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Abstract

The erbB family consists of four structurally related, transmembrane, receptors - the
epidermal growth factor receptor (EGFr; erbBl), erbB2, erbB3 and erbB4. In
association with the EGF-like growth factors, they create a potent and complex ligand-
receptor network, which has been associated with a number of cell phenotypes, including

proliferation and motility. The ERK kinase, PI-3 kinase and PLCy pathways have been

widely implicated as downstream mediators of these effects. Deregulation of the
network is common in human cancers, including ovarian tumours, and is frequently
associated with poor patient survival. These observations have generated interest in the
underlying mechanisms of the network, and how its disruption manifests as oncogenic

malignancy. This project investigates the roles of different erbB receptors and their
downstream signalling pathways in ovarian cancer systems. A panel of six cell lines

(SKOV-3, PEOl, OVCAR5, A2780, 41M and PE01cddp) were chosen to represent a

range of erbB receptor expression levels, and these were characterised within growth and

migration assays. Growth assays were based upon cell counts, whereas migration assays

were developed using transwell inserts coated with collagen IV, fibronectin and laminin.

To assess the contribution of individual erbB family members to cell growth and

migration, specific ligand-receptor interactions were exploited within functional assays;

transforming growth factor-alpha (TGFa) binds and activates the EGFr, while

neuregulin (NRG) growth factors activate erbB3 and erbB4. Such growth factor
stimulation induces receptor homo- or heterodimerisation within the family, which

initiates intracellular signalling. At equal concentrations (InM), NRGip was a more

potent mitogen than TGFa, although both significantly increased cell growth in a

number of cell lines; NRGla effects however were trivial. Although the neuregulin

growth factors both associate with the same receptors, the a-isoform is known to be less

potent. Therefore these data suggest that erbB3 and/or erbB4 receptors have the most

significant influences upon cell proliferation and increased cell survival. Correlative

analysis revealed some association between erbB3 expression levels cell growth rates

(TGFa stimulated growth p=0.0069; NRGp stimulated growth p=0.0456). This is

consistent with the suggestion that erbB3, probably in combination with erbB2, is the

most potently mitogenic receptor complex. In migration assays, growth factor
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concentrations were varied to equalise mitogenic effects, TGFa was used at InM,
whereas NRG1(3 was used at O.lnM. TGFa demonstrated the most potent effects in
these experiments, and a strong correlation was found between migration on collagen
and cell line expression levels of erbB2 (p=0.004), suggesting an association between
EGFr-erbB2 dimers and cell motility. Blockade of the EGFr, using the small molecule
inhibitor Iressa (ljaM), significantly reduced cell growth (in SKOV-3, PEOl and
OVCAR5 lines) and migration (in SKOV-3 and PEOl cells). Herceptin down-
regulation of erbB2 was ineffective and thus had minimal impact on cell function.

A subset of four cell lines (SKOV-3, PEOl, OVCAR5 and A2780) was used to analyse
TGFa and NRGlp signalling effects within the ERK, PI-3 kinase and PLCy pathways.
Three cell lines (SKOV-3, PEOl and OVCAR5) showed pathway induction in response

to either one or both ligands, whereas A2780 cells showed no response, but appeared to

have some constitutive pathway activation. Growth factor activation of the ERK and PI-
3 kinase cascades was observed only in the lines that showed growth stimulation.

Ligand activation of all three pathways occurred where cells were stimulated to migrate,

possibly in a signal duration dependant manner. Specific inhibitors of MEK (PD98059
and U0126), PI-3 kinase (LY294002) and PLCy (U73122) were utilised within

functional assays. Blockade of the ERK and PI-3 kinase pathways decreased cell growth
in all of the cell lines. However, only blockade of PLCy was capable of inhibiting

migration in all of the lines. These results are consistent with findings in other cell

systems.

These studies have demonstrated that the erbB3 receptor has a potent effect on cell

mitogenesis and/or increased cell survival, probably through activation of the ERK and

PI-3 kinase pathways. They have also shown that the EGFr in combination with erbB2

is an important drive to cell migration, predominantly utilising the PLCy pathway.
These finding are relevant to ovarian cancers expressing erbB receptors, particularly
those which have established an autocrine loop with stimulating ligands, and may be

important for determination of patient treatment strategies in the future.
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1.1 Ovarian Cancer

Epithelial ovarian cancer is the most common cause of death from gynaecological
malignancy and in the UK is the fourth, worldwide the fifth leading cause of cancer

mortality in women.

1.1.1 Incidence and epidemiology of ovarian cancer

In 1997, the UK incidence of ovarian cancer was 6820, which translates to 1 in 100
women developing the disease in their lifetime (Office of National Statistics), a

proportion representative of most developed countries. Frequency of ovarian cancer

varies widely among geographic regions and ethnic groups. Northern Europe and the
US have a much greater occurrence of the disease than Japan and most developing
countries. Incidence of ovarian cancer in US Caucasian women is higher than
African-American and Asian-American women, although recent figures indicate that
these differences are narrowing and that immigrants moving from low-risk to high-
risk countries also increase their risk of developing ovarian cancer, suggesting that

lifestyle is an important factor in this disease (Kliewer and Smith, 1995). Regardless
of location, ovarian cancer predominantly affects perimenopausal and

postmenopausal women, with 85% of such cancers occurring after the age of 40 and

peak incidence at 60 years of age (CancerStats). Over recent decades, the frequency
of ovarian cancer has increased; the European age-standardised incidence rate (per

100,000 person-years at risk) rose from 14.9 in 1975 to 21.0 in 1997 in the UK

(Office of National Statistics).

1.1.2 Survival of ovarian cancer patients

Epithelial ovarian cancer has a very high mortality rate as symptoms are insidious in

onset and non-specific, leading to disease presentation at a very advanced stage. In
the UK in 1999 this cancer was responsible for 4480 deaths; 6% of female cancer

mortalities, 3% of total fatal cancers in Britain (CancerStats). Although there has
been an increased incidence of disease over recent years, a positive indication for

research and clinical intervention is that mortality rate (measured as age-standardised
incidence rate per 100,000 person years at risk) has not shown such a rise; 12.2 to

15.3 between 1975 and 1997 (Office of National Statistics). The survival rate for
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this disease decreases dramatically with patient age (partly due to the tumour types
which predominantly arise in different age groups) and prognostically is very poor,

as shown in table 1.1.

15 - 44 year olds 45 - 84 year olds
Survival 1 year post diagnosis 85.1% 54.8%
Survival 5 years post diagnosis 66.6% 26.3%
Table 1.1 Survival rates for UK ovarian cancer patients, 1991-1995 (Office of National Statistics).

1.1.3 Ovarian cancer disease

The ovaries are the location of ova maturation and release. These are organs of

primary importance to the female reproductive system and menstrual cycle due to

their involvement in steroid hormone, cytokine and growth factor secretion. Such
factors are the controlling and regulating elements of these systems. Cells of this

organ have evolved to respond sensitively to these secreted factors, and as such are

poised for cell proliferation, cell death, and stimulation of further hormone or peptide

production. These are cell processes which are frequently exploited by cancer cells.

Epithelial cells on the surface layers are very adept at healing post ova release, a

process which innately requires cell movement and accelerated cell growth. Again,
these represent commonly deregulated features of cancer cells. Figure 1.1 below
shows the location and normal function of the ovary.

Figure 1.1 Reproductive system and ovarian cycle of egg maturation and release.
Diagrams reproduced from 'Understanding cancer of the ovary' booklet series produced by the
Cancer BACUP charity; www.cancerbacup.org.uk.
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Ovarian cancers can arise from any of the cells of the ovary, including the surface
epithelia (purple area in figure 1.1), germ cells (or primary oocytes) and sex cord-
stromal cells (in the centre of the ovary, shown in orange in figure 1.1). There are

three main tumour types (Health Communities USA);

i) epithelial tumours: malignant tumours of this origin account for 80-90% of ovarian
cancers. Tissue and cellular morphology enables classification of these into serous,

mucinous, endometrioid and clear cell types. Those lacking features with which to

categorise are often prone to fast growth and quick spread. Benign tumours also
arise from this cell layer, and are generally easy to remove by surgery. They include
serous adenomas, mucinous adenomas, and Brenner tumours.

ii) germ cell tumours: the majority of these tumour types are benign. Malignancies
most frequently occur in this tumour type in women during teenage years or in their

early twenties, producing maturing teratomas, dysgerminomas, and endodermal sinus
tumours. Ninety percent of patients with such tumours are cured and their fertility

preserved.

iii) stromal tumours: these tumours are quite rare and are usually low-grade. They
include granulosa, thecal, and Sertoli-Leydig cell tumours.

As disease progresses, there is often a build up of fluid in the abdomen called
'ascites'. Eventually this leads to visible and uncomfortable swelling and requires

drainage from the patient. Ascitic fluid usually contains cells from the tumour, and

these have frequently been used as the source for development of ovarian cancer cell

lines. This phenomena also provides a medium in which tumour cells can exist away

from the primary site for a period of time, enabling localised spread of the tumour to

the peritoneum (the membrane which lines the abdomen).

1.1.4 Factors influencing ovarian cancer risk

i) Genetic factors
The most significant risk factor for ovarian cancer is a family or personal history of

breast, ovarian, prostate or colon cancer, however, this genetic risk still accounts for

only 5% of cases (Greene et al., 1984). Ovarian cancer risk is increased 2.5 times
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where a first-degree relative has been diagnosed with an ovarian tumour (Mink et al.,
1996). This effect is still significant, but reduced if it is a second-degree relative
diagnosed. Numerous genes have been implicated in disease development and/or
progression. This is currently a very dynamic area of clinical research science,
which is both furthering understanding of genetic changes in ovarian cancers

(sporadic and heritable), and is also identifying novel candidates for targeted
intervention. Currently, BRCA1 is the gene most strongly linked to ovarian cancer

risk, discovered originally through its involvement with breast cancer (Nicoletto et

al., 2001). Although the function of this gene is still largely unknown, it has been
shown to be involved with regulation of transcription, and in maintenance of DNA.
It was recently shown that carriers of a mutated BRCA1 gene have a 63% average

lifetime risk of developing ovarian cancer, while those with a mutated BRCA2 have
a 27% lifetime risk (Elit, 2001). Pedigree analyses suggest autosomal dominant
transmission of mutated BRCA1 and 2 genes occurs in familial cases, leading to the

formerly separate syndromes of'site-specific familial ovarian cancer' and 'hereditary
breast/ovarian cancer'. The risk of ovarian cancer is also much higher in sufferers of

hereditary non-polyposis colon cancer as a result of mutations in DNA mismatch

repair genes MSH2, MLH1, PMS1 and 2, with ovarian carcinomas occurring in 10%
of these patients (Boyd, 1998).

ii) Menstrual and reproductive factors
As a genealogical disease, ovarian cancer is naturally affected by factors relating to

reproduction. Many studies have shown that parous women compared to nulliparous
women (regardless of fertility) have a decreased risk of ovarian cancer (OR = 0.4),
and that among parous women, higher parity, age at first (live) birth and time since
last (live) birth were all associated with reduced risk (Titus-Ernstoff et al., 2001).
Furthermore, breast-feeding, irrespective of duration, is also protective, but age at

menarche, age at menopause and characteristics of the menstrual cycle have little
effect (Siskind et al., 1997). Use of oral contraceptives has been shown by a number
of studies to greatly decrease the risk of developing ovarian cancer (OR = 0.6) (Ness
et al., 2001; Polychronopoulou et al., 1993), other protective factors include

hysterectomy and tubal ligation (Ness et al., 2000). In 1971, Fathalla et al proposed
the 'incessant ovulation hypothesis' which suggests that those women who have had
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one or more pregnancy, or used oral contraception, suffer less trauma to the ovarian
surface epithelium due to a decreased number of ovulation cycles in their lifetime
(Fathalla, 1971). More recently Adami at al suggested the link with parity was due
to the effect of 'ovarian clearance', where pregnancies help to clear transforming
cells from the ovarian epithelium (Adami et al., 1994). Another study showed that
protection rendered by oral contraception is also seen with other forms of
contraception, albeit to a lesser extent (intrauterine OR=0.8, barrier method OR=0.8,

vasectomy OR=0.8), suggesting that the mechanism may be more complex (Ness et

al, 2001).

iii) Secreted steroid and peptide factors

Hormones, growth factors and cytokines have all been shown to influence ovarian
cancer. As discussed previously, normal cells of the ovary are specialised to both

produce and respond sensitively to these factors. Complex, yet finely regulated

systems such as these are opportune targets for oncogenic transformation. For

example, excess gonadotrophin secretion consequently increases oestrogen levels,
which can lead to proliferation and malignant transformation of the ovarian

epithelium (Cramer and Welch, 1983). Several lines of evidence support the
involvement of these factors in this disease, including the epidemiological findings
described previously regarding parity, reproductive life and oral contraception. Also,
animal studies have shown that administration of oestrogens, androgens, progestins
and gonadotrophins can all induce the development of ovarian tumours (Langdon et

al. 1997). Peptide growth factors, including the epidermal growth factor (EGF)

family, insulin-like growth factors, and the transforming growth factor P super-

family, have been shown to target cells of epithelial origin, whereas platelet derived

growth factor and fibroblastic growth factor more commonly act upon stromal tissue

(Sidawy et al., 1998). These factors have all been implicated in growth and

progression of ovarian cancers (Sariban et al., 1988; Sidawy et al., 1998).

Cytokines, particularly interleukins, can be either stimulatory or inhibitory dependant

upon tissue type and concentration (Malik and Balkwill, 1991; Nash et al., 1999).

TNF, colony stimulating factors and interferons have also been implicated in ovarian
cancer (Nash et al., 1999; Punnonen et al., 1998).
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The effect of hormone replacement therapy on ovarian cancer has been the subject of
a number of conflicting studies. Most current data suggests only a weak link, or no

association between the two (Riman et al., 1998), although there are fears that long
term (10 years plus) oestrogen use in the absence of progesterone, could increase
disease risk (Lacey et al., 2002)

iv) Other factors
A feature of all cancer types is its increased occurrence with age. Additionally,

living in industrialised North American and Northern European countries is
associated with increased disease risk (Kliewer and Smith, 1995). There are a wide

variety of dietary and lifestyle factors which have been associated with ovarian
cancer incidence, and although the number of these studies is large, sample sizes are

often small and methods of collection and analysis very variable. As a result,

findings are frequently not comparable, or conflicting.

In a study of carotenoids (lutein/zeaxanthin, a- and P-carotene), retinol and vitamin
A consumption, only lutein/zeaxanthin at a dose of > 24,000 mg/week was found to

have a significant effect in decreasing the risk of ovarian cancer (Bertone et al.,

2001). Spinach, carrots, low fat milk and liver, foods containing these components

were shown to have similar but non-significant effects, which were supportive of

previous findings. Other studies have associated decreased risk of ovarian cancer

with total vegetable intake, in particular green leafy vegetables (Kushi et al., 1999).

They also found a slightly increased risk (not significant) associated with dietary fat,

lactose, cholesterol and egg intake. Total energy, total protein, polyunsaturated fat,

dietary cholesterol, total carbohydrates, sucrose, vitamin C, riboflavin and calcium

have also been associated with ovarian cancer risk (Tzonou et al., 1993a). Coffee
and caffeine consumption have been weakly associated with increasing disease risk,
most convincingly in pre-menopausal women, and alcohol and tobacco have been
shown to be more strongly linked (Kuper et al., 2000a; Kuper et al., 2000b;

Polychronopoulou et al., 1993).
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Analgesics (mostly salicylates) were shown to be protective against ovarian cancer

by Tzonou et al (Tzonou et al., 1993b) but only weak support was found in a study
by Moysich using acetaminophen L (Moysich et al., 2001). A number of studies
have also associated greater physical activity and higher waist-to-hip ratio's as

factors which are protective against developing ovarian cancer (Mink et al., 1996;
Tavani et al., 2001; Cottreau et al., 2000).

1.1.5 Ovarian cancer screening and diagnosis
As ovarian cancer is relatively uncommon compared to many other health risks, and
no single risk factor or marker is sufficiently powerful to identify an 'at risk' group,

screening is not standard for this disease. Also, due to its relative infrequency, any

screen would have to be 99% efficient to achieve an acceptable positive predictive
rate (Kerbrat et al., 2001). Currently, women with a familial risk are offered genetic
cancer consultation, whereas those with a definite genetic predisposition undergo a

targeted screening programme (Health Communities, USA). All other patients must

wait for symptoms of the disease to appear before diagnosis can occur.

If there is reason to suspect the presence of an ovarian cancer after physical
examination of a patient, a number of diagnostic tests can be carried out. CA125, a

protein released during turnover and cell death of Mullerian-derived epithelia (found
within fallopian tubes, endometrium and endo-cervix), is elevated in 85% of ovarian
cancers (Cherry and Vacchiano, 2002). Measurement of CA125 levels in the blood

gives no indication of benign or malignant tumour status and can be elevated, for

example, during the first trimester of pregnancy. However, a higher count is often
indicative of a tumour. Ultrasound can be used to evaluate size, shape and

consistency of the ovaries, which can determine whether any tumours are present,

and if they are cystic, solid, or both. A 'transvaginal colour flow doppler test' may

be carried out to identify new, weaker blood vessels, potentially supplying a tumour,

which are distinct from normal body blood vessels. Computerised axial tomography

(CAT) scanning is another method which is used, this can identify spread to the

pelvic and abdominal regions. Absolute confirmation of the disease and its benign or
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malignant status however can only be determined from surgical biopsies (Kerbrat et
al., 2001).

Much research is being carried out into developing an effective screening method for
ovarian cancer. Mortality rates are high for this disease as presentation occurs late
and tumours are usually of an advanced stage. If tumours could be identified at an

earlier time point, treatment should be both easier and more effective. A recent

report showed that analysis of a number of serum proteins (identified through
'learning' computer algorithms) could recognise patients with ovarian cancers and
distinguish women with malignant and non-malignant disease, a promising
development in the field (Daly and Ozols, 2002).

1.1.6 Stage and grade of ovarian cancers

Once a malignancy has been discovered, surgery and subsequent tissue examination
enables the cancer to be staged and graded according to extent of disease spread and
cell morphology. Staging relates to the spread of the disease, as shown in table 1.2.

Stage Relative spread of cancer cells

I cancer present in one or both ovaries but not other tissues
II cancer present in one or both ovaries and in surrounding pelvic region
III cancer present in one or both ovaries, in surrounding tissue and

abdominal organs, lining of abdomen and lymph nodes

IV cancer present in one or both ovaries, in surrounding tissue and
abdominal organs, lining of abdomen and lymph nodes and also

metastasis to liver, lungs and other tissues
Table 1.2 FIGO staging of ovarian cancer disease.

