 min. The media was removed and cells given
a final wash with PBS. Cells were harvested as described in section 2.5.1, samples
subjected to polyacrylamide gel electrophoresis and proteins transferred onto a

nitrocellulose membrane (section 2.5.3).

2.10.2. Antibody detection of levels of ERK phosphorylation

A phospho-specific antibody, pERK, was used to detect levels of ERK 1 and 2
phosphorylation at a dilution of 1:2000 in 0.5% BSA in TBS-T, for 90 min.
Membranes were washed with TBS-T (4 washes x 10 min) and incubated with an
anti mouse HRP-linked secondary antibody (1:1000 dilution) in TBS-T for 1 hr.

Detection of protein was as for EGF-R (see section 2.5.4).
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2.11 Western blot analysis of c-Fos and c-Jun protein
2.11.1. Seeding and treatment of cells

Cell lines were seeded at 4 x 106 cells on 15cm plates the day prior to harvesting in
media supplemented with 10% FCS. Cells were allowed to adhere, after which the
media was removed and replaced with that containing 0% FCS aﬁd cells incubated
overnight at 37°C. Culture medium was replenished with fresh 1 hr prior to
commencing treatment. Cells were pre-treated with genistein (50uM) for 30 min,
followed by treatment with either TPA (0.2uM) or anisomycin (100nM) for 2 hr, for
c-Fos and c-Jun, respectively, after which cells were harvested as described in
section 2.9.2. Samples were subjected to polyacrylamide gel electrophoresis as
described in section 2.5.3 and the proteins transferred to a nitrocellulose membrane.
The membranes were blocked in either 5 or 10% non- fat milk in TBS-T for c-Jun

and c-Fos respectively, for 24 hr at 4°C.
2.11.2 Detection of c-Fos and c-Jun protein

Antibodies specific for c-Jun and c-Fos were used at a dilution of 1:2000 in 5 and
10% non-fat milk, respectively, in TBS-T for 2 hr. Membranes were washed in TBS-
T (4 x 10 min) and incubated with an anti mouse and anti rabbit HRP-linked
secondary antibody respectively, (1:1000 dilution) in TBS-T for 1 hr. Detection of

proteins was as for EGF-R (see section 2.5.4).
2.12  JNK assay for detection of c-Jun phosphorylation
2.12.1. Seeding, treatment and harvesting of cells

MCEF-7 and ZR-75.1 cells were seeded at a density of 3 x 106 cells on 9cm culture
dishes, incubated at 37°C for 24 hr, after which the media was removed and replaced
with that containing 0% FCS and cells incubated overnight at 37°C. Culture media

was replenished with fresh 1 hr prior to commencing treatments. Cells were pre-
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treated with genistein (50uM) for 30 min, followed by anisomycin (100nM) for 30
min, after which cells were harvested as described below. Culture media was
removed, cells washed with PBS, 1ml TLB was added to cells and plates were
incubated for 15 min on ice. Cells were scraped off plates, collected in tubes and
pelleted at 1000g for 5 min at 4°C. The supernatant was retained and protein
concentration determined by Bradford Assay (see section 2.9.3). Protein
concentration was calculated from a standard curve and the remaining supernatant

was frozen at -80°C until use.

2.12.2 Immunoprecipitation of JNK

Protein A agarose beads (0.6mg) were added to tubes representing the number of
samples. PBS (1ml) was added, the mixture pelleted and supernatant removed, after
which JNK1 antibody (1pg) was added to the beads in each tube, mixed and
incubated for 1 hr at room temperature. Samples were defrosted and equal amounts
of protein combined with TLB to adjust all sample volumes to 500ul. The beads
were washed with 0.5ml PBS, pelleted, the sample added and incubated on a rotary
mixer for 3 hr at 4°C. Samples were pelleted, supernatant removed and the process
repeated twice with 0.5ml TLB. Samples were given a final wash with 0.5ml kinase

assay buffer and the supernatant removed.

2.12.3. JNK Kinase Assay

Kinase assay buffer (30ul), GST c-Jun substrate (5pug) and cold ATP (49.98uM)
were added to the pellet on ice, after which samples were transferred to the
radioactivity room. An aliquot of [y-32P] ATP (13.2nM) was immediately added to
each sample. Samples were incubated for 30 min at 30°C; the reaction was
terminated with the addition of sample buffer (10pul). Samples were boiled for 5 min
and subjected to polyacrylamide gel electrophoresis as described in section 2.5.3,
after which gels were exposed to film for autoradiography after incubation for 6 hr at
-80°C.
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2.13. Flow-cytometric analysis

2.13.1. Seeding and treatment of cells

All cell lines were seeded at a density of 2 x 106 cells on 9cm culture dishes. Cells
were incubated at 37°C for 48 hrs, after which genistein was added at either 1 or

10uM. Cells were also incubated with DMSQO, the volume of which did not exceed
0.01% and which had no effect on the cell cycle.

2.13.2. Harvesting cells for FACS analysis

After 96 hr, cells were harvested by trypsinisation; pelleted and resuspended in PBS.
Ice-cold 70% ethanol/PBS (2 ml) was added and cells were incubated for 3 hr at 4°C
after which RNAse (100pul) and propidium iodide (100ul) were added and the cells

incubated for a further 24 hr at 4°C (Ormerod, 1993). Flow cytometric analysis was

2

performed using a FACScan flow cytometer (Becton Dickinson, San Jose CA) and
Cell Quest software.

2.14.  Detection of cyclin BI and DI protein in breast cell lines

2.14.1. ' Seeding and treatment of cells

All cell lines were seeded at 2 x 10° cells on 9cm plates in media supplemented with
2% DCC-S FCS. Fresh media containing genistein (10uM) was added to the wells at
24, 48, 72 and 96 hr intervals and control cells were incubated with DMSO at the
same time points. Cells were harvested for nuclear protein as described in section
2.9.2, subjected to polyacrylamide gel electrophoresis as described in section 2.5.3,
after which membranes were blocked in 10% non- fat milk in TBS-T for 24 hrs at

4°C.
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2.14.2. Detection of cyclin Bl and DI protein

Antibodies specific for cyclin B1 and cyclin D1 were used at dilutions of 1:2000 in
10% non-fat milk in TBS-T for 90 minutes. Membranes were washed in TBS-T (4 x
10 min) and incubated with an anti mouse HRP-linked secondary antibody (1:1000
dilution) for 1 hr. Detection of proteins was as for EGF-R (see section 2.5.4).

2.15. Annexin staining to observe apoptosis

Annexin V is a vascular protein that binds in a calcium dependent fashion to the

phospholipid PS, present on the external membrane surface of apoptotic cells.

2.15.1. Seeding and treatment of cells

PS externalisation was assessed using the Annexin V staining method adapted for
adherent cells (Freathy et al., 2000). Cells were seeded at a density of 2 x 106 on 9cm
culture dishes in media supplemented with 10% FCS and incubated at 37°C for 24
hr, after which genistein (10uM) was added for 96 hr. Cells were also incubated
with DMSO to act as a control.

2.15.3. Harvesting cells for annexin staining

Attached cells were trypsined (0.1-0.5X trypsin/EDTA in PBS) and combined with
the detached cells. Cells were pelleted at 300g for 5 min at 4°C, resuspended with
fresh medium containing 10% FCS (5ml) and incubated for 20 min at 37°C. Cells
(1x106) were pelleted and resuspended in 1ml annexin buffer. Annexin V was added
to a final concentration of 100ng/ml after which the cells were incubated for 8 min at
room temperature. Propidium iodide (50pug/ml) was added, cells incubated for 1 min
and analysed by flow cytometry.
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2.16. Western blot analysis of PARP in MDA-MB 468 cells

2.16.1. Seeding and treatment of cells

MDA-MB 468 cells were seeded at a density of 3x106 on 9cm culture dishes in
medium supplemented with 10% FCS and incubated at 37°C for 24 hr, after which

genistein (10pM) was added for 96 hr. Cells were also incubated with DMSO to act

as a control.

2.16.2. Harvesting cells for PARP protein analysis

Attached and detached cells were collected and pelleted at 300g for 5 min at 4°C.
The resulting cell pellet was washed in 1ml ice cold PBS and spun at 300g for 5 min
at 4°C. The cell pellets were snap frozen in liquid nitrogen and thawed at 37°C three
times in succession. The pellet was finally re-suspended in sample buffer (200ul)

and sonicated.

2.16.3. Gel electrophoresis and proteins transfer

Samples containing 0.5x106 cells were loaded onto a 8% acrylamide separating gel
alongside a molecular weight marker. The samples were run through the stacking gel
at 80V for 15 min, then at 150V through the separating gel until the dye front ran off
the bottom of the plate. Gels were removed from the gel tank and floated in transfer
buffer to equilibrate for 15 min, after which protein was transferred to a nitro-
cellulose membrane using a wet blotting system (BioRad) running overnight at 30V.

2.16.4. Detection of PARP protein
Membranes were blocked in 5 % non-fat milk in TBS-T for 1 hr at room temperature

and incubated with an antibody specific for PARP (1:10 000 dilution) for 1 hr.

Membranes were washed (4 x 10 min) and incubated with an anti mouse HRP-linked
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secondary antibody (1:1000 dilution) for 1 hr. Detection of proteins was as for EGF-
R (see section 2.5.4).

2.17.  Detection of caspase-3 activity in MDA-MB 468 cells
2.17.1. Seeding and treatment of cells

MDA-MB 468 cells were seeded at 1x10¢ in T125 flasks in media supplemented
with 10% FCS and incubated for 24 hr at 37°C. Media was removed and replaced
with that containing genistein (10uM) and incubated for 96 hr. Cells were seeded at
a low density in T125 flasks so only extremely low levels of spontaneous apoptosis

occurred.
2.17.2. Harvesting cells for caspase-3 activity

This protocol was based on a method described by MacFarlane et al., (1997).
Attached cells were collected by scraping the flasks and were combined with media
containing any detached cells and pelleted at 300g for 5 min at 4°C. The resulting
cell pellet was washed twice in 1ml ice cold PBS and spun at 300g for 5 min at 4°C.
The cell pellets were snap frozen in liquid nitrogen and thawed at 37°C three times,
and ﬁna.lly resuspended in 50ul PIPES lysis buffer. Protein concentration was
determined by the Bradford Assay (see section 2.9.3) and 50ug used for the enzyme

assay.
2.17.3. Enzyme activity assay

Extracts containing 50ug protein were combined with assay buffer (1.25ml) and Z-
DEVD.afc substrate (10ul), a synthetic tetrapeptide based on the main cleavage site
of PARP. The extracts were assayed for caspase-3 activity using a luminescent
spectrophotometer (Perkin Elmer LS 50B, Beaconsfield, UK). The liberation of 7-
amino-4-fluromethylcoumarin from Z-DEVD.afc was measured at excitation and

emission wavelengths of 400 and 505nm, respectively, and given as a measure of
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caspase-3 activity. The results were calculated as units of DEVDase activity, using
UV WinLab software.

2.18. Statistical analysis

Statistical significance was assessed using the analysis of variance statistical test
(Aiffi et al., 1977). The two-way ANOVA was used in experiments where an even
number of data points were present and the two-way ANOVA General Linear Model
was used when an uneven number of data points were analysed. The ANOVA was
followed by Fischer’s LSD posthoc test (Snecodor et al., 1980) or an one-way
ANOVA followed by Tukey’s posthoc test.
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| CHAPTER 3:
THE EFFECT OF GENISTEIN ON
THE GROWTH OF BREAST
CELLS.
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INTRODUCTION

Development of the normal breast and progression of breast cancer are regulated by
hormonal factors. The best defined of these factors are the endocrine steroids which
by their interaction with nuclear receptors, regulate cellular function (Dickson et al.,
1991, Dickson and Lippman, 1995).

The growth modulatory properties of genistein, a weakly oestrogenic compound, has
been investigated extensively in recent years with regard to its effect on many
different types of human-derived cells. Studies have been predominantly carried out
in the breast (Pagliacci et al., 1994, Fioravanti et al., 1998, Hsieh et al., 1998, Shao et
al., 1998, Miodini et al., 1999, Dixon-Shanies and Shaikh, 1999, Li et al., 1999a, Li
et al 1999b, Santell et al., 2000, Balabhadrapathruni et al., 2000), but have also been
extended to prostate (Davis et al., 1998, Davies et al., 2000), leukaemia (Peterson,
1995), non-small lung cancer cells (Lian et al., 1998) and bovine endothelial cells
(Fotsis et al., 1993).

Almost all published studies on the effect of genistein on breast cell growth have
focused on a small number of cell types, in particular the oestrogen-responsive MCF-
7 cell line. My hypothesis was that a range of human breast cell lines would respond
similarly to the effects of genistein, regardless of oestrogen receptor status.

This study was designed to highlight any differences between cell lines in their
response to genistein, which may be important in the use of genistein as a therapeutic
or chemopreventive agent. To that end, the effects of genistein on the growth of six
human-derived breast cell types were compared, tumourigenic MCF-7, ZR-75.1,
T47-D, MDA-MB 468 and MDA-MB 231 cells and the non-malignant, but
immortalised, HBL 100 cells.
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RESULTS
3.1  Phenotype of the breast cell lines

In order to examine whether the growth effects elicited by genistein are attributable
to an effect on receptors germane to cell proliferation, the cell lines were screened for
the presence of EGF-R and ER-f mRNA. The ER-a protein status of human-derived

breast cell lines has been reviewed in many studies and will be discussed later.

The EGF-R is a transmembrane tyrosine kinase that is activated by tyrosine
autophosphorylation after ligand-induced dimerisation (Xing and Imagawa, 1999).
The ligand-bound receptor is capable of phosphorylating multiple signal transduction
molecules leading to the activation of protein kinase cascades. Its function is
inhibited by genistein (Akiyama et al., 1987). Elevation in EGF-R levels are known
to play a role in mammary tumour progression from hormone dependence to
independence, illustrated by murine mammary tumours (Keinhuis et al., 1993) and
human ZR-75.1 breast cells (van Agthoven et al., 1992). The EGF-R serves to
regulate the prbliferation of multiple tissues in adults and thus may be a target for the
growth-modulatory effects of genistein. Knowledge of the ER-p status of the cell
lines may help to understand the mechanism of action of genistein if growth
inhibition occurs via an ER-mediated pathway. Expression of EGF-R and ER-B was
determined by western blot analysis and by RT-PCR, respectively.