Tumour tissue which has been removed from the patient is used to assess the grade
of the cancer. Early, more treatable stages are classed as benign, low grade, or as

low malignant potential. Cells exhibiting less differentiation are frequently malignant
and are graded between 1 and 3, representing a progressive decline in altered tissue

morphology. Tumour samples are also analysed to assess levels of proteins to which

9



target drugs are available. This information is used to determine the best course of
treatment for the patient.

1.1.7 Treatment of ovarian cancers

Surgical intervention is often quite aggressive to achieve maximal removal of tumour
tissue and is intimately related to patient survival (Kerbrat et al., 2001). Only in
early stage disease with good prognostic indicators such as well-differentiated

histology, would surgery alone be considered adequate treatment. Adjuvant therapy
is usually given to patients to eradicate micrometastatic disease and this normally
consists of platinum based treatments, often in combination with alkylating agents

(Christian and Thomas, 2001). Platinum analogues such as cisplatin and carboplatin
function via formation of DNA inter- and intra-strand cross links, which utilise

cellular replication/repair mechanisms to induce cell death (Ozols, 2000).

Significant survival advantages have been shown for platinum based treatments over

treatment combinations not using platinum. Also platinum in combination with other

agents, has been shown to be better than single agent therapy (Harries and Gore,

2002a; Harries and Gore, 2002b). Another commonly used chemotherapeutic agent

is Taxol. This naturally occurring diterpenoid, isolated from the bark of the Western
Yew tree was discovered in 1971. This agent works via induction of mitotic arrest,

which occurs through prevention of microtubule depolymerisation. Again this
treatment has shown clear survival advantage in patients. These two agents in
combination however have been demonstrated as the best first line therapy for
ovarian cancer treatment, and are now standard in the UK and USA (Harries and

Gore, 2002b)
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1.2 The erbB receptor family and their downstream signalling cascades
The erbB family is comprised of four type 1 transmembrane receptor tyrosine kinases
(RTKs), all of which share extensive sequence and structural homology. The
epidermal growth factor receptor (EGFr), also referred to as erbBl, was the first to
be discovered; other family members, erbB2 (HER-2/neu), erbB3 (HER-3) and
erbB4 (HER-4), were identified later. Table 1.3 below shows sequence homology of
the other three family members compared to the EGFr. Although these may not

appear to be terribly well conserved, the evolutionarily ancient nature of these
receptors has allowed silent mutations to arise which have no impact upon overall

receptor structure.

Receptor domains: Sequence homology compared to the EGFr (%)
erbB2 erbB3 erbB4

Ligand binding 1 (LI) 42 38 48
Subdomain 1 (SI) 50 47 51

Ligand binding 2 (L2) 37 42 44

Subdomain 2 (S2) 45 53 52

Transmembrane region 76 49 52
RTK domain 83 58 80
C-terminus 23 8 28
Table 1.3 Sequence homology among members of the erbB family compared to the EGFr.
Sequence homology of the erbB family members are compared to the EGFr, domains listed external to
internal, indicating receptors structural organisation. (Brennan et al., 2000)

The erbB receptors are very important in developmental processes. The EGFr and its

ligands mediate signalling between the epithelium and mesenchyme, responsible for

epithelial development of many organs, including teeth, skin, lung, pancreas,

gastrointestinal tract, hair and eyes (Miettinen et al., 1995; Sibilia el al., 1998);

(Mann et al., 1993; Threadgill et al., 1995). ErbB3 and 4 are involved with

interaction between nerves and their target cells and are essential for cardiac and

neural development. These receptors are expressed into adulthood, and become

important for growth factor responses in the epithelium and mesenchyme (Britsch et

al., 1998; Liu et al., 1998b; Riethmacher et al., 1997).

Receptors of this family share a generalised physical structure with other RTK

proteins. This consists of an extra-cellular ligand binding domain, which is usually
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glycosylated and is connected to the internal residues via a single transmembrane
helix. There is also a cytoplasmic domain, with a conserved protein tyrosine kinase
core, and additional 'activation loops' which become phosphorylated by the receptor
itself and other cellular kinases. As suggested by the name, this group of receptors
have their own kinase activity, which is able to catalyse transfer of the y phosphate
from ATP to the hydroxyl groups of tyrosine residues. The erbB3 receptor is an

exception to this rule, as it does not contain a functional version of this domain
(Hunter, 2000).

1.2.1 ErbB receptor ligands
All high affinity erbB ligands contain an EGF-like domain. These ligands often

originate from larger precursor molecules frequently attached to the cell membrane,
which require tightly regulated processing in order to be released and become active.
The EGF-like domain is a motif about 50 amino acids long, including 6 cysteine
residues and mainly (3-sheet structure, and 3 intramolecular loops. Some ligands
exhibit specificity for a single receptor, whereas others show multiplicity for
members of the erbB family. Transforming growth factor alpha (TGFa), (3-cellulin,
and amphiregulin specifically interact with the EGFr. Heparin binding - epidermal

growth factor (HB-EGF) and epiregulin interact with both EGFr and erbB4, whereas
EGF interacts with the EGFr, and under certain conditions, with erbB3 and erbB4

(Jones et al., 1999). The neuregulin (NRG) growth factors include numerous

isoforms and splice variants. NRGlaand (3 both interact with erbB3 and erbB4,

whereas NRG2, 3 and 4 interact with erbB4 alone (Jones et al., 1999; Pinkas-

Kramarski et al., 1996). ErbB2 has no identified ligand and as such is often referred
to as the orphan receptor. However, certain ligands appear able to recruit it as a co-

receptor more strongly, and in this way reduce binding of less effective ligands

(Yarden and Sliwkowski, 2001). Also, over-expression of erbB2 has been shown to

bias formation of specific receptor heterodimers, for example, under such conditions

EGF will bind erbB3 and 4 as well as the EGFr. A summary of ligand interaction
with receptor dimers is shown in figure 1.2
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TGFa EGF P-cellulin HB-EGF Amphiregulin NRG1 NRG2,3 and 4

MMIt IIIinnrf/wwl
1:1 1:2 1:3 1:4 2:2 2:3 2:4 3:3 3:4 4:4

Figure 1.2 EGF-like ligands and their interaction with erbB receptors.
Ligand interaction with receptors induces dimerisation, any dimer combination can occur. Green =
EGFr (erbBl), blue = erbB2, red = erbB3 and yellow = erbB4. Dotted lines indicate ligand
interactions which occur only under certain conditions.

Of particular interest to this study are the neuregulin and TGFa growth factors.

TGFa is a member of the EGF superfamily, with a characteristic EGF-like motif and

membrane bound pre-form, which becomes cleaved to release a soluble and active

ecto-domain (Dunn et al., 1994). The gene encoding neuregulin is extensively

spliced, creating a family of neuregulin growth factors. It encodes proteins

exhibiting typical features of the EGF superfamily, but also includes an

immunoglobulin-like domain, enabling the neuregulins to be further classified as part

of the immunoglobulin superfamily. There are 4 neuregulin isotypes, each with
known splice variants and these have distinct expression patterns and biological
activities (Jones et al., 1999). Neuregulin 1 and 2 also have an a and P form which

vary primarily in the third loop of the EGF domain. The P-form has been shown to

have higher receptor binding affinity compared to a (Wen et al., 1994).

1.2.2 ErbB receptor activation
ErbB receptors are believed to exist as monomers in the cell membrane and are

activated via stimulation with a specific ligand to induce receptor homo- or

heterodimers (Brandt et al., 1999). As discussed previously, erbB2 has no specific
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ligand to activate it, but is believed to be the preferred binding partner of EGFr,
erbB3 and erbB4, and this is the important step in receptor activation (Earp et al.,
1995; Graus-Porta et al., 1997). Biophysical studies of erbB ligands suggest that
they are bivalent towards their specific receptors and are able to drive dimerisation of
the external domains in a stoichiometry of 2:2, receptordigand through a proposed
mechanism illustrated in figure 1.3 (Brennan et al., 2000; Ferguson et al., 2000) . It
has been suggested that this may also be involved with family member interaction
with erbB2, although as yet there is no evidence for ligand binding to its extracellular
domain (Ferguson et al., 2000; Tzahar et al., 1997).

«ills
LI

«HnHfc

L2

LIGAND LIGAND

S2

L2 LI
sx

Figure 1.3 Model for erbB receptor dimerisation in the presence of activating ligands.
LI and L2 are the two ligand binding domains of the erbB receptors, L2 the more dominant. SI and
S2 are cysteine rich subdomains originally thought to maintain receptor integrity; S2 has recently been
shown to be involved with ligand binding, and possibly interacts with the S2 domain on the opposite
receptor (Brennan et al., 2000)

A slight variation on this model suggests that receptor monomers exist in equilibrium
with a limited population of receptor dimers; ligands then bind to the external

domains of pre-formed dimers to stabilise the complex. Receptor dimerisation
results in rapid auto- and cross-phosphorylation of tyrosine residues within the

receptors cytoplasmic domain (a mechanism which enables activation of the erbB2

receptor in the absence of ligand binding). An alternative mechanism for activation

is where two erbB homodimers interact to form a heteromer. It is proposed that
tetramer formation stabilises both receptor dimer pairs and enables activation of the

cytoplasmic domains (Honegger et al., 1990; Huang et al., 1998; Qian et al., 1994).
There is evidence to suggest that active dimers can also exist without ligand
stimulation. This has been observed when cell phosphatases are inhibited, and also

in the presence of constitutively active receptor mutants, or in the case of the erbB2,
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where the receptors are simply over-expressed (Lonardo et al., 1990; Penuel et al.,
2002).

1.2.3 ErbB receptor induction of signalling pathways
Once receptors have become activated via phosphorylation of regulatory regions, the
phospho-tyrosine residues on the cytoplasmic domain provide interaction sites for
proteins containing Src homology (SH2) and phospho-tyrosine binding (PTB)
domains. These include adaptor proteins such as She, Crk, Grb2, Grb7 and GAB1;
kinases such as Src, chk and phosphotidylinositol-3 (PI-3) kinase; and tyrosine
kinases including SHP1 and 2. Table 1.4 shows SH2 and PTB domain interaction
sites on each of the erbB receptors, identified by phospho-peptide competition
assays, receptor phosphorylation site mutational analysis and co-

immunoprecipitation assays (Olayioye, 2001).

Positions of known phospho-tyrosine residues which interact with
downstream signalling molecules

EGFr erbB2 erbB3 erbB4

She 1148 (via PTB
domain), 1173
(via PTB & SH2
domain)

1196 (PTB),
1221/22 (SH2),
1248 (PTB &
SH2)

1309 1188, 1242

Grb2 1068 (major),
1086 (minor)

1139

Grb7 1180 (major),
1243 (minor)

Chk 1248

p85
(PI-3 kinase)

1035, 1178,
1203/05, 1241,
1257, 1270

1056

PLCy 992,1173

SHP1 1173

Cbl* 1045

Table 1.4 Signalling proteins associated with erbB receptors via phospho-tyrosine residues.
Table shows specific phospho-tyrosine residues of the erbB receptors, and the associated signalling
complex proteins known to interact with them (Olayioye, 2001). *Cbl links EGFr directly to the PI-3
kinase pathway (Soltoff and Cantley, 1996).

Proteins containing such SH2 and PTB domains are often modular in their structure,

which allows interaction between the primary target site, and other proteins,

phospholipids, or nucleic acids. Docking proteins are another group involved with
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complex formation, an important step in the process of signal activation. These
proteins contain a membrane targeting region in their N-terminus (most commonly a

pleckstrin homology (PH) domain), and also have numerous tyrosine sites which can

be phosphorylated by either the receptor or one of the other kinases within the
complex, thereby creating further SH2 domains. This recruitment and assembly of
specific proteins initiates activation of signalling pathways via membrane
translocation, conformational change or tyrosine phosphorylation of catalytic
subunits. Activation of signalling pathways leads to induction of cellular changes

through physical interactions and altered gene expression. Pathways downstream of
the erbB receptors are detailed below.

i) The MAP kinase pathways
Several distinct MAP kinase pathways have been identified as targets of erbB

activation, including the extracellular regulated kinases 1 and 2 (ERK1/2), jun N-
terminal kinases (JNKs, also known as the stress pathway), and p38. As the best
characterised example, the ERK kinase pathway often serves as a paradigm for MAP
kinase activation. The parallel nature of these cascades is illustrated in figure 1.4.

Stimulus

MAPKKK

1
MAPKK

I

MAPK

*
Biological
response

Growth factors,
mitogens

Stress, inflamatory
cytokines, growth

factors

i V

Growth,
differentiation,
development

Figure 1.4 The MAP kinase signalling pathways (as represented by Cell signalling technologies).

Inflamation, apoptosis,
differentiation,
development
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The ERK kinase pathway has been linked with numerous cellular processes,

including proliferation, apoptosis, differentiation and cytoskeletal manipulation
(Downward, 1998). Grb2 is an important adaptor protein for activation of the
cascade. This protein forms a complex with Sos (a guanine nucleotide releasing
factor) via its SH3 domain, and is recruited to active erbB receptors via its SH2 sites,
thus translocating Sos to the plasma membrane (Bar-Sagi and Hall, 2000). Grb2/Sos
can also be relocated to the membrane through interaction with She (Margolis et al.,

1999) or membrane linked docking proteins such as IRS1 or FRS2a which become

tyrosine phosphorylated in response to RTK activation (Kouhara et al., 1997). The
PH domain of Sos is also important for membrane translocation and necessary for

complete activation of Ras, the membrane located target of Sos, which becomes
activated by GDP-GTP exchange. Ras proteins are small (21 kDa) membrane
associated guanine-nucleotide binding proteins, encoded by 3 different genes; H-Ras,
R-Ras and N-Ras. Active Ras interacts with effector proteins, primarily Raf, but PI-3
kinase is also known to be one of its targets (Liu et al., 1998a; Rodriguez-Viciana et

al., 1997). Activated Raf stimulates activation of MEK1/2 via phosphorylation of

key serine residues in the activation loop; this in turn phosphorylates ERK1/2 on

threonine and tyrosine residues in its regulatory domain. Activated ERK is able to

mediate numerous cellular events via phosphorylation of both cytoplasmic and
membrane linked substrates, which include other kinases (such as p90isk),
cytoskeletal proteins (such as microtubule proteins), and cellular enzymes (such as

phospholipase A2). In addition, ERK can translocate to the nucleus and activate
more than 50 transcription factors (Chang and Wang, 2001; Lewis et al. 1998).
Positive pathway feedback has also been shown to occur through direct

phosphorylation of the EGFr and Sos by ERK1 and 2, and also through

transcriptional stimulation of erbB ligand genes.

ii) The PI-3 kinase pathway
PI-3 kinase is a very important regulatory protein involved in numerous cellular

processes including growth, survival, glucose transport and catabolism, cell

adhesion, aging and malignant transformation. PI-3 kinase is a heterodimer

composed of a regulatory p85 subunit and a catalytic pi 10 unit, both of which have a
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number of expressed isoforms. The p85 subunit contains two SH2 domains which
interact with phosphorylated tyrosine residues present on the internal domain of an

activated erbB receptor or a docking protein. The combined subunits are only active
when in contact with such sites. Pathway activation occurs through phosphorylation
of PtdIns(4)P and PtdIns(4,5)P2 membrane lipids, generating secondary messengers

PtdIns(3,4)P2 and PtdIns(3,4,5)P3 respectively. PtdIns(3,4,5)P3 mediates membrane
translocation of a variety of signalling proteins including PLCy, PDK1 and Akt
which interact via their PH domains (Hunter, 2000). Akt, also known as protein
kinase B (PKB), has three identified isoforms which are firstly phosphorylated
within the cytoplasm on thr450 and ser124 residues then relocate to the membrane

(Bellacosa et ah, 1998). Proximal localisation of Akt and PDK1/2 at the membrane
enables PDK1/2 to phosphorylate Akt on thr308 in the T-loop region, and ser473 in the
c-terminal regulatory region, thus activating it (Hemmings, 1997). PTEN and SHIP

negatively regulate this process via dephosphorylation of the 3' and 5' positions of
the inositol ring of phosphoinositides which have been activated by PI-3 kinase

(Marshall et al., 2000).

Activated Akt, in combination with a small G-protein Rac, is known to be involved
in growth factor induced hydrogen peroxide generation. This is an essential process

for sustained tyrosine autophosphorylation and activation of the EGFr, working via
inactivation of PTPs (Bae et al., 2000; Bae et al., 1997). The PI-3 kinase pathway is
however most widely implicated in cell survival signalling. Complex formation
between BAD and Bcl-2 or Bcl-XL normally leads to cell death, however,

phosphorylation of BAD by Akt inactivates this process and increases cell survival.
Akt can also phosphorylate the forkhead transcription factor FKHR1, thereby

suppressing pro-apoptotic gene expression (Brunet et al., 1999).

It has been demonstrated that under certain circumstances, inactivation of the PI-3

kinase pathway also inactivates the ERK pathway. Wennstrom and Downward

propose that Akt feeds into this pathway upstream of Ras, and also between Ras and

ERK, in a permissive rather than regulatory manner (Wennstrom and Downward,

1999). More recently it has been suggested that Akt switches off the ERK pathway
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by phosphorylation of c-Raf (Mabuchi et al., 2002; Zimmermann and Moelling,
1999). In relation to another signalling pathway, a study by Ferguson et al suggested
that Ins(l,4,5)P3 (a secondary messenger of PLCy activity) releases PH domain
containing proteins from the plasma membrane (Ferguson et al., 1995). PLCy co-

localisation to the membrane with PDK1 and Akt, via PI-3 kinase secondary

messengers, would make this an important interaction, potentially influencing the
range of targets with which Akt interacts.

iii) The PLCy pathway

The four sub-families of the phospholipase C (PLC) proteins comprise (3, y, 8 and 8.

The presence of distinct regulatory domains in these isoforms renders them

susceptible to different modes of activation (Rhee, 2001). PLCy is rapidly recruited
to phosphotyrosine sites on the EGF receptor via its SH2 domains, and also interacts
with PtdIns(3,4,5)P3 (produced by PI-3 kinase activity) in the cell membrane via its
PH domain. Once associated it is phosphorylated by receptors and/or kinases within
the signalling complexes. Activated PLCy catalyses hydrolysis of PtdIns(4,5)P2 to

form secondary messengers, diacylglycerol and Ins(l,4,5)P3. Ins(l,4,5)P3 binds

specific intracellular receptors to stimulate the release of calcium ions from
intracellular stores which in combination with diacylglycerol can activate members
of the protein kinase C (PKC) family. PKC proteins have numerous targets,

including Ras, and influence a variety of cellular processes. Calcium ions are able to

bind the cellular protein calmodulin and activate a family of Ca2+/calmodulin-
dependant kinases that are important in growth and cell cycle control.

The main cellular process regulated by PLCy signalling however is migration. Chen

et al have suggested that PLCy plays a major role in cell migration based on its

ability to mobilise membrane associated, actin modifying proteins such as Gelsolin

(Chen et al., 1996). Location of PLCy at focal adhesions (via SH2 domain

interaction with a phosphosphorylated residue (tyr397) of FAK) enables it to directly
affect interactions between the membrane and cytoskeleton (Chang et al., 1999).
Increases in calcium ion concentration have also been shown to activate a complex
made up of PtdIns(4,5)P2, cdc42 and gelsolin, which mediates interaction between
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the plasma membrane and actin cytoskeleton (Sturge et al., 2002). WASP family
members have also been found to interact with this calcium activated complex and
these proteins play a role in actin polymerisation at focal adhesions and at the leading

edge of motile cells (reviewed Feldner and Brandt, 2002).

A diagrammatic representation of these three pathways and their interaction is shown
in figure 1.5.

ERBB DIMER PAIR

Figure 1.5 The main pathways downstream of erbB receptor activation.
Figure shows the three predominant pathways downstream of activated erbB receptors; MAP kinase
shown in green, PI-3 kinase in yellow and PLCy in blue.

A mechanism of action recently determined for the erbB receptors, which bypasses

signalling cascades is that of nuclear localisation. The EGF receptor has been
detected in the cell nucleus, notably in highly proliferating cells and tissues (Lin et

al., 2001). Its carboxy terminus has been shown to have a strong transactivating
domain which binds to an AT rich consensus sequences to drive gene expression.
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ErbB3 and 4 have been shown to undergo regulated intramembrane proteolysis,
which allows the internal domain to translocate to the nucleus and act as a

transcription factor (Heldin and Ericsson, 2001). It is not yet clear how common

these phenomena are, or what proportion of receptors are involved, but it seems that

pathway activation is still their predominant method of functioning.

1.2.4 Signalling pathways and cell phenotypes
ErbB induced signalling appears not only to promote cell proliferation as a method of

increasing cell number, but also prevents cell death. Hence any effects of receptor

activation reflect an altered balance between these two phenomena (Danielsen and

Maihle, 2002). Signalling through the ERK pathway is traditionally related to cell
proliferation (hence its location with the 'mitogen activated pathway'), whereas PI-3
kinase is predominantly associated with cell survival, with its interaction with

apoptotic proteins. Some studies fully support this delineation of pathway and end

point; activity of ERK was shown to induce cell proliferation by Peyssonnaux et al,
whereas PI-3 kinase was found not to be essential (Peyssonnaux et al., 2000).

Similarly, studies in colon cancer cells found that Akt, not ERK, was responsible for

apoptosis (Venkateswarlu et al., 2002). Using LNCap prostate cancer cells,
constitutive PI-3 kinase signalling was shown to be required to prevent cell death,
whereas the ERK pathway was not involved (Lin et al., 1999). However, other
studies have implied a reciprocal occurrence. Blockade of the PI-3 kinase pathway
with mitomycin C was shown to inhibit growth factor induced cell proliferation,

suggesting that PI-3 kinase is involved in stimulating this process (Solic and Davies,

1997). Additionally, using a transfected wtEGFr model, PI-3 kinase was required to

induced mitogenic signalling, whereas the ERK pathway was linked to survival

(Walker et al., 1998). Therefore both pathways have been associated with both end

points; ERK and PI-3 kinase are implicated as positive regulators of cell growth (Yu
and Sato, 1999; Page et al., 2000), similarly Ras, PI-3 kinase, and Akt are recognised
survival factors (Danielsen and Maihle, 2002). Such co-operativity was shown in a

study by Grant et al which demonstrated that MAPK and PI-3 kinase signalling
enhanced cell proliferation, as well as protecting them from apoptosis (Grant et al.,

2002).
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All of the three pathways described have also been implicated as factors affecting
cell adhesion and migration. The PLCy pathway is most strongly associated with
this, but there is evidence for involvement of ERK and PI-3 kinase also. Xie et al

demonstrate the participation of PLCy in cell migration, but propose that it is only

important in growth factor induced migration, and suggest that any basal cell motility
is due to integrin signalling (Xie et al., 1998a). A study by Polk et al, shows that
EGFr activation of PLCy is important for migration of intestinal cells, and also

implicates its substrate, PKC in this process (Polk, 1998). Numerous studies have
shown that use of a specific inhibitor to PLCy can decrease or abolish cell migration.

However, the influence of ERK and PI-3 kinase pathways in cell migration is more

controversial. Studies have shown that the MAP kinase pathway can be involved in
EGF induced migration (Verbeek et al., 1998), although other studies find the

opposite (Giehl et al., 2000; Chen et al., 1994). Transient activation of c-Raf appears

to promote migration, whereas sustained activation was found to reduce a cell's
invasive capacity (Slack et al., 1999). Other studies have demonstrated that active
ERK is targeted to newly forming focal adhesions. Such cellular localisation

supports a role for this pathway in regulation of adhesion, the cytoskeleton and cell

motility. Interestingly, the urokinase plasminogen activator (uPA) has also been
linked to cellular invasion, its function has been proposed to be dependant either on

the intrinsic protease activity of this protein or its ability to activate the ERK

signalling cascade (Ossowski and Aguirre-Ghiso, 2000). If the later is correct, this

again associates the ERK pathway with cell motility. Similar opposing findings are

present in the literature for the role of the PI-3 kinase pathway in cell migration.
Some studies have demonstrated a role for this cascade in motility (Philp et al.,

2001), whereas others have shown no association (Verbeek et al., 1998). As this

pathways is frequently implicated as a mediator of integrin induced effects on cell

motility, it seems likely that it has some input to this cell process (Gambaletta et al.,

2000; Hintermann et al., 2001; Mills et al., 2001).

1.2.6 Receptor signal attenuation and termination
Due to the potency and number of signalling cascades downstream of these

receptors, cellular activity of the erbB family is tightly regulated to maintain normal
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cell function and enable physiological responses. There are a number of mechanisms
in place to attenuate or terminate receptor activity:

i) Protein tyrosine phosphatases (PTPs) continuously monitor and regulate levels of
tyrosine phosphorylation on the receptors internal domains. This is indicated by the
fact that virtually all RTKs show activation when phosphatases are inhibited

(Elchebly et al., 1999). PTPs dephosphorylate regulatory tyrosines in the RTKs
activation loop. Specific PTPs exist for both the erbB receptors and their
downstream signalling molecules, which are also activated by phosphorylation of

specific residues.

ii) Ligand binding induces receptor clustering in coated pits on the cell surface,
followed by endocytosis and eventual degradation. This has been shown to be

dependant upon tyrosine kinase activity. Experiments by Ullrich et al demonstrated
that a kinase negative mutant of the EGFr recycled to the cell surface, whereas all
active forms of the EGFr were targeted to lysosomes (Ullrich and Schlessinger,

1990). The other three erbB family members appear to be endocytosis impaired

(determined by a cytoplasmic motif) and when internalised are more often recycled
to the cell surface (Yarden, 2001). Sorting to degradation is determined by both
dimer composition and whether the complex dissociates in the early endosome. EGF

receptors are commonly degraded (Worthylake and Wiley, 1997; Lenferink et al.,

1998) and any receptor interacting with erbB2 has an increased rate of recycling,
whereas erbB3 is constitutively recycled to cell surface (Waterman et al., 1998).

Neuregulin binding to receptors is disrupted in early endosomes, favouring receptor

recycling. This is believed to lead to more potent signalling effects (Waterman et al.,

1998).

iii) Inhibition of kinase activity can also occur through activated signalling
molecules. Active protein kinase C (PKC) has been shown to phosphorylate EGFr
on numerous serine and threonine residues (importantly the juxtamembrane Thr 654
residue) which inhibits the receptors cytoplasmic protein tyrosine kinase activity

(Davis and Czech, 1985).
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iv) Some tissues express naturally occurring receptor variants that are deficient in
RTK activity. These include herstatin, which is structurally similar to erbB2, and

p85-soluble erbB3, an inactive secreted isomer of erbB3. Both function via

generation of inactive heterodimers (Justman and Clinton, 2002; Lee et al., 2001).

v) EGFr activation by 'Spitz' in Drosophilla induces expression of another EGF-like

ligand 'Argos', which competes for receptor binding and inhibits activity in this way,

although a homologue is yet to be found in vertebrates (Jin et al., 2000).

1.2.5 ErbB receptors in a cellular context

Although the erbB family have thus far been considered in isolation, there is much
evidence to suggest they interact with other cellular components such as receptors

and components of other signalling cascades. Cross-communication between

heterologous signalling systems is essential to integrate a variety of extra-cellular
stimuli into a limited number of signalling pathways. The erbB receptors, and the

pathways into which they feed have been identified as critical elements in signal
transduction networks utilised by other RTKs, cytokine receptors, ion channels, G-

protein coupled receptors (GPCR), steroid hormones and integrins.

The TGF(3 family of cytokines are believed to mediate their biological response via

receptor activation of Smad proteins, which then control transcription (Edwards,

1999). EGFr activation has an inhibitory effect upon this process via site specific

phosphorylation of Smad proteins, which prevents their nuclear translocation

(Kretzschmar et al., 1997; de Caestecker et al., 1998). Cellular stresses such as

hyperosmotic shock, UV/gamma radiation and membrane depolarisation (which also
occurs via ion channel activity) have been shown to alter the activation status of erbB

receptors and other RTKs. Activation by these stimuli is believed to be modulated

by PTPs and reactive oxygen intermediates (Yarden and Sliwkowski, 2001).
Numerous GPCRs appear to use indirect, secondary messengers as a method of erbB

receptor activation in order to stimulate Ras and hence the downstream MAP kinase

pathways. Both GPCR and steroid hormones also increase transcription or activation
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of erbB ligands as a mechanism of increasing their activity. Unlike the GPCRs
however, steroids are able to induce direct phosphorylation of the erbB receptors

cytoplasmic domain, using cytosolic tyrosine kinases. This enables downstream
activation even in the presence of a kinase deficient receptor, such as erbB3. There
are numerous studies investigating cross-talk between the erbB receptors and steroid
hormone signalling, with particular interest in oestrogen. Frequently tumours and
cell lines which express functional oestrogen receptors do not respond to oestrogen

stimulation, or in cancer therapy, do not respond to anti-oestrogen treatments such as

Tamoxifen. This has been associated with over-expression of the EGFr and erbB2,
and has important implications for patient treatment strategies (Newby et al., 1997;
Hua et al., 1995; Kurokawa and Arteaga, 2001).

1.2.7 Integrin receptors

Studies have shown that interactions between RTKs and integrins are important to

cell function. Integrins are heterodimeric transmembrane cell adhesion receptors,

comprising a- and P- subunits. Differential association of more than 16 a-integrin
and 8 P-integrin subunits gives rise to at least 20 different heterodimers (Hynes,

1992). These functional receptors have differing specificity for the extracellular
matrix (ECM) components, which act as their ligands, and vary from cell type to cell

type. They posses no intrinsic enzymatic activity, however engagement with the
ECM leads to recruitment of signalling molecules and cytoskeletal components,

forming focal adhesion complexes (Jockusch et al., 1995). Integrins have been
related to a variety of cell processes, including cell spreading, migration,

proliferation and apoptosis. They are known to interact both directly, and indirectly
with erbB receptors, and activate the ERK and PI-3 kinase signalling pathways.
These cascades have been implicated as important mediators of integrin linked

cytoskeletal changes and migration (Cary et al., 1999). It has been shown that input
from both growth factors and integrins are essential for progression through the G1

phase of the cell cycle, via induction of G1 cyclins and suppression of relevant

inhibitors, providing a mechanism for anchorage dependant cell growth. PI-3 kinase
and Ras have also been implicated as downstream molecules of this process, as

transformed cells frequently show constitutive activity of these molecules along with

25



anchorage independent growth and increased proliferation (Danen and Yamada,
2001). Keely et al demonstrated that integrin activation of Racl and cdc42 can

disrupt normal cellular polarisation and promote motility and invasion in a PI-3
kinase dependant manner (Keely et al., 1997). A number of studies have

investigated the roles of specific receptors in cell functions. The a2pi integrin has
been shown to be involved in altering cell morphology and the a3p 1 integrin has
been implicated in the mediation of cell adhesion, spreading and migration (D'Souza
et al., 1993). On the other hand, a6p4 was found to interact with the basement
membrane but had no effect on cell function. These processes were again shown to

be dependant upon PI-3 kinase activation (Hintermann et al., 2001).

Interaction between integrin and erbB receptor activation is known to be both tightly

regulated and reciprocal. Integrins have a number of mechanisms through which

they can activate erbB receptors. Coordinated signalling is believed to be controlled

by RTK/integrin clustering at focal points on the cell surface. A study by Tiganis et

al, showed that the EGFr can be activated in the absence of ligand, following integrin

ligation (leading primarily to induction of the PI-3 kinase pathway) (Tiganis et al.,

1999). Co-localisation of the a6p4 integrin and erbB2 has been demonstrated at the
basement membrane of lung carcinoma cells (Campiglio et al., 1994), and co-

precipitation of these two molecules has also been observed (Hintermann et al.,

2001). Secondary messengers have been demonstrated in this process. There is
evidence to suggest that activated integrins induce focal adhesion kinase (FAK)

activity, which leads to phosphorylation of the internal domain of erbB receptors

(Schlaepfer and Hunter, 1998). Similarly, integrin linked kinase (ILK) has been

implicated as a secondary messenger which links integrins and erbB receptors. This

protein is known to function in normal skin cells and developmental processes, and is
sometimes altered in transformed cancer cells (Xie et al., 1998b). The integrins have
also been shown to feed directly into the ERK and PI-3 kinase pathways downstream
of the erbB receptors via Ras activation (Renshaw et al., 1999; Chen et al., 1994).
Such activity was implicated in anchorage regulation of the cell cycle in fibroblast

cells, and was connected with loss of anchorage and consequential cell death in

epithelial cells (Rosales et al., 1995).
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ErbB receptors have equally been shown to influence integrin activity. The EGFr
and erbB2 are able to modulate integrin mediated interaction with ECM proteins in
both an inhibitory and stimulatory manner (Genersch et al., 1996). Their
downstream signalling pathways have been shown to both up- and down-regulate

integrin expression (Krensel and Lichtner, 1999; Woods et al., 2001)). Similarly the
EGFr ligands, EGF and TGFa, have been demonstrated to promote human

keratinocyte locomotion in the presence of ECM components through up-regulation
of the a2(3l integrin (Chen et al., 1993). EGF exposure in a number of human
carcinoma cell lines was also shown to increase expression of oc2 integrin subunits,
while having no impact upon expressed levels of a5 or (31. EGF exposure increased
cell adhesion to collagen, but had no influence on cellular response to fibronectin

(Krensel and Lichtner, 1999). Conversely, over-expression of the erbB2 receptor in
cell lines has been correlated with a down-regulation of integrin a2 transcription. It
was demonstrated that the Spl binding element of the promoter controls this process,

a target common to numerous promoters (Ye et al., 1996). Other studies have shown
that erbB2 driven activation of MEK and PI-3 kinase, as well as independent over-

expression of these signalling proteins, was capable of inactivating integrin receptors

(Lindberg et al., 2002). H-Ras and c-Raf have also been associated with decreasing
the ligand binding affinity of integrin receptors (Flughes et al., 1997).

1.2.8 Signalling specificity

Although the erbB receptors have specific domains identified in their c-termini that
initiate particular signalling cascades (for example erbB3 and PI-3 kinase, EGFr and

PLCy), it seems that promiscuous heterodimerisation of erbB receptors, and the
interactive nature of downstream signalling networks, could enable activation of an

array of signalling pathways from any initial ligand stimulation. Furthermore, as

numerous other receptor and intracellular signals feed into the same signalling

cascades, it is not clear how unique biological responses can be transduced from this

myriad of signalling molecule activation. This is a global question, raised in
numerous biological situations (Hackel et al., 1999). Identical stimulation of two

different cell types, often leads to different observable outcomes. For example FGF
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stimulation of fibroblast cells induces proliferation, whereas in neuronal cells it leads
to differentiation. This also occurs with signalling pathway activation where PI-3
kinase stimulation by insulin in muscle cells results in enhanced metabolic

processing, but activation in neuronal cells by NGF leads to an anti-apoptotic effect
(Jordan et al., 2000).

Signal specification does occur within the cellular environment to enable control of

signalling direction and cross-talk and to allow activation of discrete biological end

points. Mechanism utilised by cells to do this include the following:

i) each activated RTK will recruit a unique set of adaptor proteins to its tyrosine

phosphorylation sites and to those on proximal docking proteins. This particular

complement of proteins (and the presence of specifically recruited stimulatory /

inhibitory proteins) provides signalling specificity.

ii) scaffold proteins which bind simultaneously to several proteins are able to insulate

key components of signalling pathways from closely related cascades and

predominantly direct signalling in a linear direction (Whitmarsh and Davis, 1998).
SUR-8 has been identified as a scaffold for Ras and Raf, and its over-expression
enhances ERK kinase activation after EGF stimulation (Li et al., 2000).

iii) protein localisation within the cell can have a profound impact on its biological

activity. As many targets of the RTKs are membrane bound, complex formation
around the cytoplasmic domain co-ordinates activating proteins and their targets to

proximal locations, ensuring that kinases are only active and effective once correctly

localised. It has also been proposed that some proteins involved in signalling are

concentrated in cholesterol-rich micro-domains called 'membrane rafts' (Simons and

Ikonen, 1997). These are believed to function as sites of assembly for proteins
involved in cell signalling, including cell surface receptors, src kinases, and Ras

protein (Edidin, 1997; Prior et al., 2001).
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iv) signal transmission and biological outcome is also believed to be affected by
signal duration and amplitude (Marshall, 1995). PCI2 cells were found to proliferate
in response to a transient induction of the ERK kinase pathway by RTK stimulation,
however, production of a more prolonged and robust signal induced differentiation.
Signalling thresholds are regulated by numerous factors, including specific activity
of a particular RTK, inhibitory and stimulatory signals produced by the receptor e.g.

phosphorylation of docking proteins to aid recruitment of further signalling
molecules or hydrogen peroxide production which inhibits PTP activity (Bae et al.,
1997 and 2000), negative feedback via PTPs, or receptor endocytosis. Similarly,
downstream effector proteins are regulated by inhibitory signals, for example PTPs
PTEN and SHIP inactivate PI-3 kinase (Marshall et al., 2000). The ultimate strength
and duration of the signal will therefore be dependant upon a combination of these
factors, leading to defined cellular outcomes.
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1.3 The receptors and signalling in the context of cancer

The ErbB receptor family has been implicated in cancer since the early 1980's, when
the avian erythroblastosis tumour virus was found to encode an aberrant form of the

human EGFr (Downward et al., 1984). In the last 20 years, the other family
members, their ligands and signalling pathways, have been explored extensively to
determine their role in oncogenesis. There are numerous mechanisms associated
with tumour initiation, growth and eventual spread, all of which the erbB receptor
network has been implicated in to a greater or lesser extent.