3.1.1 EGF-R expression

Figure 3.1 shows EGF-R expression in the six breast cell lines, as detected by
western blotting. Both MDA-MB 468 and MDA-MB 231 cell lines express elevated

levels, with the remaining four cell lines expressing very low or undetectable levels

of the EGF receptor.
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Fig. 3.1. EGF-R protein expression in breast cell lines: (A) HBL
100, (B) MCF-7, (C) ZR-75.1, (D) T47-D, (E) MDA-MB 468 and
(F) MDA-MB 231 cells by western blot analysis.

For details of western blot analysis see section 2.5.3.
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3.1.2. ER-p status

Figure 3.2 shows the ER-B mRNA status of the breast cell lines. Four cell lines

exhibited the presence of ER-f mRNA, namely HBL 100, MCF-7, MDA-MB 468
and MDA-MB 231 cells.

3.2  The effect of genistein on breast cell growth

A number of experiments were performed to investigate the effect of genistein on
cell growth in varying culture conditions. The first experiments were designed to
investigate the effect of genistein on cell growth in medium supplemented with 10%
FCS. The results in figures 3.3, 3.4 and 3.5 show that the growth-accelerating effect
of genistein was only observed in MCF-7 cells, in which 1 uM increased cell
numbers by 30 % over controls (figure. 3.3). Genistein (10 pM) inhibited growth of
all cell types with the exception of HBL 100 and T47-D cells, with MCF-7 cells the
most sensitive to the growth-modulatory effects of genistein. The lower
concentrations of genistein (0.1 and 0.01uM) did not exert any effect on growth in

any of the cell lines.

To test the hypothesis that cell growth modulation by genistein is influenced by
serum constituents, growth experiments were repeated using medium supplemented
with charcoal stripped serum (see chapter 2.4.2 for details of protocol), with cells
grown in medium containing 2% DCC-S FCS for 96 hours as before. Serum
starvation did not abrogate the growth effects of genistein observed with the full
serum complement, except in the case of HBL 100 and T47-D cells. Here, cell
growth in the presence of 10 pM genistein, was reduced by 77 and 72 % respectively,
compared to control (figures 3.3 and 3.4). In the remaining four cell lines, the extent
of growth inhibition by genistein under conditions of reduced FCS was much more

pronounced.
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Fig. 3.2. Expression of ER-p mRNA in breast cell lines by
RT-PCR.

For details see section 2.6
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Fig. 3.3. Effect of genistein (0.01-10pM) on the growth of HBL 100 and MCF-7
breast cells in medium containing (A) 10 % FCS and (B) 2% DCC-FCS.

Results, which are presented as a percentage of cells in control cultures, are the
meantSEM of 3 independent determinations, each conducted in duplicate. Asterisks
indicate that values are significantly different from controls (P<0.05, two-way
ANOVA, Fischer's LSD posthoc test). For details of culture conditions see section

2.4.
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Fig. 3.4. Effect of genistein (0.01-10uM) on the growth of ZR-75.1 and T47-D
breast cells in medium containing (A) 10 % FCS and (B) 2% DCC-FCS.

Results, which are presented as percentage of cells in control cultures, are the
meantSEM of 3 independent determinations, each conducted in duplicate. Asterisks
indicate that values are significantly different from controls (P<0.05, two-way
ANOVA, Fischer's LSD posthoc test). For details of culture conditions see section

2.4.
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Fig. 3.5. Effect of genistein (0.01-10uM) on the growth of MDA-MB 468 and
MDA-MB 231 breast cells in medium containing (A) 10 % FCS and (B) 2%

DCC-FCS.
Results, which are presented as percentage of cells in control cultures, are the
meantSEM of 3 independent determinations, each conducted in duplicate. Asterisks

indicate that values are significantly different from controls (P<0.05, two-way
ANOVA, Fischer's LSD posthoc test). For details of culture conditions see section

24.
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As differences were observed in genistein-induced HBL 100 and T47-D cell growth
in medium containing 10% FCS and 2% DCC-S FCS, further experiments were
performed in order to investigate the effect on cells grown in medium containing
10% DCC-S FCS and 2% FCS. The results from these studies would indicate if
either charcoal stripping or the amount of serum, or both, were required for genistein

to exhibit its growth-inhibitory effects.

Genistein did not elicit a growth inhibitory effect in T47-D cells grown in either type
of culture condition (figure 3.6). Therefore, in this cell line it appeérs that in order
for genistein to significantly modulate growth, the culture medium needs to contain a
reduced amount of serum which is charcoal stripped, as growth inhibition was only
observed when cells were grown in medium containing 2% DCC-S FCS.

In contrast, in HBL 100 cells, genistein elicited a growth-inhibitory effect in both
types of culture condition (figure 3.6). These results suggest that the growth
inhibitory effect on HBL 100 cells does not depend on reduced serum, nor does it
rely on the removal of hormones from the serum. It would appear that the presence
of (undefined) serum proteins interfere with the effect of genistein on cell growth
modulation. In further experiments, the culture condition ‘2% DCC-S FCS’ will be
known as just ‘2% FCS’, as the process of serum stripping did not have any effect on
cell growth. This will hopefully cause less confusion when interpreting results.

3.2.1. Comparison of genistein-induced growth inhibition between two non-

malignant cell lines

Further experiments were performed, comparing the effects of genistein on HBL 100
cells and MCF-10A cells, another non-malignant cell line. MCF-10A cells express
very low levels of mRNA of ER-a (Dickson and Lippman, 1995) and are cultured in
specially defined medium (see section 2.3.1 for details). They normally require 5%
horse serum, as compared to 10% FCS in order to proliferate, therefore the

experiments could not be repeated identically. In addition, experiments were not
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Fig. 3.6. Effect of genistein 1 yM (open bars) and 10 pM (closed bars) on the
growth of HBL 100 (A) and T47-D (B) breast cells in medium containing 10
%FCS (1), 10% charcoal stripped FCS (2), 2% FCS (3) and 2% charcoal
stripped FCS (4).

Results, which are presented as percentage of cells in control cultures, are the
mean+SEM of 3 independent determinations, each conducted in duplicate.
Asterisks indicate that values are significantly different from controls (P<0.05,
two-way ANOVA, Fischer's LSD posthoc test). For details of culture conditions
see section 2.4.

89



performed using medium containing charcoal stripped horse serum, as preliminary
studies using this culture condition resulted in large numbers of dead cells after just
24 hours. MCF-10A cells obviously require essential nutrients present in horse
serum that are removed during the process of charcoal stripping. Therefore,
experiments were performed studying the effect of identical concentrations of
genistein on cells grown in medium containing either the full complement (5%) or
reduced (2%) horse serum. This would provide a comparison to the results gained

with HBL 100 cells grown in medium with full and reduced serum concentrations.

The results in figure 3.7 show the growth of MCF-10 A cells treated with genistein
(0.01-10uM). Genistein (10uM) significantly inhibited growth of cells in medium

containing either 5% or 2% horse serum, with inhibition much more pronounced

when cultured in the latter medium. Inhibition of cell growth by genistein was also

observed at 1uM in medium supplemented with 2% serum.
3.3.  Differential response of HBL 100 cell growth to the effects of genistein

The following experiments performed using HBL 100 cells were an extension of

previous investigations, and were carried out in an attempt to elucidate why the

behavior of genistein (10uM) differed between culture conditions.-

Genistein (10uM) elicited a different inhibitory response on the growth of HBL 100
cells, depending on the type of culture conditions, so further experiments were
performed to test the hypothesis that the inhibitory action of genistein could be
reversed in line with changes in the culture conditions. Cells were primarily
incubated in medium containing 2% FCS and after 48 hours, serum was added to the

medium to adjust the serum content to 10%.
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Fig. 3.7. Effect of genistein (0.01-10uM) on the growth of MCF 10A breast
cells in medium supplemented with (A) 5% or (B) 2% horse serum.

Results, which are presented as percentage of cells in control cultures, are the
meantSEM of 3 independent determinations, each conducted in duplicate.
Asterisks indicate that values are significantly different from controls (P<0.05,
two-way ANOVA, Fischer's LSD posthoc test). For details of culture conditions
see section 2.4.1.
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Fig. 3.8. Reversal by 10% FCS of the effect of genistein (10LM) on the growth of
HBL 100 cells in 2% FCS.

Open bars represent cells grown in media containing 10% FCS, hatched bars 2%
charcoal stripped and closed bars serum change from 2 to 10% FCS. Results, which
are presented as percentage of cells in control cultures, are the mean+SEM of 3
independent determinations, each conducted in duplicate. Asterisks indicate that
values are significantly different from controls (P<0.05, two-way ANOVA, Fischer's
LSD posthoc test). For details of culture conditions see section 2.4.
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Fig. 3.9. Effect of genistein on the growth of HBL 100 cells in medium containing
2% DCC-S FCS (A) supplemented with EGF, insulin, hydrocortisone and
oestradiol, and (B) without supplements.

Open bars represent cells treated with DMSO and closed bars represent cells treated
with genistein (10uM). Results, which are presented as percentage of cells in control
cultures, are the mean+SD of 3 independent determinations, each conducted in
duplicate. Asterisks indicate that values are significantly different from controls
(P<0.05, two-way ANOVA, Fischer's LSD posthoc test). For details of culture
conditions see section 2.4.
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As seen in previous results (see section 3.2), genistein (10uM) had no effect on HBL
100 cell growth in medium supplemented with 10% FCS, but when cells were grown
in medium containing 2% DCC-S FCS, genistein inhibited cell growth by 85%
compared to the control. Interestingly, when HBL 100 cells were incubated with
medium containing serum changing from 2 to 10%, the inhibitory action of genistein
was reversed (figure 3.8).

Further experiments were performed to test the hypothesis that the growth sensitivity
of HBL 100 cells to genistein relates to specific serﬁm components: It is possible
that a constituent of serum may mask the growth-inhibitory effects of genistein in
this cell line. Four components of serum were chosen: EGF, hydrocortisone, insulin
and oestradiol. Experiments were performed assessing the effect of genistein on cells
grown in medium containing 2% DCC-S FCS alone and with the supplements listed
above. The results shown in figure 3.9 provide evidence that the addition of these
components to culture medium did not affect the ability of genistein to inhibit cell
growth, as significant growth inhibition was observed in cells grown in medium both

with and without the supplements.
DISCUSSION

The results presented here show that the growth of all six breast cell lines
investigated in my thesis were affected by genistein at 10 pM, which is consistent
with a number of published studies including Zava et al., 1997, Fioravanti et al.,
1998, LeBail et al., 1998 and Dixon-Shanies and Shaikh, 1999. Nevertheless,
differences were apparent between cell lines in terms of their sensitivity towards
genistein, with MCF-7 cells proving most sensitive when grown in medium
containing 10% FCS (table 3.1).

The enhancement of breast cell growth elicited by genistein (1 pM) in MCF-7 cells is
not a generic feature of human-derived breast cells, as growth stimulation was not

detected in any of the other cell lines.
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The observation that genistein in the 10 M range can promote the growth of MCF-7
cells is consistent with those reported by Martin ef al., (1978) and Wang et al.,
(1996), in which growth stimulation was observed at concentrations of 200nM and
10nM-1uM, respectively. These studies indicate there are two mechanisms by which
genistein can modulate cell proliferation. The first mechanism, in which genistein
stimulates cell growth at low concentrations, may be mediated via the oestrogen
receptor (Hsieh et al., 1998) and the second, anti-proliferative mechanism, evident at
higher concentrations, may be mediated through a number of pathways, possibly

independent of the ER, including deregulation of the cell cycle and/or apoptosis.

Stimulation of breast cell growth by genistein has raised concern that physiologically
achievable concentrations of genistein might support - rather than counteract - the
progression of breast cancer in women with pre-malignant changes. Studies by
Hsieh et al., (1998) showed genistein enhanced the growth of MCF-7 cell tumours
implanted subcutaneously into ovariectomised athymic nude mice in vivo, with
plasma levels of genistein reaching 2.1uM. Thus, there is the potential for dietary
genistein to stimulate the growth of oestrogen dependent tumours in postmenopausal
women, who have low circulating levels of endogenous oestrogens. Such an effect
would severely confound any potential benefit of genistein consumption and
emphasizes the importance of fully characterising phyto-oestrogens in terms of
biological activity, the balance between agonistic and antagonistic properties, natural
potency and long and short term effects (Whitten et al., 1995).

Growth promotion is associated with both EGF and ER. The work of Aikyama et al.,
(1987) showed that genistein exhibited specific activity against tyrosine kinases, for
example, EGF—R kinase, pp60" > and pp110 8ag-feS inases. In the same study,
genistein was also shown to inhibit the tyrosine kinase activity of the EGF-R in
cultured A-431 cells. It is therefore possible that genistein may elicit an inhibitory
effect on cell growth by specific inhibition of tyrosine kinases. In a different study,
genistein treatment (6.25-100puM) for 5 days was shown to decrease EGF-dependent
mammary epithelial cell proliferation in a dose-dependent fashion (McIntyre and
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Sylvester, 1998), whereas identical concentrations had little or no effect on EGF-
induced EGF-R tyrosine autophosphorylation. This would indicate that the

antiproliferative effect of genistein was not directly associated with a reduction in

EGF-R activity.

Experiments with transgenic mice have implicated the overexpression of several
growth factors and receptors, including EGF, in mammary cancer (Dickson and
Lippman, 1995). Hormone unresponsive cells differ from their steroid receptor
positive counterparts by possessing higher proliferative and invasive rates both in
vivo and in vitro, in addition to altered expression of certain growth factor receptors,
for example EGF-R (Dickson and Lippman, 1995).

Clinically, high levels of EGF-R in breast tumours strongly correlate with a poor
prognosis, and high expression of EGF-R is often accompanied by a low or absent
expression of ER-a (Sainsbury et al., 1985). The cell lines used in this study were
characterised in terms of their EGF-R and ER status to provide an insight into their
nature and to examine whether genistein could utilise either EGF-R- and /or ER-

mediated pathways to inhibit cell growth.

Figure 3.1 shows the level of EGF-R protein expression in the cell lines. MDA-MB
468 and MDA-MB 231 cell lines both exhibit elevated levels of this receptor,
consistent with the work of Sainsbury et al., (1995) in that high EGF-R expression
correlates with the absence of ER-a.. The inhibitory effect of genistein on cell
growth is therefore probably not mediated through inhibition of EGF-R activity, as
growth inhibition was also observed in EGF-R negative cell lines, which suggests

other mechanisms must be involved.