Transformation of normal epithelial cells into invasive carcinomas is a complex,
multi stage progression that involves corruption of processes which are fundamental
to normal cellular activity. Deregulated growth or apoptosis enables oncogenic
transformation and expansion through accelerated cell turnover, and compounding of

genetic errors with rapid cell cycles. This often occurs through control of the cell

cycle, which provides a crucial platform for the co-ordination of mitogenesis and

apoptotic cell death. Upon reaching a certain size, a tumour requires blood vessel
formation (angiogenesis) in order to maintain cells within the bulk. A common

feature of transformed cells is production of matrix metallo-proteases (MMP's)
which create defects in the surrounding matrix, thus enabling easier passage for

metastasising cells. Any movement of tumour cells away from the primary site
involves recognition of, and interaction with, the ECM. Metastasis requires the cells
to have a capacity to migrate which is again a complex process involving

cytoskeletal control of membrane protrusions, formation and breaking of cell-
substratum attachments, and physical translocation of the cell body and nuclear

region (Xie et al., 1998a). Once removed from the primary site, the cells must be
able to survive and grow in an anchorage independent manner, until reattachment
and invasion of a new area, where many of these functions are then used in reverse.

1.3.1 The erbB ligands
As has previously been discussed, ligands which are able to activate the erbB

receptors have been shown to have an important influence on cellular events, and

many transformed cells have been shown to over-express these. Table 1.5 reviews
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the role played by the two most frequently implicated ligands in human cancer,

TGFa and NRG1.

Ligand Deregulation Type of cancer Information

TGFa Over-expression Prostate Expressed by stroma in early androgen-dependant
prostate cancer, and tumours in advanced
androgen-independent tumours

Over-expression Pancreatic Correlates with tumour size and decreased patient
survival rate; may be due to over-expression of Ki-
Ras, which also drives expression of HB-EGF and
NRG1

Over-expression Lung, ovary,
colon

Correlates with poor prognosis when co-expressed
with erbB 1

NRG1 Over-expression Mammary
adenocarcinoma

Necessary, but not sufficient for tumourigenesis in
animal models

Table 1.5 Involvement of erbB receptor ligands in human cancers (Yarden, 2001)

Growth factors frequently play a role in stimulating cell cycle progression, which is

important for both mitogenesis and tumourigenesis (Lui and Grandis, 2002). TGFa
has been demonstrated to stimulate cell growth in vitro, and antibodies directed

against it have been shown to inhibit this proliferative effect (Crew et al., 1992).
Inhibition of cell growth was observed within these studies, both in the presence and
absence of experimentally added ligand, consistent with a mechanism of autocrine

growth stimulation in tumour derived cell lines. TGFa, and other EGFr ligands have
been implicated in increased cell migration and also angiogenesis (Lehvaslaiho et al.,
1989; Dunn et al., 2000). Expression of this ligand has been identified in ovarian
adenocarcinomas and cultured carcinoma cells and has been reported to be present in

over 50% of ovarian cancers (Stromberg et al., 1994).

The neuregulin growth factors have also been linked with numerous cell process.

including proliferation, growth inhibition, differentiation, angiogenesis, chemotaxis
and metastasis (Campiglio et al., 1999; Hijazi et al., 2000; Venkateswarlu et al.,

2002; Yarden, 2001; Dunn et al., 2000). The diverse nature of these cellular effects

may be due to differences in erbB receptor expression in different cell types, and also
the number of different expressed forms of neuregulin. Studies using these growth
factors have shown induced cell growth and motility, and implicated the MAP kinase
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and PI-3 kinase pathways in such activities (Chausovsky et al., 2000). Talukder et al
demonstrated NRGlp induced motility and invasion in breast cancer cells via up-

regulation of 'autocrine motility factor'. This was blocked by inhibition of the ERK
and p38 signalling pathways, but was not influenced by PI-3 kinase (Talukder et al.,
2000). However Adam et al, found that PI-3 kinase in association with p21 activated
kinase 1 (PAK1) was responsible for neuregulin induced reorganisation of the actin
cytoskeleton and increased migration (Adam et al., 1998). These studies implicate
all three downstream pathways as downstream mediators of cellular effects.

1.3.2 The erbB receptors

Disruption of normal, regulated, erbB function can result from receptor and/or ligand
over-expression (due to gene amplification or deregulated transcription), receptor

gene mutation or malfunction of regulating proteins (such as those involved with

receptor degradation, or PTPs). Table 1.6 reviews the more frequent abnormalities
found in erbB receptors in human cancers.

Receptor Deregulation Type of cancer Information
EGFr Over-expression Head & neck,

breast, bladder
prostate, kidney,
non-small cell

lung, ovary

Significant indicator for recurrence in operable
breast tumours; associated with shorter disease-
free and overall survival in advance breast cancer;
may serve as a prognostic marker for bladder,
prostate and non-small cell cancer

Over-expression Glioma Amplification occurs in 40% ofgliomas; over-
expression correlates with higher grade and
reduced survival

Mutation Glioma, lung,
ovary, breast

Deletion ofpart of the extracellular domain yields
a constitutively active receptor

erbB2 Over-expression Breast, lung,
pancreas, colon,
cervix,
oesophagus,
endometrium,
ovary

Over-expressed owing to gene amplification in 15-
30% of invasive ductal breast cancers. Over-

expression correlates with tumour size, spread of
the tumour to lymph nodes, high grade, high
percentage ofs-phase cells, aneuploidy and lack of
steroid hormone receptors

erbB 3 Expression Breast, colon,
gastric, prostate

Co-expression of erbB2 with erbBl or erbB3 in
breast cancer improves predicting power

Over-expression Oral squamous
cell

Over-expression correlates with lymph node
involvement and patient survival

erbB4 Reduced

expression
Breast, prostate Correlates with a differentiated phenotype

Expression Childhood
medullo-
blastoma

Co-expression with erbB2 has a prognostic value

Table 1.6 Involvement of erbB receptors in human cancers (Yarden, 2001)
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i) The EGFr
Activation of the EGFr can drive cell growth, promote survival and suppress terminal
differentiation (Hudson and McCawley, 1998). EGFr signalling and nuclear
localisation has been shown to affect cell cycle control through up-regulation of
cyclin D1 genes (Lin et al., 2001) and is widely associated with cell proliferation

(Lui, et al. 2002). This receptor is also implicated in modulation of cellular

migration during epidermal morphogenesis and wound healing, and has been shown
to become transiently up-regulated during the normal healing process (Dunn et al.,

1994). The EGFr is frequently both over-expressed and mutated in human

malignancies. In vitro studies suggest that transformation involving this receptor

requires the presence of a ligand, and such co-expression has been shown to occur

frequently in tumour cells (Moulder et al., 2001). Studies using cancer cell lines
have associated altered cellular morphology with EGFr activation (through both EGF
and TGFa stimulation) and this has been strongly linked to increased cell migration,
as well as proliferation (Lehvaslaiho et al., 1989). A number of studies have
correlated changes in cell morphology with an increased migration or invasive

capacity (Sundareshan et al., 1991). In an oesophageal cell line EGF stimulation
induced transition of cell appearance from round to fibroblastic (Shiozaki et al.,

1995). It also caused colony formation to become sparse, and simultaneously
increased cell migration. Effects were potentiated by tyrosine phosphatase
inhibition, and inhibited by kinase activity inhibition. Similarly, EGFr down-

regulation through transfection of an antisense construct into the ovarian cancer cell
line OVCAR8, resulted in a significant loss of cell motility, and also decreased
adhesion to ECMs (Alper et al., 2001). Associated with this was a decrease in a6

integrin expression (by 80%), and also decreased MMP-9 activity (by 50%). These
indicate the complex phenotypic relationships involved with receptor activity relating
to this end point. In rat embryo fibroblasts, EGFr stimulation was shown to induce
cell migration and also PLCy activation. Use of a specific PLCy inhibitor, and also
transfection studies with an EGFr mutant incapable of interacting with the molecule,

showed that EGFr induced cell migration required PLCy activity (Chen et al., 1994).
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The EGFr has a number of well recognised mutant forms (table 1.6), often resulting
in deletion of the external domain, which in some cases leads to ligand independent
activity. The most common is the type vIII mutation, identified in 78% of breast

carcinomas, 73% of ovarian carcinomas, 86% of medulloblastomas and 86% of

gliomas (Moscatello et al., 1995), suggesting broader implications to human cancers.

Receptors Ligand
independence

Deletion (A)/
Tandem Duplication (TD)

Protein
size

(kDa)
EGFRwt - None 170
EGFRvI + N-terminal truncation 145
EGFRvII - Aexons 14-15 150

EGFRvIII + A exons 2-7 145

EGFRvIII/A12-13 + A exons 2-7 and exons 12-13 125

EGFRvIV - A exons 25-27 167

EGFRvV - c-terminal truncation 105

EGFR.TDM/2-7 - TD exons 2-7 180

EGFR.TDM/18-25 + TD exons 18-25 185

EGFR.TDM/18-26 + TD exons 18-26 190
Table 1.6 Mutant versions of the EGF receptor (Kuan etal., 2001)

These mutant forms are amongst the most frequently implicated cell-surface markers
in human cancers. Mutants of the EGFr have been observed in a broad spectrum of

tumour types and only occur in tumour cells. As the wild type receptor is expressed

throughout the body, this delineation of expression makes it an ideal target for cancer

therapy.

The EGFr has been associated with poor prognosis and reduced survival in many

cancers types, including breast and ovarian cancer (Bartlett et al., 1996). It has been
identified in 48 to 98% of human ovarian carcinomas, with over-expression found in

19 to 50% of cases (reviewed by Maihle et al., 2002). Other studies have found
between 70 and 100% of ovarian cancers expressing high levels of receptor

(Reviewed by Alper et al., 2001). Expression of EGFr has been positively associated
with serous histology of tumours (Bartlett et al., 1996), and also disease progression
of both primary and advanced tumours (Scambia et al., 1992). Co-expression of this
receptor with TGFa and other EGF-like ligands has been linked to reduced survival,
and correlations between levels of receptor and ligand have been found in malignant
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tumours, and adenocarcinomas of high stage and grade (Bauknecht et al., 1991).
However, tumours expressing the EGFr respond better to chemotherapy, although
this does not appear to translate to an improved overall survival (Bauknecht et al.,
1991).

ii) ErbB2
This is one of the most widely implicated and extensively studied receptors in human
cancer. It has been shown to be involved in cell proliferation, differentiation, cell

cycle control, and apoptosis (Olayioye, 2001; Santra et al., 2000; Venkateswarlu et

al., 2002). It has also been associated with angiogenesis and cytoskeleton
interaction, and consequently cell motility and invasion phenotypes (Kumar and

Yarmand-Bagheri, 2001; Spencer et al., 2000). ErbB2 has an oncogenic form
referred to as neu*, which results from a point mutation, leading to a single amino
acid change in the transmembrane domain (valine644 to glutamate). This mutation
has been shown to enable formation of active dimers, capable of inducing cell
transformation (Penuel et al., 2002). Although erbB2 mutation is uncommon, over-

expression is a frequent occurrence in almost all cancer types (Rubin and Yarden,

2001), and this has been shown to induce similar autonomous activity (Lonardo et

al., 1990; Penuel et al., 2002).

Over-expression of the erbB2 receptor has been shown to potentiate cyclin E-cdk2
activity, which deregulates the Gl/S transition in the cell cycle and has been
demonstrated to impact on cell proliferation (Lane et al., 2000). It has also been
closely associated with increased vascularisation and angiogenesis, which is
inhibited in the presence of the erbB2 humanised antibody, Herceptin (Kumar and
Yarmand-Bagheri, 2001). Mouse 3T3 cells transfected with a constitutively active
erbB2 mutant become transformed; their rate of proliferation increased, and

experimental metastasis was observed both in vitro and in vivo (Yu and Hung, 1991).
These changes were reversed in the presence of receptor down-regulating antibodies.
ErbB2 over-expression, and hence receptor activity, has been implicated clinically in
early onset metastasis in breast cancer patients. Using disaggregated cells and cell
clusters from freshly dissected tumour tissue, extra-vasation was correlated

35



positively with erbB2. These cells were also shown to express excess matrix metallo

proteases (MMPs), and integrins av(33 and a6, again showing the combined
phenotypes relating to these effects (Roetger et al., 1998). SKOV-3 cells derived
from ovarian carcinoma, markedly over-express erbB2. Studies using anti-sense
oligoneucleotides to down-regulate erbB2 have shown that interference with this

receptor significantly affects cell mitogenesis, motogenesis and spreading.
Interestingly these are phenotypes which have been observed both with and without

growth factor stimulation of the cell line which probably relates to receptor over-

expression and activity (Wiechen and Dietel, 1995). ErbB2 induction of cell

migration in mammary epithelial cells has been shown to decrease in the presence of
PTEN and specific inhibitors of the PI-3 kinase pathway, implicating this pathway in
cell migration (Ignatoski et al., 2000). Activation of erbB2 has also been shown to

increase receptor association with PLCy, suggesting a role for this pathway in

receptor driven migration (Peles et al., 1991).

Increased expression of the erbB2 receptor has been reported in 24 to 30% of ovarian
carcinomas, similar to that reported in breast cancer, with a clear correlation between

gene amplification and over-expression (Slamon et al., 1989). Immunohistology has
demonstrated expression of this receptor in over 25% of primary ovarian carcinomas,
and over-expression in all tumour cells harvested from patients with malignant
ascities, and in tumour samples taken at second surgery (Hellstrom et al., 2001).
Studies have shown that increased expression levels in advanced ovarian cancer are

of prognostic significance, and that they are also significantly higher in invasive
carcinomas and in patients with recurrent or persistent disease post chemotherapy
(Kim et al., 1998; van Dam et al., 1994). As such, erbB2 measurement has been
used as a prognostic tool to reveal more aggressive cancer types, and those likely to
be more resistant to anti-oestrogen therapy.

iii) ErbB3 and 4
ErbB3 has been shown to bind neuregulin with low affinity, although coupling with
erbB2 creates a high affinity receptor, and what is believed to be the most potent

mitogenic signalling complex within the erbB family (Waterman et al., 1999). The
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co-operation of erbB3 and erbB2 is significant in epithelial cancers; they frequently
display a moderate to high erbB3 level alongside erbB2 over-expression (Klapper et

al., 2000). Such co-expression with erbB2 has been implicated in oral squamous cell
carcinoma and also in prostate cancers (Xia et al., 1999; Lyne et al., 1997). ErbB3

expression has been detected in 85-100% of human ovarian cancers, and early stage

malignant tumours associate with erbB3 expression levels (Simpson et al., 1995).

ErbB4 is thought to play varying roles in human cancers. Stimulation of this

receptor in breast cancers has been shown to result in cell proliferation, altered cell
attachment and chemotaxis, although frequently studies support one phenotype and
not another (Cohen et al., 1998; Elenius et al., 1997). Childhood medulloblastomas
often express this receptor, and in association with erbB2 in this disease it has

prognostic value (Gilbertson et al., 1997). However, loss of erbB4 expression has
been associated with 40-80% of a variety of different adenocarcinomas, suggesting
some protective role under normal cell conditions (reviewed by Srinivasan et al.,

1998). Other studies have also observed a decreased expression of erbB4 in tumour

tissues relative to normal samples, significantly correlating erbB4 with grade in an

inverse manner (Kew et al., 2000).

ErbB3 and 4 expression has been identified in the majority of ovarian cancers,

although their expression relative to normal cells has not been elucidated (Gilmour et

al., 2001; Simpson et al., 1995). Increased co-expression of erbB3 and erbB4 in
breast cancer has been associated with a prognostically favourable subgroup that is

likely to benefit from endocrine therapy, although again this does not appear to
translate to long term survival (Knowlden et al., 1998).

iv) ErbB receptors in combination
ErbB2 has been shown to be a master regulator of the erbB family in that it drives

epithelial cell proliferation through delaying ligand dissociation from receptor
complexes, thus impeding the rate of dimer down-regulation and enhancing MAP
kinase pathway coupling (Klapper et al., 2000). It has also been implicated as the
critical erbB receptor required by other family members to increase cell migration.
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Spencer et al showed that in the absence of erbB2, migration could not be induced,
however, when present either in combination with the other family members or

alone, migration and invasion occurred (Spencer et al., 2000). In similar studies
Brandt and colleagues showed that erbB2, in association with the EGFr drive altered

cell morphology and increased cell migration, and proposed that their combination
was essential for breast cancer motility (Brandt et al., 1999). Further evidence for
this combination effect was shown in transfection experiments in mouse 3T3 cells

(Kokai et al., 1989). This study demonstrated that wild type erbB2 and EGF

receptors could not induce cell transformation alone, and that the EGFr expressing
cell lines required the presence of a ligand, or co-expression of erbB2. The positive
effects of EGFr and erbB2 in driving migration were shown to decrease in the

presence of MEK inhibitors, and increase in the presence of PI-3 kinase inhibitors,

suggesting a modulatory role for these downstream pathways (Verbeek et al., 1998).
Use of a specific inhibitor to PLCy in breast and prostate cells with a defined EGFr

autocrine loop, suggested that receptor induced motility and its associated PLCy

signalling was a generalised rate-limiting step for tumour progression, although this
was noted to have no impact upon cell mitogenesis or apoptosis (Kassis et al., 1999).

Neuregulin stimulation of erbB3 and 4 was shown to also activate the erbB2

receptor, this lead to increased proliferation, invasiveness, MMP production, cell
adhesion and levels of CD44 (H-CAM) and CD54 (I-CAM). A drug (17-AGG)
which affects erbB receptor folding was demonstrated by another group to influence
both proliferation and cell survival, this occurred through inhibition of signalling by
erbB2-erbB3 heterodimers and also the PI-3 kinase pathway (Munster et al., 2002).

In a study investigating expression of the EGFr, erbB2 and erbB3, multiple receptor

expression was highest in overtly malignant tumours, and positive association were

found between expression levels of EGFr and erbB3, and erbB2 and erbB3 (Simpson
et al., 1995). Such studies suggest that all of the erbB receptors can induce both cell
growth and migration in ovarian and other cell systems.
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1.3.3 The erbB signalling pathways

Pathways downstream of the erbB receptors have already been implicated in a

number of malignant phenotypes. The importance of the ERK pathway in cancer is
emphasized by the fact that several components are oncogenic in their constitutively
active forms. Ras and Raf were first studied as viral oncogenes (Huleihel et al.,
1986). Mutation of Ras has been detected in more than 30% of all human cancers,

although frequency varies with tumour type (Hognason et al., 2001). Direct

targeting of MEK with a small molecule inhibitor has been shown to decrease

tumour growth by up to 80% in mice (Sebolt-Leopold et al., 1999). Similarly
constitutive activation of ERK1/2 was found in 36.2% of samples in a study of 138
cell lines and 102 tumours from various human origins. These were predominantly
found in cancers of the pancreas, lung, colon, ovary and kidney cancers (Hoshino et

al., 1999).