Work by Peterson ef al. in cells of the breast (Peterson and Barnes, 1996) and
prostate (Peterson and Barnes, 1993) showed neither EGF-stimulated EGF-R
tyrosine autophosphorylation nor EGF-stimulated tyrosine phosphorylation of
intracellular target proteins such as MAPK were affected at concentrations of
genistein that inhibited proliferation of such cells. This data suggests that genistein
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affects these cells by mechanisms other than inhibition of EGF-R PTK activity and
this is probably also true for the breast cell lines tested in this study.

Oestrogen receptors play an important role in proliferation of breast cells. The
modulation of cell growth by genistein has been associated with the interaction of
genistein with oestrogen receptors (Kuiper et al., 1998) and this may be the
mechanism by which low concentrations of genistein stimulate the growth of MCF-7

cells. Genistein is known to have a greater affinity for ER-B, as opposed to ER-c,

therefore experiments were performed to investigate the ER-p mRNA status of the
six breast cell lines by RT-PCR, to test the hypothesis that the growth stimulatory

effects of genistein are somehow mediated via oestrogen receptors.

The results in figure 3.2 represent ER-f mRNA expression. It would have been
preferable to detect ER protein in addition to mRNA to ensure that ER-p mRNA was

translated, but protein experiments using ER- antibodies in western blotting were

unsuccessful. However, as more antibodies become available, it would be important

to screen the cell lines for ER-f protein levels.

Four cell lines exhibited levels of ER-f mRNA, namely HBL 100, MCF-7, MDA-
MB 468 and MDA-MB 231 cells. The ER-a protein status of the cells lines used in

this study have been described extensively in the literature and are summarised

together with ER-p mRNA results, from both this study and others, in table 3.3.
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Cell line ER-a protein ER-B mRNA
HBL 100 - Nakatani et al., 1999 + Dampier (unpublished)
MCF-7 + Brooks et al., 1973 + Enmark et al., 1997
ZR-75.1 + Enmark et al., 1997 — Enmark et al., 1997
T47-D + Enmark et al., 1997 + Dotzlaw et al., 1996

+ Enmark et al., 1997
MDA-MB 468 | — Shao et al., 1998 + Dampier (unpublished)

— Balabhadrapathruni
et al., 2000

MDA-MB 231 | — Fioravanti et al., 1998 + Dotzlaw et al., 1996

+ Vladusic et al., 1998

Table 3.1. ER status of breast cell lines used in this study.

MCF-7 cells are positive for ER-a protein and also express ER-p mRNA. T47-D
and ZR 75.1 cells express ER-a protein, but differ in their ER-p status. Both MDA-
MB 231 and MDA-MB 468 cells harbour only ER-f mRNA. This comparison
between the cell lines renders the possibility unlikely that the growth promotion
caused by genistein specifically in MCF-7 cells is intrinsically linked to expression

of either estrogen receptor-a or -f3 or both.

Some breast cell types, exemplified by HBL 100 and T-47 D cells, were only
sensitive to the growth inhibition exerted by genistein under conditions of low serum
concentration in the culture medium. From further investigations of these two cell
lines it was concluded that certain culture conditions were required to enable
genistein to inhibit cell growth. Genistein did not inhibit growth of HBL 100 and

T47-D cells cultured in medium containing the full complement of serum, suggesting
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that certain serum proteins may play a role in protecting these cells from the effects

of genistein.

Serum binding proteins, such as the sex-hormone binding protein, are known to
provide a mechanism to limit cell uptake of, and response to natural oestrogens in
target tissues (Welshons et al., 1999), and several xeno-oestrogens, including
genistein, are known to exhibit decreased levels of binding to serum binding proteins
(Martin et al., 1978). A study by Nagel et al., (1998) found several xeno-oestrogens,
including genistein, showed greater access to oestrogen receptors than oestradiol in
MCF-7 cells, in the presence of 100% serum. Genistein exhibited a 10-fold increase
in relative binding affinity in 100% serum, compared to serum free media. This
study suggests that in the presence of serum, genistein may have a greater proportion
of its total concentration free to react with intracellular oestrogen receptors and the
overall biological impact, relative to oestradiol, may be overestimated in serum free
assays. The biological activity of natural oestrogens, such as genistein, can therefore
be influenced by the degree to which they bind serum proteins and this may be a

mechanism by which genistein can modulate breast cell growth.

The sensitivity of individual cell lines to the growth modulating effects of genistein
may also be attributed to their ability to metabolise the isoflavone. Studies by
Peterson et al. (1996, 1998) have investigated the metabolism of genistein in a
number of breast cell lines, including MCF-7, T47-D, ZR-75.1 and HME cells using
radiolabelled genistein. Extensive metabolism was observed in MCF-7 cells, with
genistein 7-sulphate and a hydroxylated, methylated form of genistein sulphate
detected. HME cells, which can be compared with both HBL 100 and MCF-10A
cells, did not significantly metabolise genistein. If the growth inhibitory action of
genistein is somehow related to its metabolites, then this may be why there is no
inhibition of HBL 100 cells grown in media containing 10% FCS, although growth
inhibition was seen in MCF-10A cells. It can be suggested that the ‘normal’ cell lines
may differ from others in their ability to metabolise genistein. However, the growth
of T47-D cells, which metabolise genistein to both genistein 7-sulphate and a
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hydroxylated and methylated metabolite, is only affected by genistein when cultured
in medium supplemented with 2% DCC-S FCS. This renders the possibility of
growth-inhibition by an active metabolite unlikely and the mechanism by which
genistein inhibits growth must be via a different mechanism.

Genistein may be converted to active metabolites in some cancer cell lines, but this
metabolism does not necessarily affect growth inhibition. It may be a mechanism by
which genistein inhibits growth in one cell line, but it is clear that a number of
different pathways and mechanisms are involved for each individual cell line.
However, it must be noted that metabolism of genistein in vitro and in vivo may
differ and genistein may not be converted to sulphate esters in normal breast or breast

carcinoma (Peterson et al., 1998).

To conclude, the growth of all breast cell lines in this study were inhibited by
genistein with the degree of inhibition dependent on the culture condition in
particular cell lines. The growth-stimulatory effect of genistein was not a generic
feature of human-derived breast cells. The mechanism by which genistein elicited its
growth inhibitory effects in this study is not mediated via the ER or through the
EGF-R as the same degree of growth inhibition was observed in cell lines both with
and without the receptors. It does not mean that these receptors are not important in
cell growth, just that genistein may utilise other cellular pathways in order to

modulate proliferation.
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CHAPTER 4: INVESTIGATION
INTO THE EFFECT OF
GENISTEIN ON CELL
SIGNALLING PATHWAYS.
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INTRODUCTION

The results presented in chapter three provide evidence that genistein (10pM) inhibits
the growth of breast cell lines, which is consistent with many published studies. The
mechanisms by which genistein elicits this inhibitory effect, however, need defining.
Intracellular signalling pathways, acting as positive mediators and negative regulators
of cell growth have the potential to be modulated by disease processes such as
cancer. Over the past several years it has become clear that perturbation of signalling
pathways is a frequent event during the acquisition of the transformed phenotype

evident in these disease processes (Franks et al, 1998).

Gene expression in a cell is constantly modulated by a variety of extracellular
stimuli. These stimuli transmit signals through the cell membrane, cytoplasm and
nucleus to mediate gene expression (Chen et al., 1996) via the regulation of
transcription factor activity (Johnson and Vaillancourt, 1994). For example,
activation of the MAPK cell signalling cascade results in activation of AP-1 activity.
The regulation of gene expression by MAPK therefore implicates these kinases in
disease processes such as cancer (Davies, 1999). The role of both MAPK and the
AP-1 transcription factor complex are important in cell growth and differentiation,
and it is conceivable that genistein may elicit its growth-inhibitory effects via

modulation of such cellular components.

Experiments described in this chapter were designed to test the hypothesis that
genistein interferes with transcription factors and cell signalling pathways to
modulate cell growth similarly in all cell lines. The chapter concentrates on
investigations into the effect of genistein on AP-1 transcription factor activity and

AP-1 DNA binding, levels of c-Jun and c-Fos protein and also MAP kinase activity.
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RESULTS
4.1 The TRE reporter construct

The TRE construct was grown and DNA purified using the endofree maxiprep kit
(section 2.7.1) and a restriction digest using Hind III was performed to check the size
of the DNA corresponded to 5.3kB. The DNA was digested and visualised by
agarose gel electrophoresis (see figure 4.1). Lanes 2 and 4 represent uncut DNA of
the correct size, although the bands are difficult to see as only a sn;all amount of
DNA was loaded onto the gel. The TRE plasmid can just be detected at 5.3kB,
which was the expected size and could therefore be used in transfection experiments.

For more details of the TRE reporter construct, see section 2.7.
4.1.1. Sequencing the TRE construct

The TRE reporter construct was sequenced in order to ascertain that the three TRE
/AP-1 binding sites were present. A method using PCR to amplify the amount of
DNA prior to sequencing was employed, using the fmol™ DNA Sequencing System.
This system used the dideoxy method developed by Sanger ef al, (1977) suitable for
sequencing plasmid DNA. The extension/labelling protocol was used together with
[a-“‘S] dATP, a low energy nucleotide which provided reduced exposure to
radioactive emissions, better band resolution and possibility of long-term storage
without loss of isotope activity, as the half life is 87 days. This sequencing system
had several advantages over conventional sequencing strategies, in that firstly, a
linear amplification of template DNA was gained, reducing the amount of template
DNA required to achieve a detectable sequence ladder. Secondly, the high
temperatures employed in each denaturing cycle eliminated the need for ethanol
precipitation of dsSDNA templates and also reduced problems associated with PCR
reaction products. Lastly, the high annealing temperature increased the stringency of

primer hybridisation.
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Fig. 4.1. Agarose gel electrophoresis of the restriction digest of the
TRE plasmid.

The uncut TRE plasmid migrates through the gel as relaxed circular
DNA, whilst the cut plasmid migrates as linear DNA. The size of the
TRE plasmid is 5.3kB. For details of restriction digest method see
section 2.7.2.
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CGGCANCGCAACTTCNTCTNNTCTNNTTNAANTNGCNNTNGTTCAGNTCAGAGTC
GCANANNNNCNTNNTACCNGTNNGCGACCNAATGAGGCTTTGAGGNCTTTANCNT
CTTCGCAGACCGNTATGCNNNTCGATATTATCTCNCGGCANGNTGTTNANNCNNG
CNAAACGNATCNCTTGAATTGTCTGNT TNANGATCTGANGCCANACATCGNTANC
ATANATATGCNANNAGGAACTAGAACCCGCGCCNCCCCGANTGCAATNTGCGGTT
NCNAANNCGNACAAAGACANGACNCCNNGCGAGNNCCGGATCCTGACTCACTGAC
TCACTGACTCACTTNCNTTGGCANTNGNCNGATGGCTTTACNNCCGTCAGAGANT
TGGGATAAACCCTGNCGNTACCCNACTTAAATNGTCNTTGCATCACATGGCCCCN
TTTCGCCAGNATGGCGNAAATANCGNAATAGTCCCAGCACCCGATCTGCCCTTCC
AACANTNTGCGCANATCTNNNAAGNGCGAAANGGGNNCCNGATGACNGAATGNTT
CTCNCATACGNCACAATGGTCNGNTANTTGCACCACNTNCAAATTGGGGCACNTN
TCAGTNCAAAANTNTGCNNNNGATGCNCGCNAAANTAAAGGCANGCCTGGANNNC
CCGNCAAACACCTCGNNTGGACNNNCCCNTGATGGGGCTTNGANNTGCAACTNGG
NATACANTTTTNCANAANTAACNTGTNNCCCTGCCAATNCCGNNANCCTGNATAN
NTGNATAAANGGNTTTTTAANCCNTANTNNNCCTGANNTANGCGTCANAAATNAN
AGGNGGTCCTCGNANNAANCTCCANAATATTNCAANATGGGNNANTGGGTNNCNN
AANTAAATGGNTCCNTTATAAACNCNANGNNGGNGANCCATNTCGGGNTAAAAGG
CGNTNNTAANCCNNANTTNGGNNANNTCTCNTNACTTNNNTCCAATATTTGAANT
CGNCGTCATNAAANANACNNAANCNAGANATAATGGCGTCCTAATACTCATTTAN
ANGAANGNTAGANNNNTANGNGTANCTCTAAAAATATCTNCGNGACNTCACCATT
NNANTTCNTAGTTTATGGGGACTATTTNTCNCCTNNTGNTTGNNNGGNTCACCNC
NNACAAAGACTCTGTGTGTANNAANAAAANANANNNTCNCNTGTAACATACCNNC
GGATNCNTCANNTGNGGNACCACAACTTNCGACAGGAGTTCNATACNGCNGNNAN
AAGNANACACNTNCATNAANATGNGCACTCCNGNAATNNAGAACNTNGCNCACAN
GANACTNCNTNNTCTCATACATNNTGTATGTCTACATGGAGNGACNCGGANTATA
CTNNATCGNGGATACTCCNATNCACNTNTATNAACCGCCN

Figure. 4.2. The sequence upstream of the luciferase coding region of the TRE
reporter construct as generated by a GL2 primer.

This sequence of approximately 1400bp is courtesy of PNACL, MRC Toxicology Unit,
Leicester, UK, using the GL2 primer from Promega which sequences counter clockwise
across the cloning sites, upstream of the luciferase coding region. For details of the TRE
plasmid and a simple circle map, see section 2.7.3 and appendix, respectively.
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Using this method, a sequence ladder could be detected, however, it did not give
good sequence separation and was generally unreadable. The TRE plasmid was
finally sequenced by means of a second method, using the automated sequencing
facilities of PNACL, housed in the Centre for Mechanisms of Human Toxicity (see
section 2.7.3 for details). The GL2 primer, which sequences counter clockwise
across the cloning sites upstream of the luciferase coding region, generated a 1400bp
sequence which is shown in figure 4.2. The three tandem TRE sites are highlighted
in grey. The sequencing was repeated twice and although there were a number of N

nucleotides, the presence of three TRE sites were confirmed.
4.2. The effect of genistein on AP-1 transcription factor activity

The effect of genistein on AP-1 transcription factor was investigated with respect to
AP-1 activity by transient transfection experiments. The transfections were
performed by two different methods; by electroporation and using the fugene reagent.
Cells were treated with genistein at concentrations of 1, 10 and 50uM for 1 hour,

prior to the addition of the tumour promoter TPA (0.2uM) for 4 hours.
4.2.1. Transfection by electroporation

HBL 100, MCF-7 and MDA-MB 468 cells were used in the initial electroporation
experiments, with TPA inducing levels of AP-1 activity to varying extents in these

TRE-transfected cell lines (figure 4.3).