The PI-3 kinase pathway similarly has many oncogenic constituents, including Pl-3
kinase itself, Akt and other PI dependant kinases (Krasilnikov, 2000). A study by

Shayesteh et al showed that the gene encoding the catalytic subunit of PI-3 kinase is

frequently increased in copy number in a number of human cancers, including
ovarian (Shayesteh et al., 1999). A specific inhibitor of PI-3 kinase was used in vivo

against ovarian cancer implanted cells, and was found to significantly inhibit growth
and ascites formation, through decreased proliferation and increased apoptosis (Hu et

al., 2000). Akt has been shown to be frequently over-expressed in a number of
cancers; Akt 2 was shown to be frequently activated in primary human ovarian
tumours by Yuan et al (Yuan et al., 2000). Therefore both the ERK and PI-3 kinase
pathways appear to be important players in human cancer.

A number of the previously described studies have referred to integrin molecules,
indicating their role in promoting establishment and progression of human cancers.
Invasive breast carcinomas for example have been shown to have widespread

deregulation of integrin expression (reviewed by Mukhopadhyay et al., 1999). Also
colon carcinoma cells exhibiting decreased cell-cell contacts and increased metastatic

capacity were found to have increased expression of oc2 integrins (Solic and Davies,
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1997). Equally, high a6 integrin expression has been associated with

tumourigenicity and metastatic potential in human breast cancers (Mukhopadhyay et

al., 1999), and clinical studies using such tumour samples found that shorter overall

patient survival was associated with expression of the (31 subunit (Oshita et al.,

2002). In cell line studies, ovarian carcinoma lines OVCAR5 and SKOV-3 also

showed reliance upon the [31 integrin in cellular migration and monoclonal
antibodies raised to this receptor abrogated migration towards ECM components,

similar to findings in other cancer types (Casey and Skubitz, 2000). In a comparison
of normal ovary tissue and that from ascitic tumour cells, there was a loss of a6 and

(34 integrin units in the ascetic cells, again suggesting a role for these molecules in
disease establishment and progression (Bridges et al., 1995). As the major route of
ovarian cancer spread is via interaction with the mesothelial lining of the peritoneal

cavity, Gardner et al measured levels of adhesion molecules in cells of the

mesothelium and ovarian tumour cells (Gardner et al., 1995). Integrins (31 and (33,
and also I-CAM1 and CD44 were shown to be present in both cell types, strongly

implicating the involvement of these attachment factors in ovarian cancers.

1.3.4 The erbB network as a target for cancer therapy
The erbB receptors have been implicated in numerous cancer types, and have been
the subject of many structural, functional and biochemical studies. This detailed

understanding of their biology from these, and their physical localisation in the cell
membrane make them very attractive targets for pharmacological intervention.

Immunological strategies to target these molecules have focussed on the use of
monoclonal antibodies raised to EGFr or erbB2 linked to radionuclides, toxins or

pro-drugs, thus targeting toxic effects to over-expressing cancer cells. Another

therapeutic approach being tested involves active immunisation with erbB2, thus

utilising the patients' immune system to target tumour cells (Disis and Cheever,

1997). Monoclonal antibodies have been directed to the most common mutant
variant of EGFr (vIII), as well as to the wild type receptor (wt). Comparison of two
such wtEGFr inhibitory antibodies showed that different mechanisms of action were

occurring whereby one recruited and activated the immune effector cells, and the
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other altered and inactivated receptor function (Ciardiello, 2000). A chimeric
version of this latter antibody (C225) is able to arrest cultured cells via competition
with ligand binding and increase levels of a cyclin dependant kinase inhibitor p27KIP1
(Wu et al., 1996). This is now in late stage clinical testing. A much publicised
humanised antibody, raised to erbB2, Herceptin™, has recently been passed for
clinical use, both as a single agent and in combination therapies. It has been
demonstrated to down-regulate surface erbB2 as well as up-regulate p27KIP1 and the
Rb related protein pi30, which reduces the number of cells in S-phase thus

decreasing growth rates (Sliwkowski et al., 1999). Phase II clinical trials with this

drug showed clinical efficacy in patients with metastatic breast cancers.

Furthermore, objective responses were observed in women over-expressing the
erbB2 receptor in metastatic breast cancers post chemotherapy. Phase II trials
demonstrated than in combination with other first line therapies, Herceptin increased
clinical benefit in treatment of erbB2 over-expressing metastatic breast cancers

(Normanno et al., 2002).

Herbimycin, genistein and emodin are naturally occurring compounds capable of

inhibiting the erbB network. Their discovery, alongside known crystal structures of
kinases related to the erbB receptors, has aided development and synthesis of

analogues with enhanced selectivity for the receptors' various domains (reviewed by
Ciardiello and Tortora, 2001). Both reversible and irreversible inhibitors capable of

discriminating between erbB receptors and other RTKs have been developed, at least
5 of which are being tested in clinical studies. These include the EGFr targeted
Iressa, which is orally active and has significant anti-tumour activity in a broad range

of mouse xenograft models (Norman, 2001). This promising effect appears to be
reflected in phase I and II clinical trials in a range of tumour types and additional
trials are being undertaken to determine its full potential for the treatment of cancer

patients (Moasser et al., 2001). Downstream signalling molecules known to be
important in erbB transformation, including Src, ERK and Akt, have also been
targeted by such small molecule inhibitors. These may also become therapeutically
effective in tumours with activated signalling pathways (Brugge, 1993).
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Agents which block transcription, translation or maturation of the erbB receptors are

also potential candidates for gene therapy. The adenovirus (type 5) El A gene

product has been shown to suppress the tumourigenic potential of erbB2 over-

expressing ovarian cancer cells by suppression of promoter activity, and is currently
in early clinical trials (Chang et al., 1997). Intracellular single chain antibodies

(scFvs) directed to both EGFr and erbB2 have also been shown to effectively inhibit

receptor transfer from the endoplasmic reticulum to the plasma membrane (Beerli et

al., 1994). Another method of targeting this is use of triplex-forming

oligonucleotides that bind to the purine rich region of the erbB2 promoter. These

appear to be potent and specific inhibitors of erbB2 transcription (Ebbinghaus et al.,

1993). Further approaches include use of antisense oligonucleotides, dominant

negative forms of erbB receptors and specific ribozymes, all of which have shown

specificity and efficacy in blocking receptor expression in cultured cells, and may

again prove useful as therapeutic compounds (Hsieh et al., 2000; Vaughn et al.,

1995).
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1.4 Scope and objectives of this study

This project was designed to investigate cell proliferation and migration in ovarian
cancer systems, two cellular mechanisms fundamental to cancer growth and

progression. The erbB receptors form a complex network involving ligand
stimulation, receptor interaction and induction of intracellular signalling cascades, all
of which influence altered cell function. The overall objective of this study was to

investigate the role played by erbB receptor family members in growth and

progression of ovarian cancers. Ovarian carcinoma cell lines were therefore used to

address the following aims:

i) To investigate any effects of differential erbB receptor expression levels
on basal cell growth and migration

ii) To compare the relative mitogenic effects of TGFa and neuregulin

growth factors

iii) To analyse the effects of TGFa and neuregulin growth factor stimulation
on cell migration

iv) To examine the impact of TGFa and neuregulin stimulation in the ERK

kinase, PI-3 kinase and PLCy pathways, and to explore possible
associations between pathway activation and induction of functional
effects

v) To use specific inhibitors targeted to both receptors and pathways to

further investigate the functional effects induced by TGFa and neuregulin
stimulation

This thesis examines the role of the erbB receptor family members and their
downstream signalling cascades within ovarian cancer systems in response to

stimulation by TGFa and neuregulin. TGFa was used to investigate the role of its

binding receptor, the EGFr, whilst the neuregulin growth factors were used to

compare the effects of ligands which bind erbB3 and erbB4. Cell lines were selected
with a range of erbB expression levels and used with and without ligand stimulation
in growth and migration assays. These assays were used to elucidate relationships
between specific receptors and functional phenotypes. Assessment of cell growth
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and migration responses to ligand stimulation was further investigated by Western
blot analysis of intracellular signalling within the ERK kinase, PI-3 kinase and PLCy

pathways. Functional assays were then carried out again in the presence of various
inhibitors to examine the effect of both receptor and pathways blockade. These

experiments were used to implicate members of the erbB receptor family and also

specific downstream signalling cascades in cell growth or migration functions.
Results gave further insight in to role of this network within ovarian cancer systems

in relation to clinically relevant functional effects.
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2.1 General characteristics of ovarian carcinoma cell lines

To enable further investigation of the role of the erbB receptors in ovarian cancer cell

systems, the basal characteristics of six ovarian carcinoma cell lines were

established. Details of these cell lines are shown in table 2.1.

Cell Line Established
from

Patient/tumour details References

SKOV-3 Ascites 64 yr old, Caucasian female.
Prior treatment with thiotepa

(Fogh et al.,
1977)

PEOl Ascites Poorly differentiated serous adenocarcinoma.
Prior treatment with cisplatin, 5-fluorouracil
& chlorambucil

(Langdon et al.,
1988)

OVCAR5 Ascites Adenocarcinoma.
No prior treatment

(Louie et al.,
1986)

A2780 Tumour tissue Adenocarcinoma.
No prior treatment

(Behrens et al.,
1987)

41M

(OAW28)
Ascites Cystadenocarcinoma

No prior treatment
(Wilson et al.,
1996)

PEOfddp PEOl cell line

(In vitro)
See PEOl (Langdon et al.,

1988)

Table 2.1: Details of 6 epithelial cell lines derived from ovarian cancer patients.

The six lines were selected from a panel of ovarian carcinoma cells, which had

previously been analysed by Western blot for their expression of erbB family
members (figure 2.1). As antibodies exhibit different affinities for their individual

targets, the expression levels of an individual receptor can be compared across the
cell lines, but, relative amounts of the four family members cannot be determined for
a single line. The OVCAR5 and 41M lines were chosen for this study due to their

high expression of EGFr, whereas A2780 represented a cell line with much lower
expression levels. SKOV-3 is a line well established for its over-expression of
erbB2. The A2780 and PE01cddp lines expressed low levels of this protein, but
exhibited the highest levels of erbB3 expression. Conversely, 41M cells expressed
very low levels of erbB3. ErbB4 was difficult to detect by Western blot analysis, and
SKOV-3 and A2780 the only lines in which it appeared to be present. Although
these blots are useful to determine amounts of protein in each cell line, they cannot

give an indication of function, normal or otherwise.
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EGFr

ErbB2

ErbB3

ErbB4

Figure 2.1 Western blot analysis of erbB expression levels in 6 cell lines.
Anti-EGFr antibody cocktail detected EGFr (pl70) expression. Antibody CB11 was used to detect
erbB2 (pi85) receptor expression; the SKOV3 cell line had an extremely high protein expression of
erbB2 which required 1/5 of the usual protein loading for visualization simultaneously with the other
cell lines. Antibody RTJ2 detected erbB3 (pi60) receptor protein, and ErbB4 (pi80) receptor
expression was detected using the anti-erbB4 receptor antibody Ab2. Western blot analysis is
included courtesy of Miss L Gilmour

Cell line Relative OD
EGFr erbB2 erbB3 erbB4

SKOV-3 268 5242 130 21

PEOl 49 1670 126 0
OVCAR5 2407 1824 106 0
A2780 12 244 243 38
41M 2889 1142 33 0

PEO1cddp 75 443 396 0
Table 2.2 OD readings of figure 2.1 (Western blot analysis of cell line expression of erbB receptors).
Optical densities of receptor expression were determined from the Western blot analysis shown in
figure 2.1 using Labworks PC program.

2.2 Basal growth characteristics of six ovarian carcinoma cell lines
As future experiments were to involve modulation of cell growth, basal growth rates
were determined for the six ovarian carcinoma cell lines using day 5 cell counts as a

measurable end point (figure 2.2). Cell lines were investigated under both normal

(RPMI 1640 containing 10% serum) and reduced media conditions (RPMI 1640
without phenol red, containing 5% dextran-charcoal stripped serum).
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Figure 2.2 Basal growth of 6 cell lines in normal and reduced media.
Cells were grown in normal growth media (RPMI 1640 + 10% serum) or reduced media (RPMI 1640
without phenol red + 5% dextran-charcoal stripped serum). Fresh media was applied day 0 and day 2
and cells counted using a coulter counter on day 5. Each individual experiment carried out in
quadruplicate, mean of these experiments shown here, n=2 for full media tratment, n=8 for reduced
media treatment, error bars = SEM.

Cell line Basal growth rate
(mean fold increase over 5 days)

Doubling time
(hours)

Normal Reduced Normal Reduced

growth media growth media growth media growth media
SKOV-3 3.6 3.4 67 69
PEOl 3.2 2.0 77 120
OVCAR5 3.6 3.4 67 71
A2780 33 13 8 18
41M 3.2 1.0 75 -

PE01cddp 5.6 5.0 43 48
Table 2.3 Details of the graphical data shown in figure 2.2 (basal cell growth rates).
Basal cell growth rates = day 5/day 0 growth increases of 6 cells lines grown in normal growth media
(RPMI 1640 + 10% serum) or reduced media (RPMI 1640 without phenol red + 5% dextran-charcoal
stripped serum. Doubling times were extrapolated from basal growth rates shown.

The SKOV-3, PEOl, OVCAR5 and 41M cell lines, all grew at very similar rates in
full media. However, growth in reduced media conditions was significantly
decreased in the 41M cell line (p=0.02 by Student's unpaired t-test) and A2780 cell
lines (p=0.007), and was boarderline significant in the PEOl line (p=0.05). These

findings suggest that these three lines have a greater requirement for external inputs
from the serum. This may include factors such as hormones, growth factors or

extracellular matrix (ECM) proteins to aid attachment and stimulate cell signalling.
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Conversely, the SKOV-3 and OVCAR5 lines demonstrate less dependence on such
factors for their growth and survival.

In both full, and reduced media conditions, the A2780 cell line had a significantly
faster growth rate than the other five lines. The remaining cell lines, with the

exception of PE01cddp, grew at a 10 fold slower rate than the A2780 cells. These two

fastest lines also had the highest expression of erbB3 and the lowest expression of
erbB2. Analysis did not support any inverse relationship between erbB2 expression
and growth. However, when expression levels of erbB3 were plotted against growth
rates under reduced media conditions (shown figure 2.3), there appeared to be some

interaction, but this was not found to be significant in correlative analysis. To
determine whether this relationship is real, more data points would need to be
included.

■ ASKOV-3
n =PE01
a =0VCA R5
- =A2780
- =41M
® =PE01cddp

Figure 2.3 Correlation of erbB3 receptor expression and cell growth.
OD values for erbB3 were plotted against basal growth over 5 days in reduced media conditions
(RPMI 1640 without phenol red + 5% dextran charcoal stripped serum).

There is evidence in the literature to suggest that erbB3 in combination with erbB2 is
the most mitogenic receptor complex formed between members of this receptor

family (Waterman et al., 1999). As the kinase deficient erbB3 receptor must form
heterodimers to induce any downstream signalling, and erbB2 is believed to be its

preferred binding partner, this is a likely combination in the presence of any erbB3
activating ligands. This provides a possible mechanism through which erbB3 may

influence growth in these cell lines (under reduced media conditions).
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2.3 Basal migration characteristics of six ovarian carcinoma cell lines

As future work was to involve growth factor manipulated study of cell migration, the
innate behaviour of the six cell lines was characterised within a migration assay (see
Materials and Methods for development). Unstimulated, basal migration of the cell
lines was measured over a 48 hour time period, using polycarbonate inserts coated
with collagen IV, fibronectin or laminin, in RPMI medium containing no phenol red
or serum. The migration chambers used in these experiments were coated only on

their underside with ECM protein. This assay therefore measures the capacity of cell
lines to attach and migrate towards and through a matrix constituent. This is a

relevant and valuable method for assaying cell lines of this disease, reflecting the

process of intraperitoneal spread, common to ovarian cancers. It has also been
associated with cell motility and invasive potenial, important steps in the process of
cell metastsis (de Both et al., 1999, Wiechen et al., 1999). A mean value for cellular

migration of untreated cells is shown in figure 2.4.
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Figure 2.4 Basal migration of 6 cell lines.
Basal migration of 6 ovarian carcinoma cell lines was measured using polycarbonate inserts coated
with a) collagen IV b) fibronectin c) laminin. Migration occurred over 48 hours in RPMI 1640
without phenol red and in the total absence of serum. Relative numbers of cells were exposed using
S4TT and % migration calculated: OD cells on underside of insert/OD of total number of cells
mderside + topside of insert. Each experiment was carried out in triplicate and mean value shown,
i=2, error bars = SEM.
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Figure 2.4 highlights the different capacity for cell movement shown by each cell
line in the presence of individual matrix components. The SKOV-3 cells are the only
ones motile on all three ECM proteins, and show a high percentage migration in each
case. A preference for migration towards / through a particular matrix component is
shown by the OVCAR5 and PEOl lines on collagen, and similarly A2780 cells on

fibronectin. As this assay is carried out in totally serum free conditions, there are no

factors already present in the media to stimulate motility. Any drive to this
phenotype must therefore be a result of autocrine stimulation, signalling stimulated
via attachment to the ECMs, or an action of deregulated cellular proteins.

2.4 Integrin expression characteristics of cell lines

To further understand and interpret the results of migration assays, FACS analysis
was carried out to determine relative expression levels of specific integrin proteins.

Again, due to the nature of antibody binding it is only possible to compare relative
amounts of integrin expressed by each cell line. Parts (a) and (b) of figure 2.5
indicate specific ap functional pairings, whereas (c) to (h) indicate only single

integrin units. While a number of integrin-ECM associations have been defined,
there is great variation in affinity and redundancy of these interactions. Table 2.4

details integrin interactions with collagen IV, fibronectin and laminin, as defined in a

review paper by R.FIynes (Hynes, 1992).

Integrin PI PI PI PI PI PI PI PI P3 P4 P5 p6 p7
al a2 a3 a4 a5 a6 a7 av av a6 av av a4

Collagen • • • •

Fibronectin • • • • • • • •

Laminin • • • • • •

Table 2.4 Known integrin affinities for collagen, fibronectin and laminin ECM components (Hynes,
1992)
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Figure 2.5 Integrin expression levels of 6 cell lines.
70% confluent cells were placed into reduced media (RPMI 1640 without phenol red + 5% dcs
serum) for 24 hours before preparation for the assay. Optimal concentrations of antibodies were
determined and used to reveal integrin units a)Pla2 b)pla3 c)Pl d)P3 e)al f)a4 g)a6 and h)av.
Error bars = SEM, n= 4.
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SKOV-3 cells express all of the integrins assayed at a medium to high level, enabling
their interaction with all three matrices in the migration assay. 41M cells however
had relatively low expression of all the integrins except for al, consistent with their

very limited capacity for migration. As functional integrins require both an a and (3

subunit, expression of al alone is irrelevant in this cell line if there are only limited

P units within the cell with which to interact. PEOl and OVCAR5 cell lines had

much higher expression of pla2, pia3, al and a6 integrins than the A2780 line and
much lower p3 and av. This divergent integrin profile matched a preference for

collagen (PEOl and OVCAR5) or fibronectin (A2780), which differed only in

expression of a4, where PEOl expressed significantly more than the other two lines,

and pi where all three lines expressed relatively high levels. These expression

patterns and matrix interactions correlate well with information contained in table 2.4

suggesting that integrins play an important role in attachment and migration of these
cell lines. As PE01cddp was a cell line derived from PEOl (after treatment with

cisplatin), it is not surprising that their integrin expression profiles are very similar,
but unexpectedly, their performance in the migration assays were quite different.
Differential analysis of these two cell lines has been carried out within the
laboratory, revealing variations in gene expression. The phenotypic difference
observed here may reflect these changes, or may be a result of altered signalling or

integrin function through the process of clonal derivation.