TPA induced a four-fold increase in AP-1 activity in MDA-MB 468 cells, and a
three-fold increase seen in both MCF-7 and HBL 100 cells (figure 4.3).

Genistein significantly inhibited this induction in MDA-MB 468 cells by 75% at
50uM, but no significant inhibition was seen at the lower concentrations, as not
enough data points were gained to calculate statistics. No inhibition of TPA-induced
AP-1 activity was observed in either of the other cell lines at any concentration,

although an induction in AP-1 activity was seen by genistein (1 and 10uM) and TPA.

106



HBL 100 MCEF-7

800-
1200 1
6001 L 500 |
4007 J é 600 | .
Ig 2007 é é 300 1 % S
; 0 . 7 § 04 é §
E TPA + T+ + +
;a: Gen 0 1 10 50
= MDA-MB 468
1200 -
900 1
7Z
600 %
s
300 1 % i
ol 7
- TPA + + + +
Gen 0 1 10 50

Fig. 4.3. Effect of genistein (1, 10 and 50 uM) on TPA-induced AP-1 activity using
electroporation in HBL 100, MCF-7 and MDA MB 468. Open bars denote luciferase
activity after treatment with TPA (0.2 uM) only. Results are the meant+SEM of between 3 and
5 independent experiments. Activity was presented as percentage of values in incubates
without TPA and deduced from luciferase expression in cells into which a TRE pGL2
luciferase reporter plasmid had been transfected, together with a pCMV vector (which
expresses B-galactosidase), present to monitor transfection efficiency. Genistein on its own did
not affect luciferase activity. Asterisks indicate that values are significantly different from
incubates with TPA only (P<0.05, two-way ANOVA, Fischer's LSD posthoc test). For details
of transient transfection and culture conditions see section 2.8.1.
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When cells were transfected with the ‘empty’ vector (pGL2 basic), the backbone of
the TRE construct, no induction by TPA was observed in any of the three cell lines

(figure 4.4). This result was expected, as the pGL2 basic vector does not contain any

TPA response elements.
4.2.2. Transfection by fugene

Figure 4.5 shows levels of TPA-induced AP-1 transcriptional activity in HBL 100,
MDA-MB 468, T47-D and ZR-75.1 cells using fugene as the metﬁod of transfection.
Similarly to electroporation, TPA stimulated AP-1 activity to different extents,
ranging from a two -fold to a ten-fold increase in T47-D and ZR-75 cells,
respectively. The stimulation seen by TPA using fugene was less pronounced when
compared with cells transfected by electroporation, with only a 2.5-fold and 1.5-fold
increase in MDA-MB 468 and HBL 100 cells, respectively.

Using this method, genistein inhibited TPA-induced transcriptional activity in MDA-
MB 468 cells by 33% whilst in T47-D cells it inhibited the two-fold induction of AP-
1 activity by TPA by 50%. However, the extent of these reductions was variable and

not significant, and observed only at the highest genistein concentration.

In ZR 75.1 cells genistein (50 pM) augmented, rather than decreased, TPA-induced
AP-1 activity, although this elevation was highly variable (figure 4.5). Genistein
treatment did not result in inhibition at any concentration in HBL 100 and ZR-75.1
cells. Results obtained for three independent experiments using MCF-7 and MDA-
MB 231 cell lines have not been included as they exhibited a similar pattern of
activity as HBL 100 cells.
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Fig. 4.4. Effect of TPA on AP-1 activity in (A) HBL 100, (B) MCF-7 and (C)
MDA-MB 468 cells transfected with an pGL2 basic reporter construct.

A pGL2 luciferase reporter plasmid containing no TRE sites was transfected into
breast cells together with a pCMV vector, used to express B-galactosidase as a
control for transfection efficiency. Results are presented as luciferase activity which
has been deduced from luciferase expression in cells into which a had been transfected
and the results were normalised to -galactosidase and are the mean+SEM of 3
independent experiments and are presented as percentage of values in incubates
without TPA. For details of transient transfection and culture conditions see section

28.1.
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Fig. 4.5. Effect of genistein (1, 10 and 50 pM) on TPA-induced AP-1 activity using
fugene in HBL 100, MDA MB 468, ZR-75.1 and T47-D cells. Open bars denote luciferase
activity after treatment with TPA (0.2 uM) only. Results are the mean+SEM of between 3 and
5 independent experiments. Activity was deduced from luciferase expression in cells into
which a TRE pGL2 luciferase reporter plasmid had been transfected, the results were
normalised to B-galactosidase (a pCMVP was used to express f-galactosidase as a control for
transfection efficiency) and are presented as percentage of values in incubates without TPA.
Genistein on its own did not affect luciferase activity. For details of transient transfection and

culture conditions see section 2.8.2.
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4.3. The effect of genistein on AP-1 DNA binding activity

The results from transient transfection experiments provided an insight into the effect
of genistein on AP-1 transcription factor activity. In order to investigate the
molecular basis for the inhibition of AP-1 activity by genistein, it was hypothesised
that genistein interfered with AP-1 DNA-binding activity. The effect of genistein on
AP-1 DNA-binding activity was examined by gel shift assay using an oligonucleotide
containing the AP-1 consensus sequence (TGAC TCA). For details of the

oligonucleotide sequence, see appendix.

Levels of AP-1 DNA-binding activity were investigated in HBL 100, ZR-75, T47-D
and MDA-MB 468 cells, with the results from the AP-1 activity experiments
providing the rationale for using these cell lines. HBL 100 cells were used as a
negative control, as no inhibition was seen at the transactivating level. The ZR-75
cells were used as they exhibited increased levels of AP-1 activity compared to
control and finally, both T47D and MDA-MB 468 cells were used as genistein “‘/as
shown to elicit an inhibitory effect on their AP-1 transactivating activity. Cells were
treated with genistein (SOuM) for 1 hour, prior to the addition of the tumour
promoter TPA (0.2uM) for 4 hours. Nuclear protein was then extracted, and
subjected to gel shift analysis. Specificity for the AP-1 sequence was confirmed by

competitive inhibition with an excess of unlabelled AP-1 oligonucleotide.

Figure 4.6 shows representative autoradiography of levels of AP-1 DNA-binding
activity in T47-D and MDA-MB 468 cells after treatment with genistein, and figure
4.7 provides results of all experiments performed in all cell lines. TPA induced AP-1
DNA binding to varying extents, from 1.5 to 4-fold in HBL 100 and ZR-75.1 cells
respectively (figure 4.7), compared to DMSO control. Genistein alone appeared to
induce AP-1 DNA-binding activity when compared to control (DMSO) levels in
T47-D and MDA-MB 468 cells (figures 4.6 and 4.7).
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Fig. 4.6. The effect of genistein (50pM) on AP-1 DNA-binding activity in (A)
T47-D and (B) MDA-MB 468 cells.

Results are presented as representative autoradiography blots of gel shift assays
treated as above. Specificity for the AP-1 sequence was confirmed by competitive
inhibition using an excess ofthe same, but unlabelled oligonucleotide (see lane

11).
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Fig. 4.7. Effect of genistein (50 uM) on TPA-induced AP-1 DNA-binding activity by gel
shift assay in, HBL 100, MDA MB 468, T47-D and ZR-75.1 cells.

Results, which are presented as fold changes established by laser densitometry compared to
control incubates, are the mean+SEM of 3 independent experiments. One and two asterisks
indicate that values are significantly different from untreated and TPA only incubates,
respectively (P<0.05, two-way ANOVA, Fischer's LSD posthoc test). For details of gel shift
assay and culture conditions see section 2.9.
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When T47-D and ZR-75.1 cells were treated with genistein in conjunction with TPA,
significant inhibition was observed by 25% and 33% respectively.

4.4. The effect of genistein on levels of c-Fos and c-Jun protein

In order to examine further the mechanisms by which genistein regulates AP-1
transactivation, its effect on levels of c-Fos and c-Jun protein, major constituents of
the AP-1 complex, was studied using western blot analysis. The effect of genistein
on c-Fos and c-Jun were detected by pre-treating cells with geniste;in (50uM) for 30
minutes, followed by treatment with either TPA (0.2uM) (c-Fos) or anisomycin
(100nM) (c-Jun), for a further 2 hours.

TPA stimulated c-Fos levels (compared to control) by varying extents, ranging from
8-fold to 55-fold in HBL 100 and T47-D cells, respectively (figure.4.8). Genistein
inhibited TPA-induced c-Fos levels in MDA-MB 468 and T47-D cells by 77 % and
73 %, respectively, when compared to TPA alone, but was devoid of any effect on
induced c-Fos levels in HBL 100, MCF-7, ZR-75.1 and MDA-MB 231 cells. In
addition, genistein did not upregulate TPA-induced c-Fos protein levels in any cell

line.

In contrast to the results gained for c-Fos, genistein when incubated together with
anisomycin, stimulated levels of c-Jun protein by 1.5 and 2.5-fold in MCF-7 and ZR-
75.1 cells, respectively, when compared to anisomycin alone (figure 4.9). Genistein
did not affect levels of c-Jun in HBL 100, MDA-MB 468, T47-D and MDA-MB 231
cells. Further experiments were performed to see if genistein could upregulate levels
of c-Jun protein in MCF-7 and ZR-75.1 cells when administered alone. Cells were
treated with genistein at either 50 or 10uM, both alone and in conjunction with
anisomycin, as described in section 4.4. Genistein (10 and 50uM), in the absence of
anisomycin, had no effect on c-Jun levels in either cell lines (figure 4.10) as levels

were not decreased to below control, taken as a value of 1.
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Fig. 4.8. Effect of genistein (50 pM) on TPA-induced c-Fos levels in (A): HBL 100,
MCF-7, MDA-MB 468, ZR-75.1, T47-D and MDA MB 231 as reflected by
densitometric analysis of western blots and (B) MDA-MB 468 and T47-D cells as
shown by representative western blots. Open bars represent protein levels after TPA
treatment (0.2jaM), closed bars after treatment with TPA and genistein. Results, which
are presented as fold changes established by laser densitometry compared to incubates
in which TPA was omitted, are the mean+SEM of 3 independent experiments.
Asterisks indicate that values are significantly different from incubates with TPA only
(P<0.05, two-way ANOVA, Fischer’s LSD posthoc test). For details of Fos western
blot analysis see section 2.11.
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Fig. 4.9. Effect of genistein (50 pM) on anisomycin-induced c-Jun levels in (A):
HBL 100, MCFE-7, MDA-MB 468, ZR-75.1, T47-D and MDA MB 231 as reflected
by densitometric analysis of western blots and (B) MCF-7 and ZR-75.1 cells as
shown by representative western blots. Open bars represent protein levels after
anisomycin treatment (I00nM), closed bars after treatment with anisomycin and
genistein. Results in A are presented as fold changes in band density established by
laser densitometry compared to control incubates and are the mean+=SEM of 3
independent experiments. Asterisks indicate that values are significantly different from
incubates with anisomycin only (P<0.05, two-way ANOVA, Fischer's LSD posthoc
test). For details of Jun western blot analysis see section 2.11.
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Fig. 4.10. Effect of genistein (50 uM) on c-Jun protein levels in (A) MCF-7 and (B)
ZR-75.1 cells reflected by densitometric analysis of western blots.

Results, which are presented as fold changes in band density established by laser
densitometry compared to control incubates, are the mean of 2 independent
experiments. For details of Jun western blot analysis see section 2.11.
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The possibility of a synergistic-type effect between genistein and anisomycin in their
ability to stimulate c-Jun protein levels in MCF-7 and ZR-75.1 cell lines as observed
in figure 4.10 was examined further. Investigations were initiated to assess whether
this effect could be replicated when cells were treated with genistein combined with a
different stimulus of the stress activated MAPK pathway, or whether this effect was
limited to anisomycin. In the following experiments, expression of c-Jun was
stimulated by incubation of cells with sorbitol (300uM) for 30 minutes following

pre-treatment with genistein (SOUM) for 30 minutes.

Results in figure 4.11 show sorbitol did not appear to upregulate expression of c-Jun,
even when repeated over a different time course up to 5 hours (results not shown).
This made it difficult to observe any synergistic-like effect between genistein and
sorbitol in ZR-75.1 cells, although a four-fold increase in c-Jun protein was observed

in MCF-7 cells, after treatment with sorbitol together with genistein.

Anisomycin proved to be a better stimulus to detect expression of c-Jun when
compared to sorbitol. As sorbitol did not stimulate c-Jun in MCF-7 cells, further

experiments were conducted using anisomycin.
4.5. The effect of genistein on c-Jun phosphorylation

Experiments were extended to investigate the effect of genistein and/or anisomycin
on c-Jun phosphorylation in both MCF-7 and ZR-’75.1 cells. The experiments were
designed to test the hypothesis that an increase in levels of c-Jun protein after
treatment with genistein and anisomycin was caused by an upregulation of JNK
activity, which phosphorylates c-Jun. MCF-7 and ZR-75.1 cells were incubated with
genistein (50uM) for 30 minutes followed by treatment with anisomycin for a further

30 minutes and the samples were assayed for JNK activity.
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Fig. 4.11. Effect of genistein (50 uM) on sorbitol-induced c-Jun protein levels in
(A) MCF-7 and (B) ZR-75.1 cells reflected by densitometric analysis of western
blots.

Open bars represent protein levels after sorbitol treatment (300uM), closed bars
treatment with sorbitol and genistein and hatched bars treatment with genistein alone.
Results, which are presented as fold changes in band density established by laser
densitometry compared to control incubates, are the mean of 2 independent
experiments. For details of Jun western blot analysis see section 2.11.
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In MCF-7 cells, a three-fold increase in c-Jun phosphorylation (JNK activity) was
observed after treatment with anisomycin (figure 4.12). When cells were treated with
genistein in conjunction with anisomycin, levels of c-Jun phosphorylation were
increased by 43% over anisomycin alone, however, genistein alone had no effect. In
ZR-75.1 cells, a three-fold increase in c-Jun phosphorylation was observed after

treatment with anisomycin (figure 4.13), and similarly to MCF-7 cells, genistein on

its own had no effect.