2.5 Discussion

Five out of the six cell lines used in this study represent cells originally from ascetic
fluid of ovarian cancer patients. As such, they represent cells which have
disseminated from the original tumour, either due to an altered phenotype which
enables cell survival away from the primary mass, or due to physical buffeting by the
fluid itself. In either case, the cells will express characteristics of the original

tumour, and may additionally have a capacity for anchorage independent growth and
survival.

The aim of this project was to study the role of erbB receptors in ovarian tumours.
These six lines were thus selected from a much larger panel, to provide an interesting
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cross-section of ovarian cancer cells, which expressed a variety of erbB receptor
levels. As it is difficult to determine a normal level of receptor expression, and
hence quantitate receptor variation in ovarian tumours relative to this, it is hard to

establish how representative our six lines are of the disease as a whole. However, as

they are of tumour origin, and vary relative to one another, they provide useful model
systems for this study, and will necessarily provide further insight to the disease.

Interesting results were found through comparison of cell line growth in 10% serum

containing 'normal' media, with 'reduced' media containing no phenol red, and just
5% dextran-charcoal stripped serum. Growth rates of SKOV-3 and OVCAR5 cell

lines remained constant in both conditions, whereas 41M, A2780 and PEOl cell lines

were significantly reduced in the less rich media. This observed growth reduction

suggests that elements lost between the two growth environments must stimulate

proliferation or increase cell survival of the 41M, A2780 and PEOl cell lines.
Phenol red is a mimic of oestrogen, which has a mitogenic effect upon responsive
cell lines, and hence may be responsible for this effect (Raam, 1992). Dextran-
charcoal stripped serum is used in these assays to reduce enrichment factors such as

steroid hormones and growth factors, any residual factors escaping this process

would retain their capacity to influence cell growth rates and equally may be

responsible for this effect.

The lack of response to an altered growth environment shown by SKOV-3 and
OVCAR5 cell lines suggests some cellular maintenance of their own growth rate.
This may be via autocrine produced factors, or due to altered cellular processes such
as constitutive pathway activation. Previous studies have demonstrated EGF and
TGFa production by these cell lines via RT-PCR analysis, suggesting a means by
which autocrine and paracrine stimulation could occur (Sewell et al., 2002).
However, all of the lines have been shown to produce these, not just SKOV-3 and
OVCAR5, although relative amounts and other erbB ligands were not detected.
Studies carried out by Weichen and colleagues on SKOV-3 cells found a similar
occurrence between growth in media containing 10% and 1% serum. Normal
SKOV-3 cells were compared to those transfected with a vector construct which
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expressed an antibody shown to prevent erbB2 receptor expression at the cell
surface. Their data suggested that this receptor offered a strong growth advantage in
1% serum conditions potentially due to the autonomous activity they have been
shown to gain when over-expressed (Wiechen et al., 1999). OVCAR5 cells do not

express excess levels of this receptor, although they do over-express EGFr. If these

receptors also gained autonomous activity due to increased number, they may be
responsible for the similar effects in this cell line. It is also possible that OVCAR5
cells harbour a mutant form of erbB2, or even EGFr, which is ligand independent
and constitutively active. There is little to support these ideas in the literature,

however, it is well recognised that receptor over-expression in the presence of ligand
may result in a similar effect (Yarden, 2001). Therefore, the erbB2 and EGFr

receptors appears to be important factors in cell growth which appears to be

independent of its environment, but clearly other elements are also influential. Later
work examines the role of these receptors in more detail, using specific ligands to

stimulate them, and also inhibitors to block or down regulate their activity.

The migration data set revealed variation in the cell lines' innate capacity for motility
in the presence of collagen, fibronectin and laminin. As discussed previously there
were relevant associations found between cell line expression of integrin molecules

and their motile ability. Integrin activation only occurs upon engagement with

specific ECM ligands, which leads to recruitment of signalling molecules and
elements of the cells cytoskeleton, thereby creating a complex at the point of focal
adhesion (Schlaepfer and Hunter, 1998). These complexes induce signalling which
influences cell growth and migration, and can also activate the erbB receptors

themselves and the downstream ERK kinase, PI-3 kinase and PLCy pathways (Jones

and Walker, 1999; Parise et al., 2000). Reciprocally, the integrin complex can be
influenced by activate erbB receptors and their downstream signalling pathways.
Evidence for these interactions within these basal cell systems are discussed below.

SKOV-3 cells express very high levels of erbB2, and are believed to exhibit some

constitutive activity of these receptors. They also showed medium to high
expression levels of all the integrins analysed. These cells migrated well on all three
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ECM components, suggesting that this balance between multiple inputs is conducive
to cell motility.

PEOl and 41M cells share a similar profile of erbB receptor expression, with

relatively high levels of EGFr and medium levels of erbB2, compared to the other
cells studied. However analysis of integrin expression showed that PEOl cells

express far greater levels of integrin receptors than the 41M line with the exception
of (33, ai and av (which were low in both). There was a similar disparity observed
between migration in these cells; the 41M line exhibited a very limited capacity to

migrate, whereas the PEOl cell line was motile on both collagen and fibronectin.
These results demonstrate a requirement for cells to attach before they can migrate.
This effect is two fold, if cells cannot affix themselves to the substratum, they cannot

create the traction necessary to locomote. Furthermore, if the integrins are too few in
number to create enough focal adhesion signalling complexes, they will not be able
to induce signalling to drive migration. Comparison of these two lines indicates the

importance of integrin expression to this cell process.

PEOl and OVCAR5 cell lines exhibited a similar profile of integrin expression,

however, the OVCAR5 cells expressed much greater levels of the EGFr. Both cell
lines favoured collagen as a matrix for migration, but the OVCAR5 cells showed a

higher percentage of cells moving through this, suggesting that the EGFr may have a

positive impact upon cell migration. For this to occur there must be some activity of
this receptor under basal conditions, this may be a greater responsiveness to any

ligands present in the media or, as previously discussed, may reflect the presence of a

ligand independent mutants. Numerous studies implicate EGFr (wild type and
mutant) in cell migration, frequently in combination with erbB2 and often in relation
to integrin molecules. EGFr activation has been observed through interaction with
integrin subunits in the absence of ligand, also co-localisation of erbB2 and integrin
receptors has been demonstrated (Hintermann et al, 2001; Tiganis et al., 1999).
Such studies suggest that physical co-ordination of signalling occurs between these
receptors, and perhaps interaction is facilitated where there is an excess amount of
receptor present. The EGFr and erbB2, and their downstream pathways have also
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been implicated in both up- and down-regulation of integrin expression, cell surface
location and ECM avidity (Genersch et al., 1996; Krensel and Lichtner, 1999). A
cells capacity to attach and migrate is dependant upon which integrins are targeted by
the receptors. Further chapters in this thesis examine the role of the erbB receptors

in migration in more detail, using specific ligands to activate the family and their
downstream cascades, and inhibitors to block or down regulate activity.

These studies have revealed the basal characteristics of the 6 cell lines to be used

throughout this study. Although they have demonstrated some fundamental
differences between the lines, it is difficult to determine whether this relates to their

innate erbB profile and activity, or if it is related to other aspects of their phenotype.
Further studies in the project utilise specific ligands to activate receptors in order to

implicate their role in cell functions more directly.
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Chapter 3 : Func



3.1 Growth factor stimulation of specific erbB receptors in growth assays

In the previous chapter, the innate characteristics of six ovarian carcinoma cell lines

were explored. To investigate the roles of erbB receptor tyrosine kinases within
these model ovarian cancer systems, growth factors were exploited for their capacity
to act as specific ligands to members of the family. TGFa was used to interact with,

and activate the EGF receptor (EGFr), while NRGla and NRGip both act as ligand
activators of erbB3 and erbB4. Studies have already implicated all three of these

growth factors in proliferation and migration of other systems, but relatively little has
been shown in ovarian systems (Schelfhout et al., 2000; Tan et al., 1999; Ueda et al.,

1999). Use of a reduced media to support cell growth (RPMI 1640 without phenol
red containing 5% dextran-charcoal stripped serum) provided a controlled

experimental environment, enabling growth factors to be added at known
concentrations and their impact to be evaluated more cleanly.

3.1.1 Effects of TGFa, NRGla and NRGip on the growth of six ovarian
carcinoma cell lines
The growth effects resulting from TGFa, NRGla and NRGip treatment (at InM)
were measured in the six cell lines as previously described, using a growth assay

based upon day 5 cell counts. Figure 3.1 shows cell growth in the presence of

growth factors as a value relative to day 5 control cell counts (basal growth
differences have already been discussed in section 2.2).

The SKOV-3 cell line showed very limited growth stimulation in response to the
three added growth factors. TGFa was the only ligand able to induce a significant

growth increase; 1.4-fold relative to control, whereas neither neuregulin isoform had
a significant affect. The OVCAR5 cell line showed a similar delineation of growth
response, being stimulated 2-fold by NRGip, while showing no response to TGFa or

NRGla. PEOl and 41M cells showed very similar growth effects in the presence of

growth factors, responding to TGFa and NRGip. In both lines NRGip increased
growth over 3-fold relative to control, whereas TGFa stimulated cell growth roughly
2-fold. These two cell lines showed the greatest magnitude of growth factor

stimulation, and were also lines which had shown a significant growth decrease
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Figure 3.1 Effect ofTGFa, NRGla and NRGlp on cell line growth.
Six ovarian carcinoma cell lines were exposed to TGFa, NRGla and NRGip (InM) in reduced
media conditions (RPMI 1640 phenol red free + 5% dextran charcoal stripped FCS), treated day 0 and
2. Cells were counted on day 5 using a coulter counter, and expressed as a value relative to untreated
control. Each experiment was carried out in quadruplicate and the mean value shown, n=8 for TGFa
treatment, n=3 for NRGla treatment, n=5 for NRGip treatment, error bars=SEM. *p=<0.05
significance by Student's paired t-test analysis, comparing stimulated value to control on the same
occasion

Cell line Ligand (InM) Growth
relative to

control

(control=l)

SEM Student's

paired t-test
p value

SKOV-3 TGFa 1.44 0.098 0.0008

NRGla 1.02 0.062 0.7494

NRGlp 1.04 0.089 0.1578

PEOl TGFa 2.22 0.210 0.0098

NRGla 1.56 0.080 0.5571

NRGlp 3.14 0.060 0.002

OVCAR5 TGFa 1.12 0.062 0.1225

NRGla 1.19 0.100 0.5476

NRGlp 2.01 0.028 0.0009

A2780 TGFa 0.86 0.139 0.5476

NRGla 1.00 0.150 0.1535

NRGlp 0.82 0.161 0.7315

41M TGFa 2.24 0.218 0.0485

NRGla 1.23 0.053 0.2840

NRGlp 3.43 0.039 0.0184

PE01cddp TGFa 0.25 0.132 0.0016

NRGla 0.98 0.064 0.4377

NRGlp 0.36 0.092 0.0294
Table 3.1 Details of figure 3.1 (effect ofTGFa, NRGla and NRG1J3 on cell line growth).
Bold text indicates p<0.05 significance by Student's paired t-test analysis, comparing stimulated value
to control on the same occasion.
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between normal and reduced media (figure 2.2). These assay conditions may be an

important factor, enabling the cells to be more responsive to ligand stimulation. The
A2780 cell line was not significantly stimulated or inhibited by any of the growth
factors in these experiments. These cells also showed a significant reduction in

growth rate between normal and reduced media, however this was still 13-fold over a

5 day period, much higher than any of the other cell lines' maximum growth rate.

Also, of the six cell lines studied the A2780 cells expressed the lowest levels of both
the EGFr and erbB2, consistent with the lack of stimulation observed in the presence

of these growth factors. The PE01cddp cell line is well characterised within the

laboratory for its growth inhibited response to ligands. In these cells, TGFa appears

to have a greater effect than NRGip, decreasing growth 4-fold, as opposed to 3-fold

by NRGip. As previously discussed, clone generation from the PEOl cells in the

presence of cisplatin has resulted in distinct cell line characteristics. The growth
inhibition observed in these cells is probably due to fundamental alterations in

transcription and translational control, shown to exist by differential analysis.

Three out of the six cell lines investigated (PEOl, OVCAR5 and 41M) indicated that

NRGip was a significantly stronger mitogen than either NRG la or TGFa. Of the

remaining three lines, SKOV-3 cells were more responsive to TGFa, although with
limited magnitude, A2780 cells appeared to be unresponsive to both growth factors,
and the PE01cddp line showed a significant growth inhibition particular to this cell
line.

3.1.2 Effects of TGFa and NRGlp concentration on the growth of PEOl cells

Due to the observed differences in mitogenic potency of TGFa and NRG1P at 1 nM,

growth effects were recorded over a concentration range. This was carried out to
determine whether the relative differences in growth rate would vary over 4 log

differences in growth factor concentration. As PEOl cells showed a growth response

to both growth factors in the original data, this cell line was used.
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Figure 3.2 Growth response of PEOl cells to a concentration range of TGFa and NRGip.
PEOl cells were exposed to a)TGFaor b)NRGip at 0.01-10nM in reduced media (RPMI 1640
without phenol red, containing 5% dextran-charcoal stripped FCS). Counts taken on day 5 using a
coulter counter are expressed graphically as a fold increase over day 0 counts. Values are from a
single experiment, n=4, error bars = SD. Student's unpaired t-test used to determine p<0.05
significance of stimulated value compared to control

TGFa Day 5
fold
increase
over

day 0

SD Growth
relative
to

control

Student's

unpaired
t-test

p value

NRGip Day 5
fold
increase
over day
0

SD Growth
relative
to

control

Student's

unpaired
t-test

p value

Control 2.0 0.64 1.0 Control 2.0 0.64 1.0

lOnM 4.6 0.35 2.3 0.040 lOnM 6.6 0.45 3.3 0.014

InM 4.2 0.46 2.1 0.050 InM 5.8 0.58 2.9 0.025

O.lnM 2.9 0.60 1.4 0.290 O.lnM 4.9 0.43 2.5 0.033

O.OlnM 2.4 0.95 1.2 0.683 O.OlnM 3.6 0.49 1.8 0.104

Table 3.2 details graphical data shown in figure 3.2 (growth response of PEOl cells to a concentration
range ofTGFa and NRGIP).
Table shows the fold growth increase day 0 - day 5, and ligand stimulated growth on day 5 relative to
control. Student's unpaired t-test used to deteimine p<0.05 significance of stimulated value compared
to control, shown in bold text.

PEOl cells showed a complete concentration dependent growth response to both
TGFa and NRGip, over this range of concentrations. As has been previously

observed, NRGip had a more potent mitogenic effect on these cells compared to

TGFa, and this occurred at all ligand concentrations.

As NRGip is a ligand of erbB3 and erbB4, these results suggest that stimulated
dimers involving either of these two receptors, are likely to be important for driving
cell growth. NRGlahas been shown to have a 100-fold lower binding affinity for
dimers involving erbB3 and erbB4 than NRGip. (Jones et al., 1999). Furthermore,

NRGip has been shown to induce erbB3 dimerisation with both erbB2 and the
EGFr, whereas NRGla only induces erbB3-erbB2 dimerisation. Lack of significant
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growth stimulus in the presence of NRGla is therefore consistent with this being a

much lower affinity isoform of neuregulin, while still interacting with these highly

mitogenic receptors. At higher doses, this growth factor may induce greater

mitogenic responses, however, for the purposes of this study NRGlp was sufficient
to stimulate these receptors, hence NRGla was not included in experiments after
these immediate characterisation studies.

3.1.3 Correlative analysis of ligand induced growth effects with cell line
expression of erbB receptors
To further investigate the influence of erbB receptors on growth factor driven

mitogenesis, receptor expression levels were correlated with absolute cell growth in
the presence of TGFa, NRGla and NRGip (InM) relative to controls. No

significant interactions were revealed, however, as the PE01cddp cell line showed
such an anomalous growth decrease in the presence of growth factors, interactions
were also calculated in the absence of this line. This correlative analysis showed a

significant relationship between cell growth in the presence of TGFa and NRGip,
and expression levels of erbB3 (p=0.0069 and 0.0456 respectively by Pearson's

parametric test). Associations are shown graphically in figure 3.3. The values used
in these calculations were absolute cell growth (basal cell growth multiplied by fold

stimulation); association with the values of stimulated growth did not reach

significance.

100 200 300 400

erbB3 receptor OD

Figure 3.3 Plots of erbB3 expression and absolute cell growth in the presence ofTGFa and NRG1 (3.
OD of erbB3 expression levels shown graphically against absolute amount of growth in the presence
of TGFa and NRG1 (3, both at InM. Black = SKOV-3, yellow = PEOl, green = OVCAR5, blue =
A2780, red = 41M and pink = PE01cddp.
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Graphs in figure 3.3 show the distribution of cell growth rates relative to their erbB3

receptor expression. The data point removed to demonstrate significant association
was PE01cddp (coloured pink in figure 3.3). This data suggests that further to

observations made in chapter 2, that erbB3 may have an important influence on cell

growth.

3.2 Morphological observations of cells treated with TGFa, NRGla and NRGlp
During growth experiments it was noted that certain cell lines changed their

morphological appearance when treated with growth factors. Upon further

investigation it was clear that many of the cell lines were undergoing an epithelial-

mesenchymal transition, most notably in the presence of TGFa, and to a lesser extent

with NRGlp. SKOV-3 cells showed the most extreme alteration to its phenotype,

becoming very elongated and crossing over other cells, as shown in figure 3.4 below.
This morphology is often described in association with an increased capacity for
cellular migration, hence this process was investigated further (Sundareshan et al.,

1991; Chinkers et al., 1979).

No growth factor + TGFa

Figure 3.4 SKOV-3 cell morphology in the absence and presence ofTGFa (InM)

3.3 Growth factor stimulation of specific erbB receptors in migration assays

As a result of the observed morphological changes, a migration assay was developed

using polycarbonate, transwell inserts, coated on their underside with ECM proteins.
The cells were allowed to migrate for 48 hours, as in chapter 2.