4.6. The effect of genistein on the MAPK signalling cascade

Changes in AP-1 transcription factor activity may also be mediated by alterations in
cell signalling cascades, by directly affecting the activity of MAPK, for example
ERKSs that directly affect c-Fos, or JNKs that affect levels of c-Jun.

The growth-inhibitory effects of genistein were examined further with respect to the
ERKs, as induction of AP-1 activity and c-Fos protein expression were both inhibited
by genistein in T47-D and MDA-MB 468 cells. In order to investigate the effect on
ERKSs, cells were treated with genistein (SOuM) for 30 minutes followed by TPA
(0.2uM) for 15 minutes (as pre-determined by a time course between 5 and 60
minutes; results not shown) and the effect of genistein on TPA-induced ERK 1 and 2

phosphorylation was studied using Western blot analysis.
4.6.1. The effect of genistein on ERK 1 and 2 phosphorylation

TPA induced ERK 1 and 2 phosphorylation in MCF-7, ZR 75.1 and T47-D cells, but
not in HBL 100, MDA-MB 468 and MDA-MB 231 cells (figure 4.14). Genistein
significantly inhibited TPA-induced ERK phosphorylation in ZR-75.1 and T47-D
cells, by 70 % and 47 %, respectively. Genistein failed to affect ERK
phosphorylation in HBL 100, MCF-7, MDA-MB 468 and MDA-MB 231 cells.

120



phosphorylated
c-jun

Anisomycin + +

Genistein - +

Fig. 4.12. Effect of genistein (50 jiM) on anisomycin-induced c-Jun
phosphorylation in MCF-7 cells reflected by (A) densitometric analysis of
autoradiography blots and (B) representative autoradiography.

Open bar represents phosphorylation after anisomycin treatment (100nM), closed bar
treatment with anisomycin and genistein and hatched bar treatment with genistein
alone. Results in A are presented as fold changes in band density established by laser
densitometry compared to control incubates. For details of INK kinase assay see
section 2.12.
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Fig. 4.13. Effect of genistein (50 uM) on anisomycin-induced c-Jun
phosphorylation in ZR-75 cells reflected by (A) densitometric analysis of
autoradiography blots and (B) representative autoradiography.

Open bar represents phosphorylation after anisomycin treatment (100nM), closed bar
treatment with anisomycin and genistein and hatched bar genistein alone. Results in A
are presented as fold changes in band density established by laser densitometry
compared to control incubates. Asterisks indicate that values are significantly different
from incubates with anisomycin only (P<0.05, two-way ANOVA, Fischer's LSD
posthoc test). For details of JNK kinase assay see section 2.12.
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Fig. 4.14. Effect of genistein (50 pM) on TPA-induced ERK phosphorylation in
(A): HBL 100, MCF-7, MDA-MB 468, ZR-75.1, T47-D and MDA MB 231 as
reflected by densitometric analysis of western blots and (B) ZR-75.1 and T47-D
cells as shown by representative western blots.

Open bars represent phosphorylation after TPA treatment (0.2juM), closed bars
phosphorylation after treatment with TPA and genistein. Results, which are presented
as fold changes established by laser densitometry compared to incubates in which TPA
was omitted, are the meaniSEM of 3 independent experiments. Genistein on its own
did not affect ERK phosphorylation. Asterisks indicate that values are significantly
different from incubates with TPA only (P<0.05, two-way ANOVA, Fischer's LSD
posthoc test). For details of ERK western blot analysis see section 2.10.
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DISCUSSION

The experiments performed in this chapter were designed to test the hypothesis that
the deregulation of cell signalling pathways, leading to modulation of transcription
factor activity is a mechanism by which genistein inhibits breast cell growth.

The effect of genistein on AP-1 activity was investigated by two different methods of
transient transfection: by electroporation and using the fugene reagent. The fugene
method was favoured over electroporation because: (a) less cell toxicity was
observed, (b) less cells were required and (c) the procedure was m;Jch simpler to

perform.

The role and activity of the AP-1 complex has been investigated with respect to a
number of human breast cell lines (Chen et al., 1996, Smith et al., 1997), in addition
to other cell types (Dong et al., 1994, Dong et al., 1997). Studies by Smith et al.,
(1997) demonstrated there was a gradual decrease in AP-1 transactivating activity as
cells passed through the carcinogenic pathway, with the highest and lowest activities
found in normal and cancer cell lines, respectively. These differences in AP-1
activity were accounted for by the fact that cancer cells may utilise other signal
transduction pathways for proliferation, and in turn become less dependent on AP-1
mediated signal transduction to support their growth. It is conceivable that within the
range of cell lines investigated here, different pathways for growth are utilised and

AP-1 may not be required for proliferation in particular cell lines.

There are a number of possible explanations regarding how genistein may inhibit
AP-1 activity in breast cells. Firstly, it may interfere with DNA binding, secondly, it
may exert its effect via inhibiting components of the AP-1 complex and thirdly, it
may interfere with the MAPK cell signalling cascade and inhibit the activity of

specific components.

Investigation into the effect of genistein on levels of AP-1 DNA-binding activity was

performed by gel shift assay. Studies by Smith ez al., (1997) observed high and low
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basal AP-1 DNA-binding activity in normal and immortal HME cells and breast
cancer cells lines, respectively. It is difficult to compare basal levels of AP-1 DNA
binding activity between the cell lines as the experiments were not performed
simultaneously. Genistein, (50M), when added alone appeared to induce levels of
AP-1 DNA binding activity in T47-D and MDA-MB 468 cells. When genistein was
added in conjunction with TPA, AP-1 DNA-binding was significantly inhibited in
T47-D and ZR-75.1 cells.

In these experiments, ZR-75.1 cells exhibited high transactivating; but low DNA-
binding activity. A study by Chen et al. (1996), observed a lack of correlation
between levels of AP-1 binding and transactivation in a number of breast cancer
cells. However, in their study, levels of AP-1 transactivation and binding correlated
well in ZR-75.1 cells. This discrepancy may be due to differences between cells,

such as passage number, or the use of different methods to examine AP-1 activity.

Therefore, although it can be suggested that genistein may exert its inhibitory effect
on AP-1 activity by interfering with the DNA-binding activity in T47-D and MDA-
MB 468 cells, the inhibitory effect on DNA binding in ZR-75.1 cells is more difficult

to interpret.

The inhibitory effect on AP-1 activity by genistein may also occur via modulation of
components of the AP-1 protein complex. Deregulation of cell growth may occur by
the inability of AP-1 proteins to form a stable corhplex due to the overexpression of
target proteins leading to apoptosis, or by interfering with transcription factors
implicated in the progression of the cell cycle (Angel and Karin, 1991). Induction of
c-Fos expression by agents such as growth factors and phorbol esters have been
shown to be associated with cell growth and proliferation (Foletta, 1996), and is
characterised by a rapid accumulation of c-fos mRNA. At 50uM, genistein inhibited
levels of c-Fos protein in T47-D and MDA-MB 468 cells, consistent with the work of
Schultze-Mosgau et al. (1998) who observed inhibition of c-fos mRNA by genistein
at S0uM in MDA-MB 468 cells. The inhibition of c-Fos also correlates with
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inhibition (albeit not significant) of AP-1 activity seen in T47-D and MDA-MB 468
cells. It is therefore possible that these two breast cell lines may utilise the MAPK
pathway to regulate their growth in a similar fashion, with genistein modulating

proliferation at the transcription factor level.

The other major component of the AP-1 transcription factor, c-Jun, is known to be
regulated by phosphorylation by JNK on Ser-63/73 (Wisdom et al., 1999). Mitogen-
induced AP-1 activity can be enhanced via c-Jun phosphorylation, and this
phosphorylation in the c-Jun activation domain can lead to the trar;sactivation of c-

Jun through an autoregulatory loop (Angel and Karin, 1991).

The results obtained in this study show an upregulation of c-Jun protein levels in
both MCF-7 and ZR-75.1 cells after treatment with genistein and anisomycin, with
no effect seen in the remaining four cell lines. This result is compatible with the
observation that genistein appeared to increase, rather than decrease TPA-induced

AP-1 activity in ZR-75.1 cells, however, no correlation was seen in MCF-7 cells.

An explanation for the increase in c-Jun protein levels in MCF-7 and ZR-75.1 cells
may be connected with the extent of c-Jun phosphorylation. Phosphorylation of c-
Jun can either lead to an increase in AP-1 activity via an autoregulatory loop (Angel
and Karin, 1991), or it may lead to an accumulation of c-Jun protein. Hyper-
phosphorylated c-jun may not be able to participate in the formation of a competent
AP-1 transcription factor (Davies, 1999). It is also possible that genistein may
interfere with degradation of c-Jun protein, which is in turn, associated with
increased phosphorylation by JNK (Davies, 1999). If genistein interferes with
phosphorylation, and therefore c-Jun degradation, it may result in an accumulation of

protein, due to the increased half-life of the protein.
Further experiments were performed, to test the hypothesis that treatment of MCF-7

and ZR-75.1 cells with genistein and anisomycin leads to an increase in c-Jun

phosphorylation. Interestingly, genistein alone appeared to inhibit, rather than
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induce, phosphorylation of c-Jun in both cell lines, but when MCF-7 cells were
treated with both genistein and anisomycin, c-Jun phosphorylation increased.
Therefore, it can be suggested that in MCF-7 cells, the increase in c-jun
phosphorylation by genistein results in an increase in c-Jun protein levels, with no
consequences on AP-1 activity. In ZR-75.1 cells, the inhibition of phosphorylation
by genistein results in an accumulation of protein which coincides with an increase in
protein and AP-1 activity. These results show functional consequences of the
contrasting changes elicited by genistein with respect to c-Jun protein on the one

hand and JNK activity on the other are difficult to predict.

Genistein has been reported to stimulate levels of JNK in human epidermal
carcinoma A431 cells (Croisy-Delcey et al., 1997). If this stimulatory effect also
occurs in breast cancer cell lines, it may be a mechanism by which c-Jun and thus
AP-1 activity is upregulated, for example, in ZR-75.1 cells. Unfortunately, due to the
time scale of this project the effect of genistein on JNK in breast cell lines was not
examined, however this area of work remains a very important area of investigation

and may provide more information on the effect of genistein at the levels of c-Jun.

The induction of c-fos and c-jun genes may be an early key event in cell signalling
cascades leading to apoptosis (Satomi et al., 1999), however, under some
circumstances in cultured fibroblasts and hepatoblasts, c-Jun can promote
proliferation instead. c-Jun has been implicated in the progression of the cell cycle
and experiments performed in fibroblasts showed that c-Jun is required for
progression through G1, due in part to its ability to directly regulate cyclin D1
expression (Wisdom et al., 1999). It is important to note, however, that the effect of
c-Jun on cellular responses strongly depends on the cell type and the milieu of other
regulatory signals the cell is receiving (Leppa and Bohmann, 1999). It is conceivable
that the upregulation of c-Jun elicited by genistein in MCF-7 and ZR-75.1 cells may
contribute to increased levels of apoptosis, and is a mechanism by which genistein

decreases cell numbers and inhibits growth.
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MAP kinases are mediators of signal transduction from the cell surface to the nucleus
and the transcription factor AP-1 has been identified as a target of MAP kinase cell
signalling pathways (Karin, 1995). MAP kinase signalling pathways influence AP-1
activity by both increasing the abundance of AP-1 components and by stimulating
their activity directly, and further experiments were performed to observe the effect

of genistein on the activity of ERKs.

In T47-D cells, the decrease of ERK phosphorylation (figure.4.14) was compatible
with the attenuation of both c-Fos protein levels (figure 4.8) and AP—I activity (figure
4.4). These findings suggest that in these cells genistein may inhibit growth by
interfering with MAPK signalling, which in turn abrogates AP-1 transcription via
attenuation of c-Fos expression. In MDA-MB 468 cells, the oEserved reduction of c-
Fos protein expression by genistein (figure 4.8), is compatible with the effect of
genistein on c-fos transcription reported previously (Schultze-Mosgau et al., 1998),
but there appears to be no effect on ERK phosphorylation.

The effects of genistein on MAPK cell signalling pathways which influence the
activity of the AP-1 transcription factor, are important when the mechanisms by
which genistein inhibits growth and proliferation is elucidated. Genistein appears to
differentially modulate cell signalling pathways between cell lines, with pathways in
the HBL 100 and MDA-MB 231 cells relatively unaffected by genistein, in that there
was no inhibition of AP-1 activity or DNA binding, no effect on AP-1 components
and no effect on ERK phosphorylation. Therefore, genistein does not appear to
mediate growth-inhibition by interference with cell signalling pathways in these cell

lines and a different mechanism must be involved.

In T47-D cells, genistein exerts its growth inhibitory effects by downregulating levels
of ERK phosphorylation, resulting in an decrease in levels of c-Fos protein, which in
turn leads to an decrease in AP-1 DNA binding and AP-1 activity. This pattern of
results is similar for MDA-MB 468 cells, although no inhibition of ERK
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phosphorylation was observed. Therefore, in these two cell lines it is clear that

modulation of MAPK by genistein contributes to its growth inhibitory actions.

In ZR-75.1 cells, treatment with genistein resulted in an increase in AP-1 activity; it
inhibited both c-Jun phosphorylation and protein levels and also inhibited ERK
phosphorylation. These results are difficult to interpret, but it can be suggested that
although genistein modulates components of signal transduction pathways to some
extent, this is not the major mechanism by which it inhibits growth of ZR-75.1 cells.
Cell signalling in MCF-7 cells was somewhat affected by genisteir-x, in that an
upregulation of levels of c-jun phosphorylation and protein was observed, however,
this effect was not translated into an effect on AP-1 activity, so again, genistein must

mediate its inhibitory effects on cell growth via a different mechanism.

To conclude, the effects elicited by genistein on cell signalling pathways
resulting in modulation of AP-1 activity are inconsistent between the cell types,
and the mechanisms by which genistein inhibits cell growth differ from cell to

cell.
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CHAPTER 5: THE EFFECT OF
GENISTEIN ON THE CELL
CYCLE AND APOPTOSIS.
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INTRODUCTION

Because of the fundamental importance of functional cell cycle machinery in
cell proliferation and differentiation, proteins that regulate the cell cycle are
potential targets for tumourigenesis (Landberg and Roos, 1997). Such
proteins may also be targets for therapeutic agents used to inhibit the growth
of cancer cells. The anti-cancer effects of several drugs are mediated by cell
cycle arrest and involve modulation of the action of cyclins and CDKs, which
regulate cell cycle progression (Balabhadrapathruni et al., 2000). Genistein
has been reported to induce cell cycle arrest at both G1/S (Kuzumaki et al.,
1998) and G2/M phase transitions (Matsukawa and Aoike 1993, Pagliacci et
al., 1994, Choi et al., 1998, Davis et al., 1998, Salti et al., 2000). The
molecular basis for cell cycle arrest by genistein has not been determined
fully, however, both inhibition of cyclin B1 protein and induction of the CDKI
p21 have been implicated as possible mechanisms by which deregulation
occurs (Choi et al., 1998).

Apoptosis is an important path through which chemopreventive agents can
inhibit the growth of cancer cells. Some of the molecular mechanisms
implicated in apoptosis have been elucidated and the induction of apoptosis is

known to be partly mediated by several genes, such as p53, Bax, Bcl-2 and
p21 WAFVCIPL (7 ot a].| 1999a).

Genistein has been reported to induce apoptosis by upregulation of p21 in
MCF-7 and MDA-MB 231 cells (Pagliacci et al., 1994, Choi et al., 1998), in
H460 cells (Lian et al., 1999) and also in mouse fibroblast cells (Kuzumaki et

al., 1998). Activation of p21WAF VCIPY can occur through p53 dependent or
independent pathways, and elevated levels of p21 have been associated with a
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decrease in CDK activity in damaged cells destined for apoptosis (El-Deiry et
al., 1993).

Results presented in chapters 3 and 4 have provided evidence that the growth-
inhibitory effect of genistein on six different breast cell lines does not occur by
identical mechanisms. In addition to interfering with cell signalling pathways
and modulation of transcription factors, genistein may also mediate its growth-

inhibitory effect through deregulation of the cell cycle.

The experiments described in this chapter were designed to investigate the
effect of genistein on the cell cycle and apoptosis. The hypothesis tested was
that genistein arrests cell cycle progression and induces apoptosis similarly in

all cell lines.

RESULTS

5.1. The effect of genistein on cell cycle regulation

5.1.1. Analysis of the cell cycle by flow-cytometry

Experiments were performed to test the hypothesis that the concentration of
genistein required to inhibit cell growth (10pM), would induce cell cycle arrest
in all cell lines to a similar extent. The effect of genistein (1 and 10uM) on the
cell cycle after 96 hours was examined using a flow-cytometer, based on a
method by Ormerod, (1993). Genistein blocked cell cycle progression in the
G2/M phase of the cell cycle in HBL 100, MCF-7, T47-D, MDA-MB 468 and
MDA-MB 231 cells grown under conditions of reduced serum (table 5.1 and
figure 5.1). ZR- 75.1 cells proved to be insensitive to cell cycle arrest by

genistein, however a slight increase in cell numbers was seen in the G1 phase.
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Fig. 5.1. Effect of genistein (10uM) on the cell cycle in (A) ZR-75.1 and (B)
MDA-MB 468 cells by DNA profile.

DNA profiles of cell cycle distribution are presented in cells cultured in medium
supplemented with 2% FCS, after treatment with either DMSO (control) or
genistein (10uM) for 96 hours. For details of cell cycle analysis see section 2.13.
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Table S.1. Effect of genistein (1 and 10 uM) for 96 hours on cell cycle distribution.

Cell type [Genistein] Cell cycle distribution’
Gl S G2M
HBL 100 0? 61.8+3.1 13.8+3.6 202+3.1
1 61.6+ 3.1 134425 22.1+3.1
10 344+165* 137421 455+13.8*
MCF-7 0 781+77 - 96+£29 85+3.1
81.8+49 78+3.7 85%35
10 792+2.4 92424 22.0+42*
MDA-MB 468 0 72.0+ 6.0 111+28 13761
1 69.8+ 7.4 135436 13.1%5.7
10 622+13.0 112+28 433+18.6*
ZR-75.1 0 779+ 8.8 88+49 99+26
1 77.6 + 8.8 95+65 97143
10 86.2+5.3 48+24 77423
T47-D 0 76.7+2.5 88+14 11.5+42
76.7+3.1 81+34 104+2.1
10 65.8+10.5* 73+14 209+83*
MDA-MB 231 0 74.6 +2.9 63+23 17317
1 76.7+2.6 60+19 154+2.1
10 633+£25.6* 92440 259+6.0*

! Results are the mean+SEM of four separate experiments performed in media

supplemented with 2% stripped FCS, each conducted in duplicate.

2 QuM represents DMSO control.
* Significantly different from control cells (P<0.05, two-way ANOVA, Fischer's LSD

posthoc test).
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grown in medium supplemented with 10% FCS were less susceptible to the
growth-inhibitory effects of genistein (10uM). Experiments were performed
culturing HBL 100 and T47-D cells in medium supplemented with 10% FCS,
and treated with genistein for 96 hours as before. Results obtained showed that
both HBL 100 and T47-D grown in this media were insensitive to the cell

cycle arresting effects of genistein (data not shown).

35.1.2. The effect of genistein on cyclin Bl protein levels

The ability of genistein to induce cell cycle arrest at the G2/M phase transition
in MCF-7 and MDA -MB 468 breast cells has been linked to its ability to
inhibit levels of cyclin B1 protein (Choi et al., 1998, Balabhadrapathruni et al.,
2000). The following experiments were performed to investigate whether the
inhibitory effect on cyclin Bl protein by genistein occurred in all breast cells

when grown under the conditions used for cell cycle arrest experiments.

Cells were treated with genistein (10uM) for 96 hours, after which nuclear
protein was extracted, subjected to SDS PAGE (based on a method by
Sambrook et al., 1989) and the level of protein detected using an antibody
specific for cyclin B1. Satisfactory results were obtained from preliminary
experiments in which whole cell lysates were used, but it was decided to use
nuclear protein extracts to give the best possible chance of clean and clear

western blots.

The effect of genistein on levels of cyclin B1 protein is shown in figure 5.2.
Genistein did not inhibit levels of cyclin B1 protein. Compared to control
cells, genistein appeared to increase cyclin B1 protein by 50% after 24 hours
in MCF-7 cells, with no effect seen at 48, 72 or 96 hours. Similarly, in MDA-
MB 468 cells, genistein increased levels of cyclin B1 by 65% after 48 hours.
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Fig. 5.2. Effect of genistein (10"M) on cyclin Bl protein in (A) HBL 100, (B) MCF-7 (C) MDA-MB 468, (D) ZR-75.1, (E) T47-D and (F)
MDA-MB 231 breast cells after 24, 48, 72 and 96 hours.

Open bars represent protein levels after treatment with control (DMSO), closed bars after treatment with genistein. Results, which are presented as
fold changes established by laser densitometry compared to incubates omitting DMSO, are the mean+SEM of 3 independent experiments.
Asterisks indicate that values are significantly different from incubates with DM SO only (P<0.05, two-way ANOVA, Fischer's LSD posthoc test).

For details of Western blot analysis see section 2.14.



In other cell lines, genistein exhibited varying effects. In HBL 100 cells after
24 hours, genistein inhibited levels of cyclin Bl by 74%, but after 96 hours
was seen to increase levels by 85% compared to control. In T47-D cells,
genistein increased levels of cyclin B1 by 69% and 55% after 48 and 72 hours,
respectively. A contrasting effect was observed in MDA-MB 231 cells, where
genistein inhibited cyclin B1 by 25% and 42% after 48 and 72 hours,
respectively. Lastly, in ZR-75.1 cells, genistein was seen to inhibit levels of

cyclin B1 by 40% after 96 hours, with no effect at earlier time points.
5.1.3. The effect of genistein on cyclin D1 protein levels

Cyclin D1 is éynthesised early in the G1 phase transition of the cell cycle and
is a regulator of the G1/S phase transition, complexing to either cdk4 or cdk6
(Sherr, 1996). The effect of genistein on cyclin D1 has been investigated in
the studies using MCF-7 and MDA-MB 231 cells, in which treatment with
genistein did not produce a change in the levels of D-type cyclins (Choi et al.,
1998). The following experiments were performed to test the hypothesis that

genistein does not alter the levels of cyclin D1 in any of the cell lines.

The results of the effect of genistein on cyclin D1 protein are shown in figure
53 Compared to the control, genistein does not appear to significantly effect
levels of cyclin D1 protein, but at some time points, in some cell lines, it
elicits an inhibitory or stimulatory response. This is illustrated by MDA-MB
231 cells in which after 48 hours genistein inhibited cyclin D1 by 29%, but
after 96 hours it increased levels by 55%. The levels of protein in this cell line
and others (HBL 100, and MDA-MB 468) were very low, rendering the effects
of genistein difficult to interpret.
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Fig. 5.3. Effect of genistein (10uM) on cyclin D1 protein in (A) HBL 100, (B) MCF-7 (C) MDA-MB 468, (D) ZR-75.1, (E) T47-D and (F)
MDA-MB 231 breast cells after 24, 48, 72 and 96 hours.

Open bars represent protein levels after treatment with control (DMSO), closed bars after treatment with genistein. Results, which are presented as
fold changes established by laser densitometry compared to incubates omitting DMSO, are the meantSEM of 3 independent experiments.
Asterisks indicate that values are significantly different from incubates with DMSO only (P<0.05, two-way ANOVA, Fischer's LSD posthoc test).
For details of Western blot analysis see section 2.14.



DMSO has been shown to elicit varying effects on the levels of both cyclin
B1 and D1 protein in these experiments. A 9-fold increase in cyclin B1
protein over controls was seen in HBL 100 cells treated with DMSO and an 8-
fold increase in cyclin D1 protein was seen in T47-D cells when observing
levels of cyclin D1. These increases in protein by DMSO can mask the actual
effect of genistein and it renders the identification of the real effect of

genistein difficult to recognise.
5.2. Genistein-induced apoptosis

Genistein has been reported to induce apoptosis in a number of cancer cell
lines, including breast (Shao et al., 1998, Li et al., 1999a, Li et al., 1999b,
Balabhadrapathruni et al., 2000), head and neck squamous cell carcinoma
(Alhasan et al., 1999), colon (Salti et al., 2000) and prostate (Davis et al.,
1998) by different mechanisms at varying concentrations. In breast cancer
cells, the induction of apoptosis by genistein has been illustrated by cleavage

of PARP and the activation of caspase-3 (Li et al., 1999b).

The activation of caspases in apoptosis results in nuclear, plasma-membrane
and mitochondrial changes, and caspase-3 is thought to be partially or totally
responsible for the proteolysis of substrates, such as PARP, which contain a
common D- -D motif (Cohen, 1997). Other mechanisms by which genistein
induces apoptosis include induction of p21 (Shao et al., 1998) and alteration of
expression of anti-or pro-apoptopic genes, such as Bcl-2 and Bax, respectively

(Lietal., 1999a, Li et al., 1999b, Nakagawa et al., 2000).
The following experiments were designed to test the hypothesis that genistein

induces apoptosis to a similar extent in all breast cell lines and that apoptosis

is a mechanism by which genistein elicits its growth-inhibitory effect.
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5.2.1 The effect of genistein on PS externalisation

PS externalisation can be measured using a vascular protein called Annexin V,
which binds to PS on the external membrane of apoptopic cells, allowing
levels of apoptosis to be quantitated. The cells were cultured in medium
containing 10% FCS and treated with genistein (10 uM) for 96 hours.
Significant levels of programmed cell death were only observed in MDA-MB
468 cells (figures 5.4 and 5.5), with the percentage of apoptopic cells rising
from 5% in control cells (DMSO) to 19.5 % in genistein treated cells (figure
5.5). In the other 5 breast cell types, genistein did not cause changes
indicative of apoptosis, although it did increase the necrotic cell population

slightly in HBL 100, T47- D and ZR-75.1 cells (table 5.2).

Results in chapter 3 show that genistein inhibited cell growth in MDA-MB
468 cells when cultured in medium containing either 10% FCS or 2% FCS,
and the growth-inhibitory effect was slightly more pronounced when grown in
the latter. Further experiments were performed to test the hypothesis that
genistein induces apoptosis to the same extent in MDA-MB 468 cells grown in

medium containing 2% FCS.

The results shown in figure 5.5 show genistein (10uM) significantly induced
apoptosis in MDA-MB 468 cells cultured in medium containing 2% FCS,
whilst also significantly increasing the necrotic cell population.

5.2.2. The effect of genistein on PARP cleavage in MDA-MB 468 cells
Cleavage of PARP protein is an early indicator of apoptosis (Germain et al.,

1999) and is characterised by concomitant degradation of the full size
molecule (116 kDa) and the accumulation of an 85 kDa product.
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Fig. 5.4. The effect of genistein (10pM) on apoptosis in (A) HBL 100
and (B) MDA-MB 468 cells shown by annexin staining.

Results, presented as a single experiment for each cell line treated with
either DMSO or genistein (10pM) for 96 hours, are depicted by annexin
diagrams. For details of annexin staining see section 2.15.
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Fig. 5.5. Effect of genistein on apoptosis in HBL 100 (A) and MDA-MB 468 cells (B,C)
grown in medium containing 10% FCS (A,B) or 2% FCS (C).

Results are presented as a percentage of live (L), apoptopic (A) and necrotic (N) cells after
96 hr. Open bars represent DMSO control, closed bars genistein 1uM and hatched bars
genistein 10 uM. Results are the mean+SEM of 4 independent experiments. Asterisks
indicate that values are significantly different from DMSO controls (p=<0.05, two-way
ANOVA, Fischer’s LSD posthoc test). For details of annexin staining see section 2.15.
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Table 5.2. Effect of genistein (1 and 10 uM) on percentage apoptosis in breast

cell lines grown in medium containing 10% FCS.