64



3.3.1 Effects of TGFa, NRGa and NRGlp on migration of six ovarian
carcinoma cell lines

TGFa, NRGla and NRGip were again employed in migration assays to stimulate

specific members of the erbB family. As NRGlp had already been shown to be a

much stronger mitogen than TGFa, it was felt that this may influence results in the

migration assay. Decreasing NRGip concentration to 0.1 nM, while maintaining
TGFa at InM, was found to induce similar levels of proliferation in each cell line

(figure 3.5).
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Figure 3.5 Comparison of cell line growth in TGFa (InM) and NRGip (O.lnM).
Growth of 6 ovarian carcinoma cell lines exposed to TGFa (InM) and NRGip (O.lnM) in reduced
media conditions (RPMI 1640 phenol red free + 5% dextran charcoal stripped FCS), treated day 0 and
day 2, cells counted day 5 using a coulter counter, and expressed as a value relative to untreated
control. Each experiment earned out in quadruplicate and mean value show, n=2, error bars=SEM.

It was determined that migration experiments would be carried out in the presence of

this lower concentration of NRGlp, while TGFa and NRGla would remain at InM

to eliminate effects of variable growth. Furthermore, considering the growth

response shown by PEOl cells in the presence of TGFa and NRGip (figure 3.2),
these concentrations both fall within the dose response, indicating that neither

concentration represents the upper or lower limit plateau of cellular response.

The results of the migration experiments are shown graphically in figure 3.6, and are

detailed in table 3.3. Each cell line, as discussed in chapter 2, shows a differential
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capacity to migrate on the three ECMs, assumedly reflecting their expression of

integrins, and other attachment factors.

Cell line ECM % total migration (-/+ SEM)
Control TGFa TGFa

drive
NRGla NRGla

drive
NRG1P NRG1P

drive
SKOV-3 Col 18.64

(6.18)
66.03

(5.90)
47.39* 5.82

(0)
-12.82 11.40

(0)
-7.24

Fn 38.10

(1.96)
60.99

(5.90)
22.89* 34.68

(0)
-3.42 37.41

(0)
-0.69

Lam 17.27

(5.62)
41.98

(16.31)
24.71 25.14

(0)
7.87 18.35

(0)
1.08

PEOl Col 14.30

(3.06)
31.44

(3.99)
17.14* 16.0

(5.92)
1.7 18.53

(0.47)
4.23*

Fn 2.49

(1.22)
20.67

(7.64)
18.18* 14.12

(6.48)
11.63* 9.35

(1.72)
6.86*

Lam 0.32

(0.23)
0(0) -0.32 0.12

(0)
-0.2 1.47

(0)
1.15

OVCAR5 Col 29.88

(4.64)
59.86

(6.56)
29.29* 48.21

(2.55)
18.33* 38.34

(3.46)
8.46

Fn 0.48

(0.06)
41.59

(0.19)
41.11* 2.59

(2.58)
2.11 6.67

(5.41)
6.19

Lam 0(0) 35.29

(4.78)
35.29* 0(0) 0 3.68

(1.57)
3.68

A2780 Col 0.50

(0.49)
0.60

(0.55)
0.1 0.62

(0.62)
0.12 0(0) -0.5

Fn 42.36

(5.71)
57.16

(0.39)
14.8* 51.68

(9.45)
9.32 39.32

(0.50)
-3.04

Lam 1.11

(0.92)
3.23

(0.74)
2.12* 3.20

(3.19)
2.09 0.62

(0.61)
-0.49

41M Col 0(0) 7.93

(6.81)
7.93 2.08

(1.73)
2.08 3.22

(0.95)
3.22

Fn 0(0) 2.44

(0.09)
2.44* 3.99

(2.33)
3.99 2.17

(2.16)
2.17

Lam 1.05

(1.04)
4.22

(1.09)
3.17 7.48

(4.83)
6.43 7.18

(0.41)
6.13*

PEOlcddp Col 6.28

(2.10)
14.52

(4.64)
8.24 7.02

(4.84)
0.74 10.09

(5.71)
3.81

Fn 7.31

(3.85)
9.93

(2.40)
2.62 6.04

(1.16)
-1.27 9.95

(3.90)
2.64

Lam 0.81

(0.71)
0.26

(0.26)
-0.55 0(0) -0.81 0

(0.56)
-0.81

Table 3.3 Details ofTGFa, NRGla and NRGlp driven migration (shown in figure 3.6).
TGFa (InM), NRGla (InM) and NRGlp (O.lnM) were used in 48 hour migration assays carried out
in RPMI without phenol red in the total absence of serum, MTT was used to determine relative
amount of cells and % migration calculated: OD of number cells on underside of insert / OD of total
number of cells on underside and topside of insert. Two experiments were carried out in triplicate,
and mean values shown. Table details absolute amount of migration in normal text, and that induced
by growth factor relative to control in bold text. * = significant difference between growth factor
induced migration and control migration on same occassion, determined by p<0.05 in Student's paired
t-test.
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Figure 3.6 Effect of TGFa, NRGla and NRG1(3 on cell line migration.
Migration of 6 ovarian carcinoma cell lines through polycarbonate inserts, coated with
collagen IV, fibronectin or laminin. Migration took place over 48 hours in RPMI 1640 lacking
phenol red and in the total absence of serum withHTGFa (InM), DnRGI a (InM) andQ3
NRG1J3 (O.lnM). MTT was used to determine relative numbers of cells and % migration
calculated: OD ofnumber cells on underside of insert / OD of total number of cells on

underside and topside of insert. Two experiments were carried out in triplicate, mean values
shown, error bars = SEM. * = significant difference between growth factor induced migration
and control (determined by p<0.05 in paired, Student's t-test).
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The SKOV-3 cell line shows an ability to migrate on all three of the matrices. TGFa
was the only growth factor able to increase this, corresponding with the growth
results shown previously. The drive given to migration by this growth factor was 2-
to 3-fold (dependent on matrix) greater than control, whereas the observed growth
increase was only 1.5-fold relative to control (figure 3.1). There was no response in
either assay to NRGlp by this cell line. PEOl cells did not migrate on laminin, but
were motile on collagen and also fibronectin. This was surprising as basal migration
on fibronectin was almost undetectable. TGFa provided the greatest stimulation to

PEOl migration, however both of the neuregulin growth factors significantly
increased migration on fibronectin, though to a lesser extent. PE01cddp showed less
overall migration and no significant migration increases from growth factor

stimulation, again behaving very differently from its parental line. On all three

matrices, OVCAR5 cells showed the greatest migration stimulation in the presence

of TGFa. Migration was observed on fibronectin and laminin where it had been

almost undetectable in the absence of growth factor. NRG la induced a significant

migration increase on collagen IV, but with a lesser magnitude than TGFa. No other

neuregulin effects were observed. A2780 cells only migrated on fibronectin and

TGFa gave a small but significant stimulation to this. The 41M cell line showed

very low levels of cellular migration, with nothing greater than 7% recorded. A

significant TGFa stimulation to migration was detected on fibronectin, and NRGlp
had an effect on laminin, but these were trivial compared to the marked growth
effects observed in the presence of these growth factors (figure 3.1). As discussed in

chapter 2, this is probably due to low integrin expression levels.

In all of these experiments, TGFa gave a more potent drive to migration than

NRGip, at concentrations which were equally mitogenic. As TGFa specifically
interacts with the EGF receptor, this suggests that EGFr homo- and/or heterodimers

provide a strong stimulation to cellular motility.
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3.3.2 Correlative analysis of ligand induced migration with cell line expression
of erbB receptors

To investigate the influence of erbB receptors on growth factor stimulated motility,
rates of migration were used in correlative analysis with OD measurements of

receptor expression levels. As similar correlation of the growth data had revealed a

difference between the use of stimulated and absolute values, both were used in this

analysis. The significance of these correlations with stimulated migration is shown
in table 3.4. However, use of absolute migration values were found to be very

similar, in that the same 2 interactions were significant, and TGFa driven migration
on laminin was of borderline significance when correlated with erbB2 expression

(p=0.05).

Migration - collagen Migration - fibronectin Migration - laminin
TGFa NRGla NRG 1(3 TGFa NRGla NRG1(3 TGFa NRGla NRGip

ErbBl 0.96 0.24 0.60 0.74 0.75 0.54 0.45 0.84 0.06

ErbB2 0.0044 0.30 0.23 0.18 0.29 0.88 0.18 0.43 0.81

ErbB3 0.48 0.80 0.53 0.50 0.72 0.66 0.45 0.28 0.23

ErbB4 0.91 0.36 0.13 0.95 0.80 0.0247 0.95 0.55 0.11

Table 3.4 Correlation of erbB receptor expression and growth factor stimulated migration
Correlation values (Pearson's parametric test) for TGFa, NRGla and NRGip stimulated migration
(over control) verses level of erbB receptor expression, significant values p<0.05 level are shown in
bold text.

The strongest correlation found was between TGFa driven migration and erbB2

receptor levels. Although this was only significant when cells migrated on collagen,
the p values obtained for migration on the other 2 matrix components were both 0.18,

amongst the lowest values in the table, and there was also a correlation of borderline

significance on laminin when total migration values were used in analysis. These
associations are shown graphically in figure 3.6. ErbB4 levels also correlated

significantly with migration on fibronectin in response to NRG I (1. This result should
be viewed with some caution however, as only two of the six cell lines had

measurable levels of this receptor, and just 3 out of 18 (6 cell lines tested on three

different matrices) migration effects in the presence of NRGip reached significance
over control.
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Figure 3.7 Plots of erbB3 expression levels and TGFa stimulated cell migration of 6 cell lines.
TGFa (InM) stimulated migration on i) Collagen IV ii) Fibronectin and iii) Laminin compared
graphically to OD values of erbB2 expression in 6 ovarian carcinoma cell lines.

There is an interesting association between TGFa driven migration and levels of
erbB2 receptor present in these cells lines. This is most evident upon collagen IV,
where it was found to be very significant in correlative analysis, and shows an R2
value close to 1 (figure 3.6a). Although the trend is less obvious on the other two

matrices there is still a loose association between high and low expression, and high
and low rates of migration. These associations were partially disrupted by the data

point of the OVCAR5 cell line, this exhibited the highest migration rate, with only
medium expression levels of erbB2. However, these cells over-express the EGFr,
which has also been linked with migration and may be responsible for this effect

(Brandt et al., 1999; Verbeek et al., 1998). These results suggest that under the
conditions tested, erbB2 may be a limiting factor in cell migration. As the

correlation was found in the presence of TGFa (stimulating ligand of the EGFr), they
also advocate EGFr in combination with erbB2 being of particularly relevance to this

cell process.
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3.4 Discussion

The growth assays used in this study were based upon cell counts taken after a 5 day

experimental period. Although this measurement is a valid and robust method of

recording increases in cell number, it does not give an absolute measure of cell

proliferation. The co-ordination of growth and survival signalling and effects are in
fact responsible for these observed changes in cell number. Therefore the

experimental method used in this study provides a good basis for comparing the
overall effect of variation in our model systems, such as differences in the erbB

receptor levels and ligand responses, but is a composite of two discrete cellular

processes.

Growth factors used for cell stimulation in functional assays were selected for their

specific activity. TGFa was chosen over EGF and other such ligands, as it is
believed to interact solely with the EGFr (Jones et al., 1999). The NRG1 isoforms
are the only ones identified which activate erbB3 as well as erb4 (Jones et al., 1999;

Yarden and Sliwkowski, 2001). As such, both a and P were used in these assays.

Studies of cell growth in the presence of these ligands indicated that NRG1P had the

greatest stimulatory effect on 3 out of the 6 cell lines, although TGFa also increased
cell numbers. Of those cell lines which were not growth stimulated, SKOV-3 cells

increased cell growth in the presence of TGFa but did not respond to NRGip,
whereas A2780 cells showed no response to either growth factor, and PE01cddp were

growth inhibited. These observations will be discussed further in the following

chapters.

Correlative analysis demonstrated an association between erbB3 expression levels
and stimulated cell growth, a relationship which had been previously observed in
relation to basal cell growth rates in chapter 2. Interestingly, this relationship was

found to be significant when cells were stimulated by both TGFa and NRGlp.
Given that TGFa activates the EGF receptor, this would suggest that the

predominant dimerisation which effects cell growth in this situation is EGFr-erbB3.
The association is far more intuitive in the presence of neuregulin, as this growth

factor directly stimulates the erbB3 receptor. Again, it is not possible to determine
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from these data sets whether 'growth' effects relate directly to proliferation, or if
they also involve increased cell survival, as receptor activation has been implicated
in both functions it is likely to be a combination of the two (Flores et al., 2000;
Venkateswarlu et al., 2002). These correlations were only found to be significant
however when total cell growth was used in analysis. This cumulative value

represents both basal growth rate and growth stimulation induced by ligand addition.
This may suggest that under a specific set of conditions, such as the reduced media
environment used in these assays, the absolute amount of cell growth that can be
induced in these lines is related to expression levels of erbB3. ErbB3 was directly

implicated in ovarian cancer systems in a study by Gilmour et al (Gilmour et al.,

2002) which showed that blocking this receptor with a specific antibody significantly
affected both growth rates and signalling induced by neuregulin. Interestingly, this

study also associated erbB2 receptor expression levels with the magnitude of growth

response to neuregulin. Other studies have similarly associated erbB3 in
combination with the EGFr, and in particular the erbB2 receptor, as an important
factor in cellular proliferation, both basal and stimulated (Lee et al., 2001; Pinkas-
Kramarski et al., 1996; Waterman et al., 1998).

Another observation from the growth data was the very limited response of SKOV-3
and A2780 cells to growth factor addition. The over-expression of erbB2 receptors

by SKOV-3 cells has been shown to enable promiscuous auto-phosphorylation and
activation of downstream signalling (Lonardo et al., 1990; Penuel et al., 2002). A

study by Ignatoski et al showed that human mammalian epithelial cells with elevated
levels of constitutively phosphorylated erbB2, proliferated independently of the

growth factors normally required for cell growth (Ignatoski et al., 1999). These
studies suggest an explanation for this effect in the SKOV-3 cell line. As the A2780
cells exhibited a very high basal growth rate and no growth factor stimulation, this

may also be indicative of constitutive activation of one part of the signalling pthway,
hence a similar explanation may also be relevant to this line. Equally, the limited

response of the A2780 cells may be due to their high basal growth rate preventing
further stimulation, or their limited erbB receptor expression precluding ligand

response. However, of the six cell lines studied, these were the only two expressing
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detectable levels of erbB4 by Western blot analysis (figure 2.1). Antibody
experiments targeting the erbB4 receptor have suggested that this receptor potentially
mediates growth inhibition in ovarian cancer cells (Gilmour et al., 2001). Although
there are clearly numerous factors involved, this correlation may suggest that erbB4

plays a role in dampening the growth responses of these two cell lines.

During growth assays, altered cell morphology was observed in the presence of

growth factors. There is a great deal of literature to suggest that morphological

changes in cells can be indicative of an increased capacity to migrate in vitro, and
metastasise in vivo (Alper et al., 2001; Chang et al., 1999; Chinkers et al., 1979;
Kulkarni et al., 2000; Sundareshan et al., 1991). SKOV-3 cells showed the greatest

change in of cell morphology, becoming elongated, with clear overlapping of cell
extensions. OVCAR5 cells also showed notable phenotypic changes, and although
these cells did not alter their shape, they formed more diffuse colonies, other lines
exhibited minimal morphology changes. This response has also been related to more

metastatic cell behaviour (El-Obeid et al., 1997). Interestingly, these two cell lines
are also those which over-express the EGF and erbB2 receptors, both of which have
been most strongly associated with such altered cell morphology and migration

(Brandt et al., 1999). Migration studies confirmed that growth factors increased

cellular motility, reflecting the observed morphology changes. In this respect TGFa

was more potent than NRG 1(3, and both induced greater responses than NRG la.

Further to the morphological observations, results of the migration assays indicated
that in all of the cell lines, TGFa provided a more potent drive to cell migration than

NRG1|3, at concentrations that were equally mitogenic. As discussed previously,
SKOV-3 cells responded only to the TGFa growth factor. Interestingly, although
TGFa induced a relatively large increase in migration, only a small increase in

growth rate was observed. The OVCAR5 line, which demonstrated a large growth
increase in the presence of NRGlp and no response to TGFa, displayed the opposite
in migration assays. A2780 cells, which had been unaffected by ligand addition in

growth assays, also showed a small but significant migrational response to TGFa on

fibronectin. These studies show that under the conditions tested, NRG1(3 induces a
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relatively small migration effect, whereas TGFa provides a much stronger drive to

this cell process. This implies that activation of the erbB3 and 4 receptors does not

convey a strong signal for cell migration, but activation of the EGFr does. Similarly,

growth assays revealed NRGlp to be a potent inducer of cell proliferation, implying
an involvement of activated erbB3 and 4 in growth and survival regulation, as

opposed to a role in migration. Although TGFa was also capable of inducing cell

growth, this was of a lesser magnitude than that induced by NRG1 (3.

The observed effects of TGFa potency in the migration experiments were used in
correlative analysis with receptor expression levels. A very strong association was

found between erbB2 and migration in the presence of collagen IV. This finding

suggests EGFr-erbB2 dimers may drive cell motility, a common association made in
a number of different cell systems (Spencer et al., 2000; Verbeek et al., 1998). The
association between erbB2 expression and migration rate may also suggest that
cross-talk occurs between the EGFr-erbB2 dimer and integrins involved in
attachment to collagen. Such interactions have been demonstrated between erbB2
and pi, al and pi in combination with a6, again in other cell types (Adelsman et al.,

1999; D'Souza et al., 1993; Vafa et al., 1998). The poor correlations observed on

other matrix components, indicate the difficulty of associating a single factor, such as

erbB2 expression levels, with a multi-functional effect. These results suggest that

high erbB2 expression is not sufficient to drive migration through fibronectin or

laminin coated inserts. A similar observation was made in the PEOl and OVCAR5

cell lines. These cells showed a capacity to migrate on fibronectin (and also laminin
for the OVCAR5 line) in the presence of growth factors, where basal migration had
been almost undetectable. This suggests that some input from the activated receptors

may have influenced integrin avidity for fibronectin, up-regulated expression or

enhanced signalling induced by fibronectin interacting integrins. Although
interesting, further study of these effects were out-with the scope of this project.
However, further to correlation of erbB2 expression with cell migration, the graphs

plotting cell motility on fibronectin and laminin revealed the OVCAR5 data point as

an outlier from the association. This cell line over-expresses the EGFr, and had a

greatly increased migration rate in the presence of ligand, this lends further support
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to the importance of this receptor in cell motility. Although there are multiple inputs
to this cellular process, there is evidence in this data to suggest that both erbB2 and
the EGFr, potentially in combination, are important to cell migration.