Cell type [Genistein] Percentage apoptosis’
Live Apoptopic  Necrotic
MCF-7 0 89.7+ 0.6 4.7+03 52+04
94.3+0.5 1.6+0.2 3.7+0.5
10 804+03 39+02 152+ 0.4*
T47-D 0 90.4+1.8 3115 6614
91.8+2.0 1.2+04 62+1.6
10 94.8 + 0.5 1.1+0.2 34+04
ZR-75.1 0 63.0+0.3 6.4+0.7 20.8+0.1
824+0.38 55+0.2 8.0+03
10 89.0 + 0.5* 14+0.2 6.7+04
MDA-MB 231 0 92.1+2.8 2.6+0.9 46+14
91.9+29 25+14 47+1.6
10 87.5+19 3507 7913

! Results are the mean+SEM of four separate experiments, conducted in media
supplemented with 10% FCS..
2 OuM represents DMSO control.
* Significantly different from control cells (P<0.05, two-way ANOVA, Fischer's
LSD posthoc test).
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In order to confirm the apoptosis observed by annexin staining, the effect of
genistein on PARP protein was examined. MDA-MB 468 cells were treated
with genistein (10 uM) for 72 and 96 hours, after which cells were harvested
and subjected to SDS PAGE, and PARP protein was detected by a specific
antibody. A representative blot is shown in figure 5.6, which shows genistein
did not induce PARP protein degradation in cells treated for 72 hours,
compared to a DMSO control. However, after 96 hours, there was a decrease
in PARP protein band intensity of 38 % in cells exposed to genistein, as

compared to control cells.
5.2.3. The effect of genistein on caspase-3 activity in MDA-MB 468 cells

The execution phase of apoptosis generally involves the activation of a class of
cysteine proteases known as caspases (Bratton etal, 2000). The activation of
the effector caspase, caspase 3 (CPP32), has been classed as an early marker of
apoptosis (Darmon et al., 1995). Effector caspases are known to cleave a
number of structural and regulatory proteins, for example, PARP, lamins and
cytokeratins, and are directly responsible for a number of the morphological
features associated with apoptosis (Bratton et al., 2000). Caspase-3 is thought
to be partially or totally responsible for the cleavage of PARP (Darmon et al,
1§95) and genistein has been reported to induce the activity of caspase-3 in
breast cells (Li et al., 1999b) and also in testicular TM4 cells (Kumi-Diaka and
Butler, 2000).

The apoptosis induced by genistein in MDA-MB 468 cells, as seen by both
annexin staining and PARP cleavage, were further confirmed by changes in
caspase-3 activity, based on a method by MacFarlane et al., 1997. MDA-MB
468 cells were treated with genistein (10 pM) for 72 and 96 hours, after which
they were harvested and the cell extracts were added to Z-DEVD.afc, a
synthetic tetrapeptide which acts as a substrate for caspase-3. The samples
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Fig. 5.6. The effect of genistein (I0pM) on PARP degredation in MDA-MB
468 cells cultured in medium containing 10% FCS after 72 and 96 hours.

The result is presented as a western blot, representative of a single experiment.
Cells were treated with genistein for 72 hours in lanes 1and 2 and for 96 hours in
lanes 3 and 4. Cells without DMSO (untreated), responded as those shown here
after treatment with DM SO for 72 hours. For details of western blot analysis see
section 2.5.3
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Fig. 5.7. Effect of genistein (10uM) on caspase-3 activity in MDA-MB 468 cells
cultured in medium containing 10% FCS.

Cells were incubated for 96 hours. Results are presented as amount of DEVDase
activity. Cells without DMSO responded as those shown here with DMSO. Open
bars represent treatment with DMSO and closed bars treatment with genistein 10uM.
Values are the mean =SEM of three independent experiments. Asterisks indicate
that values are significantly different from control (p=<0.05, two-way ANOVA,
Fischer’s LSD posthoc test). For details of enzyme assay see section 2.17.
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were assayed using fluorescence for the liberation of 7-amino-4-
trifluromethylcoumarin, as a measure of caspase-3 like activity. An 8-fold
increase in activity was observed in MDA-MB 468 cells treated with genistein

for 96 hours compared to controls (figure 5.7).
DISCUSSION

The chemopreventive and anti-neoplastic effects of several agents, including
genistein, are mediated in part by cell cycle arrest and modulation of the action
of cyclihs and CDKIs (Balabhadrapathruni et al., 2000). The experiments
carried out in this chapter were designed to explore the effect of genistein on
the cell cycle and to test the hypothesis that genistein elicits a similar effect in
all of the cell lines tested.

The effect of genistein on the cell cycle is well documented, with studies
reported in a number of different cell lines. Genistein (50uM) has been
reported to induce cell cycle arrest at G2/M phase after 96 hours in both HN4
cells, a head and neck squamous cell carcinoma cell line (Alhasan et al., 1999)
and PC3 and LNCaP prostate cells (Davis et al., 1998). Genistein (30uM) also
induced cell cycle arrest at G2/M phase in H460 cells, a non-small-cell lung
cancer cell line (Lian et al., 1998) and HGC-27 cells, which are derived from a
human gastric cancer (Matsukawa and Aoike, 1993). In contrast, in studies
using murine BALB/c 3T3 fibroblasts and B16-F1 melanoma cell lines, it was
reported that genistein (180uM) induced cell cycle arrest at the G1/S phase
transition (Kuzumaki et al., 1998).

The effect of genistein on cell cycle arrest has also been studied in breast cell
lines, with cell cycle arrest reported in MCF-7 (Constantinou et al., 1998, Shao
et al., 1998, Nakagawa et al., 2000), MDA-MB 468 (Balabhadrapathruni et al.,
2000) and MDA-MB 231 cells (Choi et al., 1998, Nakagawa et al., 2000) at

147



designed to test the hypothesis that genistein induces cell cycle arrest in all
cells at the G2/M phase transition.

The results in table 5.1 show that genistein (10uM) significantly arrested cells
at the G2/M phase in five of the six cell lines, with the exception of ZR-75.1
cells, in which only a slight increase in G1 cell population was observed. The
data obtained from cell cycle analysis is not inconsistent with the effect of
genistein on cell growth (see chapter 3). This correlation suggests a
mechanism for the growth-inhibitory action of genistein is its deregulation of
the cell cycle, resulting in an accumulation of cells at the G2/M phase
transition of the cycle. The ZR-75.1 cells, however, were insensitive to this
effect of genistein; therefore the growth inhibition in these cells must occur by
a different mechanism.

Further experiments were performed, using HBL 100 and T47-D cells grown
in media containing 10% FCS, in an attempt to correlate induction of cell
cycle arrest with growth inhibition (see chapter 3). The results gained show
that both cell lines were insensitive to the cell cycle arresting effect of
genistein under these conditions. The results correlated well in both cell lines
as genistein elicited no growth-inhibitory effects and had no effect on cell

cycle progression.

The ability of genistein to cause cell cycle arrest suggests that it may interfere
with cyclins, cyclin dependent kinases or their inhibitors. To explore the
mechanisms by which genistein interferes with cell cycle progression, the
effect on cyclins B1 and D1 were investigated. Cyclin B1, complexed with
cdc2, accumulates during the late S- and early G2-phase of the cell cycle
allows entry of cells into M phase and is then rapidly degraded at the end of
mitosis, allowing the cells to divide (Sherr, 1996). In contrast, cyclin D1,
complexed with either cdk4 or cdke6 is necessary for progression of cells from

G1- into S- phase of the cell cycle. As breast cell cycle arrest by genistein
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occurs at the G2/M phase transition, experiments were designed to test the
hypothesis that genistein inhibits levels of cyclin B1 protein, but has no effect
on levels of cyclin D1. The effect of genistein on cyclin B1 has been reported
in MCF-7 and MDA-MB 231 cells, with an inhibition of both cyclin B1
protein and mRNA, in addition to immunoprecipitated cdc2, which was

observed in cells after treatment with 100uM genistein (Choi et al., 1998).

From the results shown in figures 5.2 and 5.3 genistein appeared to have little
or no effect on the levels of cyclin Bl and D1 activity in any of the six cell
lines examined, although previous studies with MCF-7 and MDA-MB 468
cells showed significant inhibition of cyclin B1 (Choi et al., 1998). This is not
surprising, as the concentration of genistein used here was 10-fold lower than
that used in the previously described experiment. Genistein has also been
reported to elicit a bi-phasic response on levels of cyclin Bl in MDA-MB 468
cells, with both an increase and decrease in protein levels observed after
treatment with 25uM and 100uM respectively (Balabhadrapathruni et al.,
2000). Therefore, the absence of an effect of genistein at 10uM is not
unexpected and cell cycle arrest must occur by a mechanism other than

inhibition of cyclin B1 activity.

Levels of cycliﬁ D1 protein have been reported to remain unchanged, even
after exposure to genistein (100puM) for 72 hours and in addition, genistein has
also been reported to have no effect on cdk4 and cdké activity (Choi et al.,
1998). The effect of genistein on levels of cyclin D1 protein shown in figure
5.3 proved negligible and it is consistent with published studies (Choi et al.,
1998, Balabhadrapathruni et al., 2000). These results suggest cyclin D1 does

not play a role in the cell cycle arrest elicited by genistein.

Cell cycle arrest at G1 in both normal and malignant cells has been associated
with the induction of p21 (Choi et al., 1998). Increasing the level of p21
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enhances its association with CDK-cyclin complexes, resulting in decreased
CDK activity, which in turn inhibits the phosphorylation of specific
endogenous substrates such as pRB (Shao et al., 1998). Genistein has been
reported to induce levels of p21 in a number of breast cell lines, including
MDA-MB 231 (Shao et al., 1998, Choi et al., 1998, Li et al., 1999b), MDA-
MB 435 (Li et al., 1999a) and MCF-7 cells (Shao et al., 1998, Choi et al.,
1998).

- Experiments were carried out to investigate the levels of p21 after treatment
with genistein in all cell lines, but three different monoclonal antibodies all
proved unable to detect proteins of the correct size and thus the experiments
were abandoned. It would have been useful to determine whether elevated
levels of p21 could be observed in all genistein-treated cells lines, or just in

those in which apoptosis occurred.

After determining the effect of genistein on cell cycle proteins and the cell
cycle itself, experiments were designed to investigate the ability of genistein to
induce apoptosis. Genistein has been reported to induce apoptosis in a number
of cell lines by a variety of mechanisms. An induction of levels of p21 has not
only been observed in breast cancer cell lines, but also in prostate cancer cells
(Davis et al., 1998), non small cell lung cancer cells (Lian et al., 1998, Lian et
al, 1999), mouse fibroblasts and melanoma cells (Kuzumaki et al., 1998).
Genistein has been reported to induce apoptosis in breast cells by altering the
expression of apoptosis-regulating genes. This has been shown to occur in
H460 cells in a study by Lian e? al. (1999), where genistein upregulated levels
of Bax, but had no effect on levels of Bcl-2 protein. The expression of Bcl-2

in MDA-MB 231 cells was down regulated after treatment with genistein

(30uM), whilst levels of Bax were seen to increase (Li et al., 1999b). An
identical effect was observed by Li et al (1999a) when studying the effect of
gene expression in genistein-treated MDA-MB 435 cells. A down-regulation

in levels of Bcl-2 was also evident in MCF-7 cells treated with genistein

150



(150uM) (Constantinou et al., 1998), in addition to an increase in Bcl-2

phosphorylation, which may inhibit in its ability to interfere with apoptosis.

The results shown in figure 5.5 show that genistein induced significant levels
of apoptosis in MDA-MB 468 cells after 96 hours, as borne out by
measurement of annexin staining, which is consistent with other published
studies. In addition, culturing MDA-MB 468 cells in medium containing
charcoal stripped serum did not affect the ability of genistein to induce
apoptosis. In the other breast cell types, genistein did not cause changes
indicative of apoptosis, although it increased the necrotic cell population
slightly in HBL 100, MCF-7 and MDA-MB 231 cells.

Further experiments were performed to confirm genistein-induced apoptosis in
MDA-MB 468 cells. Analysis of PARP protein by western blot showed a
decrease in PARP protein band intensity in cells exposed to genistein, as
compared to control cells, furthermore, genistein increased caspase-3 like
enzyme activity 8-fold over control cells. These results provide strong
evidence that apoptosis was induced in genistein-treated MDA-MB 468 cells,
even at a low concentraﬁon and that the disappearance of PARP was probably

due to the activity of caspase-3.

T;> conclude, it is apparent that the growth-inhibitory actions of genistein are
mediated, in part, by the deregulation of the cell cycle and also by the
induction of apoptosis. It is clear that although genistein appears to mediate a
number of effects which may contribute to its growth-inhibitory activity
regarding cell cycle progression and apoptosis, it does not affect all breast
cells similarly and the mechanisms by which it inhibits growth varies between
cell lines. The results in this chapter, however, do not provide any evidence
for the mechanisms by which genistein induces apoptosis, therefore, further
investigation using MDA-MB 468 cells will be important in the elucidation of

such mechanisms.
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CHAPTER 6: GENERAL
DISCUSSION.
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Recently, the isoflavone genistein has received a great deal of attention because of
the discovery that it has been shown to inhibit PTK activity in vitro (Akiyama et al.,
1987). As tyrosine phosphorylation plays a crucial role in both cell proliferation and
transformation, genistein has been investigated extensively with respect to its

possible cancer chemopreventive properties.

The results presented in this study show that growth of six human-derived breast cell
lines was inhibited by genistein at 10 uM. This growth inhibition was consistent
with many other published studies (see chapter 3). A number of differences between
the breast cell lines in terms of their sensitivity towards genistein were apparent (see
table 6.1). Firstly, the enhancement of breast cell growth by genistein (1 puM), seen
in MCF-7 cells, was not a generic feature of human-derived breast cells. Secondly,
some breast cell types, exemplified by HBL 100 and T-47 D cells, were only
sensitive to the growth inhibition exerted by genistein under conditions of low serum
concentration in the culture medium. Thirdly, only ZR-75.1 cells were insensitiye to
the cell cycle arresting effect of genistein. Fourthly, an induction of apoptosis
accompanied exposure to growth-inhibitory concentrations of genistein in MDA-MB
468 cells, but not in other breast cell types (see chapter 5). Lastly, the breast cells
lines differed considerably in terms of responsiveness of pivotal mitogenic signalling

steps and transcription factor activity towards genistein (see chapter 4).

The observation that genistein in the 10° M range promoted the growth of MCF-7
cells is consistent with that reported by Martin et al. (1978) and Wang et al. (1996),
in which growth stimulation was observed at concentrations of 200nM and between
10-100nM, respectively. Such stimulation of breast cell growth by genistein has
raised the concern that physiologically achievable concentrations of genistein, such
as 1-3uM, might support - rather than counteract - the progression of breast cancer in
women with pre-malignant changes. This type of effect would severely confound
any potential benefit of genistein consumption and emphasizes the importance of
fully characterising phyto-oestrogens in terms of biological activity, the balance
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between agonistic and antagonistic properties, natural potency and long and short
term effects (Whitten et al., 1995).

American scientists have recently raised clinical concerns about the consumption of
soya (figure 6.1). They report that while soya may help to reduce cholesterol, it may
also lead to health problems in animals including thyroid disorders and altering the
sexual development of foetuses. Isoflavones can act as alternative substrates for the
enzyme thyroid peroxidase (Divi et al, 1996), but although other flavanoids act as
better substrates for this enzyme (Divi et al 1997), it is clear that further investigation
is required into the potential beneficial and adverse effects of genistein before it can

used as a therapeutic agent.

The growth-stimulatory effect of genistein has been attributed, at least in part, to its
ability to modulate growth via the oestrogen receptor (Hsieh et al., 1998). This
study, however, provides no supporting evidence to indicate that oestrogen receptors
are involved, and further investigation into blocking the effects of oestrogen
receptors, for example by antisense experiments, is required. However, a comparison
between the cell lines regarding oestrogen receptor status (see table 3.3) rendered the
possibility unlikely that the growth promotion caused by genistein specifically in
MCF-7 cells was intrinsically linked to expression of either oestrogen receptor-o or -

B or both.

In addition, results from this study show the growth-inhibitory action of genistein
does not appear to be mediated through either oestrogen or EGF-receptors. It does
not mean that these receptors are not important in breast cell growth, just that

genistein may utilise other pathways in order to modulate cell proliferation.

The notion that divergent, oestrogen receptor-independent mechanisms, such as
interference with the progression of the cell cycle, induction of apoptosis and
modulation of cell signalling cascades, mediate the growth-arresting efficacy of
genistein in the different breast cell lines is supported by three pieces of evidence

(see chapters 4 and 5).
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Soya alert over cancer and brain damage
link

Special report: what's wrong with our food?

by Antony Barnett, public affairs editor
Observer

Sunday August 13, 2000

A health warning was sounded last night over the dangers of
eating soya after two senior American government scientists
revealed that chemicals in the product could increase the risk
of breast cancer in women, brain damage in men and
abnormalities in infants.

The disclosure, which sent shockwaves through the
muiti-billion dollar food industry, came after the scientists
decided to break ranks with colleagues in the US Food and
Drug Administration and oppose its decision last year to
approve a heailth ciaim that soya reduced the risk of heart
disease. They wrote an internal protest letter warning of 28
studies revealing toxic effects of soya.

In an interview with The Observer, one of the scientists, Daniel -
Doerge, an expert on soya, said: ‘We have very real worries

that this health claim will be used by the industry as an

endorsement of much wider heaith benefits to soya beyond the

heart. Research has shown a clear link between soya and the

potential for adverse effects in humans.’

BSE and other health scares related to meat have led to
rocketing sales of soya-related products in Britain. But it is not
just vegetarian foods such as tofu that use soya. Itis a key
ingredient in products from meat sausages and fish fingers to
salad creams and breakfast cereals.

The concerns of Doerge and fellow FDA researcher Daniel
Sheehan focus on chemicals in soya known as isoflavones
which have effects similar to the female hormone oestrogen.

While these chemicals may help to prevent a range of
conditions including high cholesterol, they also lead to heaith
problems in animals including altering sexual development of
foetuses and causing thyroid disorders. Although soy is
thought to protect against breast cancer, some studies show
that chemicals in soya may increase the chances of breast
cancer which uses oestrogen-type hormones for growth.

Their letter to the FDA seen by The Observer states: ‘There is
abundant evidence that some of the isoflavones found in soy
demonstrate toxicity in oestrogen sensitive tissues and in the
thyroid. Additionally, the adverse effects in humans occur in

several lissues.

‘During pregnancy in humans, isoftavones per se could be 3
risk factor for abnormat brain and reproductive tract
deveiopment.’

This will frighten mothers who increasingly use soya milk for
babies. Doerge said: They are exposing their children to
chemicals which we know have adverse effects in animals. It's
like doing a large uncontrolled and unmonitored experiment on

infants.’

The soya industry insists that most research shows the heaith
benefits of soya outweigh risks and that adverse effects seen
in animals do not apply to humans.

Richard Barnes, European director of the US Soy Bean
Association, said: ‘Millions of people around the world have
been eating soya for years and have shown no signs of
abnormalities or disorders.’

Fig. 6.1. Soya alert over cancer and brain damage link report. Taken from the
Observer, Sunday 13" August 2000.
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Firstly, genistein caused apoptosis in MDA-MB 468 cells, but not in any of the other
five cell types studied, even though it caused similar growth arrest in these cell lines
to that seen in MDA-MB 468 cells. Secondly, genistein significantly arrested cells in
G2 in five of the six cell lines, but not ZR-75.1 cells, in which growth arrest was
accompanied by a slight increase in the G1 cell population. Lastly, the cell lines
differed in their susceptibility towards genistein-induced inhibition of elements of
TPA-induced cell signalling: AP-1 activity was inhibited only in MDA-MB 468 and
T47-D cells, ERK activation only in ZR 75.1 and T47-D cells, and c-Fos levels only
in MDA- MB 468 and T47-D cells (table 6.1). -

Over the last few years it has become clear that perturbation of signalling pathways is
a frequent event during the acquisition of a transformed phepdtype (Franks et al.,
1998). The role of both MAPK cell signalling pathways and the AP-1 transcription
factor complex are important in cell growth and differentiation, and it is conceivable
that genistein may elicit its growth-inhibitory effects via modulation of such cellular
processes. Modulation of cell signalling cascades by genistein in this study can be
demonstrated in T47-D cells, where it is suggested that genistein inhibits growth by
interfering with MAPK signalling, which in turn abrogates AP-1 transcription via
attenuation of c-Fos expression.

Genistein appeared to have a negligible effect on AP-1 components in cell lines,
other than T47-D, however an increase in c-Jun protein levels was observed in MCF-
7 and ZR-75.1 cells. This induction of c-Jun was compatible with the observation
that genistein appeared to increase, rather than decrease AP-1 transcription factor
activity in ZR-75.1 cells. Nevertheless, the increase in c-Jun protein was
accompanied not by an increase, but rather by a decrease, in anisomycin-induced
JNK activity. So, the functional consequences of the contrasting changes elicited by
genistein with respect to c-Jun protein on the one hand and JNK activity on the other
are difficult to predict. The observations in MCF-7 and ZR-75.1 cells show that
under certain conditions, such as concentration of agent and cell type, genistein can
elicit activatory signals, and some of these signals might contribute to the growth-

arresting ability of genistein.
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In a study by Davies et al. (1999), it was reported that genistein attenuated the
activation of the NFxB transcription factor in human prostate cells, by inhibiting
phosphorylation of IxBa and thereby blocking the nuclear translocation of NFxB,
thus preventing DNA binding and NFxB activation. These findings provide a
mechanism by which genistein-induced inactivation of NFxB could lead to an
induction of apoptosis. It is possible that genistein may also inhibit NFkB activation
in human breast cells, which may provide a mechanism by which apoptosis is
induced in MDA-MB 468 cells. Investigation into the effect of genistein on NFxB
activation in breast cells, in addition to those results obtained for AP-1, may provide

a useful insight into the effect of genistein on transcription factors important in the

regulation of cell growth.

The capacity of genistein to inhibit mitogen-stimulated growth of mammalian cells in
culture has been presumed to be due to the inhibition of tyrosine kinases (Kim et al.,
1998). These kinases include EGF-R kinase, pp60 ¥-5 and pp11082e-fes kinases
(Akiyama et al., 1987), cdk2 and cdc2 kinases (Choi et al., 1998) and p56/p53im
kinase, which inhibits phosphorylation on Tyrl5 on CDK1 (Kaufmann, 1998).

A study by Kim er al. (1998), questioned whether altered tyrosine phosphorylation by
genistein was due to a direct effect on tyrosine kinases. They showed that genistein
did not affect either EGF-stimulated EGF-R autophosphorylation, or EGF-stimulated
tyrosine phosphorylation of intracellular target proteins such as PKC, at
concentrations which inhibited cell proliferation. In addition, in vivo data obtained
from the rat mammary gland regarding the effect of genistein on tyrosine kinase
activity did not support the in vitro reports that gehistein inhibits PTK activity, but
rather that genistein directly increased EGF-R expression, resulting in enhanced
mammary gland differentiation (Lamartiniere and Wang, 1999). These studies
concluded that altered tyrosine phosphorylation was not a direct effect of genistein,
but was related to indirect effects mediated by other mechanisms, such as those

mediated via the oestrogen receptor. Therefore, more investigations are required into
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the action of genistein regarding tyrosine kinase phosphorylation and elucidating its

mechanisms of action.

The ability of genistein to arrest cell cycle progression in five cell lines may be due to
its activation of Chk2 kinase. The activation of this kinase by genistein was
correlated with cell cycle arrest at the G2/M phase in melanoma cells (Darbon et al.,
2000). It is conceivable that if ZR-75.1 cells are deficient in this kinase, which is
involved in the replication and DNA-damage checkpoints, it may provide an

explanation why cell cycle progression was not arrested by genistein in this cell line.

The overall interpretation of the results across the 6 cell types is confounded by the
finding that for some cells, certain signalling events were resistant to induction by the
phorbol ester TPA. TPA failed to elicit AP-1 activation in MDA-MB 231 and MCF-
7 cells, and ERK phosphorylation in HBL 100 and MDA-MB 468 cells in a
reproducible manner. Irrespective of this insensitivity towards TPA, susceptibility
towards the effects of genistein varied substantially between the different cell types.
Nevertheless, some observations can be rationalised in terms of mechanistic
connectivity or complementarity, as previously shown in T47-D cells. Table 6.1
summarises the effects of genistein on growth, apoptosis, cell cycle distribution, AP-
1 activity, ERK phosphorylation and c-Fos and c-Jun protein levels in the cell lines
studied. |

Undoubtedly the concentrations of genistein which have been reported here, and by
others, to elicit growth arrest and cause changes in signalling, are higher than the
3-4 uM reported in the plasma of individuals who consume large amounts of soya
(Adlercreutz et al., 1995). Nevertheless, as genistein and related isoflavanoid
molecules have recently been considered as potential chemopreventive or
chemotherapeutic agents in their own right and not only as constituents of the food
matrix, it is conceivable that they could be administered clinically at much higher
doses than those associated with dietary polyphenol consumption, thus potentially

achieving target tissue concentrations in the 107 - 10* M range.
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In summary, the findings in this study suggest that whilst genistein at higher
concentrations consistently arrests the growth of breast cells, susceptibility to
genistein-induced growth promotion at low concentrations is not a generic feature of
cells derived from this tissue. Furthermore, the results obtained are consistent with
the notion that induction of apoptosis, G2 cell cycle arrest, inhibition of components
of MAPK signalling, c-Fos protein expression and AP-1 binding and/or |
transactivation may contribute to the growth-inhibitory effect of genistein in some
types of breast cells. None of these effects of genistein constitute a predominant
mode of growth-arresting action, as they do not occur consistently in all breast cell
lines. Instead, the relative importance of the individual components of the
heterogeneous mechanisms associated with growth modulation by this isoflavone are

probably breast cell type-specific.

The exposure of humans to soy phyto-oestrogens goes back nearly five millennia
(Barnes, 1995a) and today, those countries, in which large quantities of soy are
consumed, report a lower incidence of many chronic diseases, such as breast, lung
and prostate cancer and leukaemia (Messina et al., 1994). A novel mechanism for the
action of genistein based on enhancement of TGF-B has been proposed (Kim et al.,
1998), which may provide a link between the beneficial effects of genistein in

diseases, such as atherosclerosis and inflammatory bowel disease.

Several clinical trials are underway to determine whether phyto-oestrogens are
therapeutic or have secondary preventive effects for patients with existing breast
cancer (Barnes, 1998), that will provide us with important results for further
investigation into the effects of soy isoflavones. It is very difficult to make a
statement regarding the mechanism of action of genistein, since a large array of
potential mechanisms have been observed in this study and our knowledge of their
effect on breast cancer is far from complete. However, the knowledge of cell-type
specific effects of genistein as shown here, may at some point in the future,

contribute to the reduction in breast cancer in the Western world.
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Cell type

HBL 100 MCF7 MDA 468 ZR-75 T47-D MDA 231

Growth inhibition® b
Apoptosis®
G2/M arrest*
G1 arrest’

AP-1 transactivation 4
(+TPA)¢

AP-1 transactivation
(+TPA and genistein)®
c-fos levels

(+TPA and genistein)®
c-jun levels (+anisomycin - A
and genistein)®
ERK 1/2 phosphorylation 2
(+TPA)

ERK 1/2 phosphorylation
(+TPA and genistein)®

!

i
« « -
.9
« « -

“« > >
.—)
]

*Effect of genistein (10 uM) in cells maintained in 10 % FCS. b. = no effect; + = effect; T =upregulation; ¥ -= downregulation.
°Effect of genistein (10 pM) in cells maintained in 2 % charcoal stripped FCS. %Effect of TPA alone. °Effect of genistein (50
uM) after stimulation by TPA or anisomycin. For details see results chapters and general discussion.

Table 6.1. Effects of genistein on breast-derived cell types.
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APPENDIX



PRIMER SEQUENCES

Oestrogen receptor f first round primers

Forward: 5’ - TCA CTT CTG CGC TGT CTG CAG CG -3’
Reverse: 3’ - CTT GGG TCG CTG TGA CCA GA -5’

Oestrogen receptor f second round primers
Forward: 5’- GCC CAA GAG AAG TGG CGG CCA GC -3’

Reverse: 3’- AAA TCA AGT AGT TGC CAG GAG C -5’

AP-1 oligonucleotide sequence
Forward: 5’ - CGC TTG ATG AGT CAG CCG GAA -3’

Reverse: 3’ - GCG AAC TAC TCA GTC GGCCTT -5’

NF«B oligonucleotide sequence
Forward: 5’ - AGT TGA GGC GACTITCCCAGGC-3

Reverse: 3’ - TCA ACT CCC CTG AAA GGG TCCG-5’

GL2 primer sequence (counter clockwise)

5 —CTTTATGTT TTTGGC GTCTTCCA -3’
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Simple circle map of TRE reporter construct (5.3 kB) showing Sea I, Bgl Il and Hind III restriction

sites, position and direction of GL2 primer and site of PBLCAT?2 insertion (1.1kB) into a pGL2 basic
vector (4.2kB).