Experiments using stimulating ligands have enabled much stronger implication of

specific erbB family members in growth and motility functions. As receptors

function via their induction of downstream signalling cascades, these were

considered in consequent experiments in relation to growth factor activation.
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The previous chapter examined both the mitogenic and motogenic effects of TGFa,
NRG la and NRG 1(3 on the six ovarian carcinoma cell lines in this study. Interesting
and significant associations were found between activated cell functions and specific

receptors. NRGip strongly induced proliferation, and erbB3 in particular was

associated with a role in mitogenesis, whereas TGFa had a significant impact on

migration, suggesting a major role for the EGFr (probably in combination with

erbB2) in cell motility. To further investigate and link receptor activation with
functional effects, intracellular signalling pathways were studied. The literature

suggests that the ERK kinase, PI-3 kinase and PLCy cascades modulate cell

proliferation and migration downstream of receptor activation as demonstrated in cell
lines and in vivo models. Hence these were focused upon in the next part of the

study.

Control cell lysates were prepared for all six cell lines involved in the study. These
were used to profile overall expression levels of key proteins in each pathway. A
subset of four lines were then utilised in time course studies. SKOV-3, PEOl,

OVCAR5 and A2780 cells were exposed to InM TGFoc and O.lnM NRGlp for time

periods between 15 minutes and 24 hours. These lysates were used to determine the
downstream signalling consequences of erbB receptor stimulation on the pathways of
interest.

4.1 The ERK kinase cascade

This kinase cascade is activated via signalling complex formation at the

phosphorylated cytoplasmic domain of erbB receptor dimers. This induces

sequential activation of Ras, Raf, MEK then ERK kinases.

4.1.1 Expression of members of the ERK kinase pathway in the cell lines
Total amounts of c-Raf, MEK and ERK were first measured in the six cell lines to

obtain an expression profile of pathway components. Lysates were prepared after 24
hours in reduced media conditions, reflecting control conditions used in previous

experiments detailed in this study.
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Figure 4.1 Western blot analysis of 3 components of the ERK kinase signalling pathway.
Anti-C-Raf antibody was used to detect c-Raf (p70) expression, MEK (p43) was detected using NEB
(#9122) antibody, ERK1 (p44) & ERK2 (p42) were detected using NEB dual specificity antibody
(#9103) and Actin was detected as a control for Western blot loading, using clone CP01 raised to a,(3
and y forms.

Within this signalling pathway, c-Raf (Raf-1) was expressed most strongly in the
A2780 cell line. These cells grew exceptionally fast and also migrated well towards
fibronectin under basal conditions, as discussed in chapter 2. MEK and ERK were

most highly expressed in the SKOV-3, 41M and A2780 cell lines. Growth and

migration rates were, however, very diverse in these three lines, preventing any

strong correlation with function at this stage. Any basal signalling through this
cascade would be revealed by levels of phosphorylated ERK in the control samples
of signalling time courses (figure 4.2b). Only once ERK has become phosphorylated
is it active and able to induce pathway effects, hence functional association with this
would be both more likely and more valuable.

4.1.2 ERK kinase signalling in ovarian cancer cell lines

Phospho-ERK was detected in Western blot analysis of time course lysates, using an

antibody which recognises dual phosphorylation of ERK1 and ERK2, at threonine
202 and tyrosine 204 (figure 2a). Simultaneous exposure of the control samples

(figure 4.2b) gave an indication of the relative basal level of ERK phosphorylation in
each of the four cell lines. This information was used to select the most comparable

TGFa and NRGip time course blots.
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Figure 4.2a) Western blot analysis of phospho-ERK within a 24h time course of exposure to TGFa
and NRGip.
Four ovarian carcinoma cell lines were placed in reduced media (RPMI without phenol red + 5%
dextran-charcoal stripped FCS) for 24h, then exposed to TGFa (InM) or NRG I [5 (O.lnM) for varying
periods of time between 15min and 24h. 0 and 24h controls were also taken. Lysates were probed
with anti-phospho-ERKl/2 (p44/p42) using antibody #9010 (NEB). Total ERK was also detected as a
control, however blots showed a constant signal and therefore have not been included.
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Figure 4.2b) Simultaneous exposure ofbasal phospho-ERK signal in 4 cell lines.
Control sample lysates (Ohr) from Western blots in 4.1a were exposed side by side, to determine
relative amounts of phosphorylated protein in each cell line. Lysates were probed with anti-phospho-
ERK1/2 (p44/p42) using antibody #9010 (NEB). Total ERK was also detected as a control, however
blots showed a constant signal and therefore have not been included.

An increase in ERK phosphorylation was detected after 15 minutes of TGFa

exposure in SKOV-3 and PEOl cell lines which remained constant up to 5 hours, but
had returned to basal levels by 24 hours. The OVCAR5 cell line showed a similar
induction at 15 minutes, however the signal decreased slightly at 1 and 5 hours, and
returned to control levels by 24 hours. The A2780 cells showed significant levels of

phospho-ERK in control samples which was unaffected by addition of TGFa, data
do suggest constitutive activation of the pathway. This could be a result of

deregulated inputs to the pathway or of components of the cascade itself.

NRG1|3 induced ERK activation in PEOl and OVCAR5 cells. This was greatest at

15 minutes, but decreased at 1 and 5 hours and returned to unstimulated levels by 24
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hours. The PEOl cell line demonstrated less initial phosphorylation in the presence

of NRG1J3 relative to TGFa, whereas the OVCAR5 cell line showed an equal
stimulation but greater rate of signal decline. There was no response to NRGip
observed in either the SKOV-3 or the A2780 cell lines. Comparison of the SKOV-3
blot in the presence of NRGlp with that in the presence of TGFa confirms that the
level of phosphorylated ERK in these cells remained at control levels. Again the
A2780 analysis indicated a high level of basal activation of this protein, but no

additional growth factor stimulation. Although neither TGFa nor NRGlp induced
ERK activation, this data does not confirm that ERK pathway stimulation in the
A2780 cell line is maximal and cannot be stimulated further.

The time course of signalling events will be considered in comparison with other

pathways and stimulated functional effects at a later point in this chapter. However,
levels of phospho-ERK in control samples (figure 4.2b) were shown to have some

association with basal cell line characteristics. The A2780 line showed the highest
levels of phosphorylated ERK and likewise the fastest growth rate. SKOV-3 and
OVCAR5 cells lines had equivalent amounts of activated ERK in their control

samples, and the PEOl cells notably less. These 3 cell lines showed very similar

growth rates under normal media conditions, however in the presence of reduced
media PEOl growth was significantly reduced. These data suggests that ERK

signalling may be associated with cell growth. Cell line performance in migration

assays showed maximal rates of 40% for the A2780 cells, 30% for the SKOV-3 and
OVCAR5 lines and 15% in PEOl. This suggests that there may also be an

association between levels of phospho-ERK and cell motility.

4.2 The PI-3 kinase pathway
The PI-3 kinase cascade is activated once the p85 docking subunit and the pi 10

catalytic subunit are combined and activated at the phosphorylated internal domain
of an erbB receptor dimer. Signal transduction leads to phosphorylation and
activation of Akt, a process which is tightly regulated by PTEN.
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4.2.1 Expression of members of the PI-3 kinase signalling cascade in cell lines
Total expression levels of key proteins within the PI-3 kinase pathway were

measured in unstimulated lysates from the 6 cell lines as previously.

SKOV-3 PEOl OVCAR5 A2780 41M PE01cddp

Figure 4.3 Western blot analysis of 3 components of the PI-3 kinase signalling pathway.
PI-3 kinase (p85) was detected using antibody P13020 (Transduction Laboratories ), anti-PTEN
antibody (Sigma #P7482) was used to detect this protein (p56), total Akt (p60) was detected using
#9272 (NEB), and Actin was detected as a control for Western blot loading, using clone CP01 raised
to a,P and y forms.

The p85 subunit of PI-3 kinase was expressed equally in all of the lines except for
OVCAR5 and PE01cddp, both of which produced slightly lower levels. Interaction of

p85 with the catalytic pi 10 subunit is required to create a functional PI-3 kinase

enzyme. As no generic antibodies yet exist to the pi 10 unit it was not included in

analysis. Akt was most highly expressed in A2780 and 41M lines, whereas PTEN
was found to be equally abundant in all of the cell lines analysed. There is no

obvious correlation of this data with cell function, however levels of phospho-Akt in
time course control samples should again be more revealing.

4.2.2 PI-3 kinase signalling in ovarian cancer cell lines

Phospho-Akt was measured by Western blot analysis using an antibody specific for

phosphorylation on the serine 473 residue. As gel separation of ERK1/2 and Akt is
sufficient to simultaneously probe for both proteins, Western blot data in figure 4.4 is
from the same exposure as those used in figure 4.2.
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Figure 4.4 Western blot analysis of phospho-Akt within a 24h time course exposure to TGFa and
NRG1(3.
Four ovarian carcinoma cell lines were placed in reduced media (RPMI without phenol red + 5%
dextran-charcoal stripped FCS) for 24h, then exposed to TGFa (InM) or NRG1J3 (O.lnM) for varying
periods of time between 15 min and 24h. 0 and 24h controls were also taken. Lysates were probed
with anti-phospho-Akt (ser47j) p60 using antibody #2971 (NEB). Total Akt was also detected as a
control, blots showed a constant signal and are therefore not shown.

Growth factor induction of phospho-Akt in the SKOV-3 cell line had a very similar

profile to ERK activation. TGFa stimulation remained present for over 5 hours, and

again there was no response to NRG 1(3. The PEOl cell line also showed similarity
between Akt and ERK phosphorylation patterns in the presence of the two growth
factors. As was observed previously in these cells, TGFa induced a greater increase

in phosphorylation than NRG1 (3, and signal duration was shorter in both cases for
this molecule. The OVCAR5 cell line showed similar phospho-Akt induction with

both growth factors, however this was present only at the 15 minute time point.
A2780 cells showed no response to the growth factors, but again there appeared to be
a low level of constitutive activation. Although the ERK and PI-3 kinase pathways
are activated through different receptor interactions, the observed similarity of ERK
and Akt signalling profiles suggests that common activation by Ras may have a

significant influence on them both.

Detection of phospho-Akt in control samples was poorly reproduced in these
Western blot analyses, therefore little can be deduced from them in relation to basal
cell functions.
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4.3 The PLCy pathway

Activation of PLCy occurs via interaction with the phosphorylated internal domains
of an erbB dimer. Total expression of this protein was demonstrated by exposing

lysates to a relevant antibody. However, detection of active PLCy proved difficult,
and robust blots could only be produced from a very limited number of samples.
Active PLCy was immunoprecipitated from cell lysates using a phosphotyrosine

specific antibody, and then blotted with an antibody raised to total PLCy. To
determine that the correct band was exposed, a sample of input lysate was run in an

adjacent lane to the pulled down sample and both were revealed using the total PLCy

antibody. A discrete, single band was detected in both lanes at the same position on

the gel.

4.3.1 Expression of PLCy in ovarian cancer cell lines
Total expression levels of PLCy were determined using Western blot analysis of
control sample lysates from the six cell lines.

SKOV-3 PEOl OVCAR5 A2780 41M PE01cddp

mm
- PLCy (pi 55)

Figure 4.5 Western blot analysis of total PLCy in 6 cell lines.
PLCy (p 155) was detected using antibody P12220 (Transduction Laboratories), and Actin was
detected as a control for Western blot loading, using clone CP01 raised to a,[) and y forms.

The SKOV-3 and A2780 cell lines were the highest expressers of total PLCy,

OVCAR5 cells expressed slightly less, and the remaining lines very little. There was

some association between total expression levels of PLCy and basal cell growth as

both were high in A2780 cells and low in PEOl. A similar correlation with
migration was also observed.
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4.3.2 PLCy signalling in ovarian cancer cell lines

Phospho-PLCy was detected via immunoprecipitation as described, but robust data

was only obtained for TGFa stimulated cells at the 15 minute time point.

+TGFa

0 0.25 hours

SKOV-3
» —TP

- P-PLCy

PEOl . P-PLCy

OVCAR5
- P-PLCy

A2780
- P-PLCy

Figure 4.6 Western blot analysis ofphospho-PLCy at 0 and 15 min exposure to TGFa
Four ovarian carcinoma cell lines were placed in reduced media (RPM1 without phenol red + 5%
dextran-charcoal stripped FCS) for 24h, then exposed to TGFa (InM) for 0 and 15 min. Lysates were
probed via sample pull down using phosphotyrosine antibody (clone PY20) and protein sepharose A
beads, followed by Western blot analysis using PLCy antibody pl2220 (Transduction laboratories).
All 8 samples were detected simultaneously.

The data shown in figure 4.6 confirms that PLCy in the SKOV-3, PEOl and

OVCAR5 cell lines was induced by TGFa stimulation, although no data were

obtained for NRGip, or for longer time points. Despite A2780 cells expressing the

highest levels of PLCy, it appears to be inactive under both basal and TGFa
stimulated conditions. This contrasts markedly with the constitutive activation of

phospho-ERK and -Akt in this cell line. The only cell line to show phosphorylation
of this protein in control samples was SKOV-3. Although total levels of protein had
shown some association with end points, these appear irrelevant as activated protein
levels do not associate in the same way.

4.4 Growth factor stimulated signalling and cell phenotypes

Inherently, a relationship must exist between growth factor induced signalling, and
the stimulated functional effects observed in their presence. Although these

pathways represent good candidates, they are clearly not the only signal transducers
of receptor activation. The time courses shown in figure 4.2, 4.4 and 4.6 indicate

84



activation of ERK, PI-3 kinase and PLCy pathways by growth factors, for four of the
six lines originally investigated. Migration (figure 3.6) and growth data (figure 3.5)
can be related to this Western blot analysis as lysates were prepared in the presence

of InM TGFa, and 0.1 nM NRG 1(3 (equally mitogenic concentrations of growth

factor).

4.4.1 TGFa stimulation of cell lines

Western blot analysis of SKOV-3, PEOl and OVCAR5 cell lines in the presence of
TGFa all showed an increase in levels of phosphorylated ERK, Akt and PLCy upon

growth factor addition. Phospho-ERK and -Akt signals were present to a greater or

lesser extent at the 5 hour time point, but were lost by 24 hours. A2780 cells showed

constitutive activation of ERK and Akt, but levels of phospho-PLCy were

undetectable. Growth data showed that TGFa stimulation of the SKOV-3 cells

increased cell number 1.4-fold, and PEOl cells 2.2-fold relative to control, whereas

the OVCAR5 and A2780 cell lines showed no response. PEOl and SKOV-3 cells

had the strongest TGFa induced signals of phospho-ERK and -Akt after 5 hours.
Subtle variation in signal duration or amplitude is frequently used by cells to induce
different signalling outcomes and may be important for these observed growth
effects. However, induction of both of these phospho-proteins in OVCAR5 cells was

still significant and very similar in profile to PEOl and SKOV-3, yet had no growth

response. This suggests that in this cell line ERK, Akt or PLCy activation by TGFa
stimulus is insufficient to drive increases in cell number, and must involve additional

cascades, or permissive factors. The A2780 cells showed no response to growth
factor stimulation in either signalling or functional assays, however the high basal

activity of both ERK and Akt in these cells may be associated with fast basal growth
rates observed, and may make further stimulation difficult. These data, at least in
three cell lines, support a role for ERK and Akt in cell growth. The findings also

suggest that other pathways or factors not investigated in this study are involved in
cell proliferation.
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In migration assays, the SKOV-3, PEOl and OVCAR5 cell lines showed a large and

significant increase in migration capacity in the presence of TGFa. This suggests

that stimulation lasting a number of hours within the ERK and PI-3 kinase pathways,
and also PLCy activation, is associated with migration in these cell lines. A2780

cells showed quite high basal motility and a small stimulation to this in the presence

of TGFa, while exhibiting constitutive and non-stimulated activity of the ERK and
PI-3 kinase pathways, and no detectable levels of phospho-PLCy. These results are

consistent with an involvement of these signalling pathways in cell migration, and

again suggest that other cascades may influence this end point.

4.4.2 NRGlp stimulation of cell lines

The concentration of TGFa remained the same in growth and migration assays

(InM), however, NRG 1(3 was used at 0.1 nM in migration assays and these blots.
This provided an equally potent growth stimulus from the two ligands. PEOl cells
exhibited a shorter, and less intense induction of phospho-ERK and -Akt in the

presence of NRGip compared to TGFa. Although a similar growth response

occurred under both conditions, migration was stimulated to a much greater extent by
TGFa. This observation is consistent with an association between greater signalling
duration through these pathways and cellular migration. OVCAR5 cells showed a

similar activation of ERK and Akt in the presence of both TGFa and NRGlp,

although the NRGip signal was lost more quickly. Under these conditions, NRGlp
induced a slightly higher growth rate, and TGFa gave a much greater drive to

migration, again associating the more intense signal with motility. No activation of
ERK or Akt was detected in SKOV-3 or A2780 cell lines with addition of NRGip,
and no significant stimulation of growth or migration occurred either. These results
are again consistent with an involvement of these pathways in cell functions that
were tested.

4.5 Discussion

Detection of phospho-ERK and phospho-Akt directly reflects the signalling of their

upstream pathway components, revealing a cumulative signal which is generated by
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the cascade and its various inputs. It is interesting that the highest level of phospho-
ERK was detected in the A2780 cell line, correlating with the most abundant

expression of pathway components. While PEOl and OVCAR5 cells expressed very

similar levels of members of the ERK pathway, the OVCAR5 cell line had a much

higher basal level of phospho-ERK. Although profiling expression levels of the

pathway constituents was informative, it is not possible to analyse all the proteins
involved within a cascade, and even where broader analysis has been carried out,

high expression levels do not always correlate with increased kinase activity in vivo.
The observations from these data suggest that although greater expression levels of

pathway proteins sometimes correlates with greater activity, a moderate expression
of those proteins in a cell is sufficient to transduce signals, which is controlled in

magnitude by a wide range of other cellular and environmental influences.

Intracellular signalling is a mechanism used by all cell types to direct cell functions.
Promiscuous activation of such pathways is a common phenotype of transformed
cancer cells and leads to deregulated cell behaviour. The signalling data in this

chapter showed some basal stimulation of the ERK, PI-3 kinase and PLCy pathways
in these cell lines. Phospho-ERK and -Akt were present in all of the unstimulated

samples, whereas phospho-PLCy was only present in the SKOV-3 cells. As

discussed previously, this may be due to the presence of ligands in the growth
environment. However, SKOV-3 cells have been shown to over-express the erbB2

receptor, a feature which has been linked to its constitutive activity as previously
discussed. Such ligand independent phosphorylation of downstream targets may

contribute to this basal signal. Peles et al showed that in such situations, PLCy is

frequently associated with these receptors, which may account for the observed
activation of this pathway within these cells (Peles et al., 1991). Relative to SKOV-3

cells, the A2780 and OVCAR5 cell lines appear to have higher levels of phospho-

ERK by Western blot analysis, suggesting that these may also exhibit deregulated

signalling activity. If these speculations are correct, these findings may also suggest

cellular desensitisation within these systems (a process whereby continual signalling

activity leads to down-regulation of a response). The SKOV-3 and OVCAR5 cells
do not show very high levels of phospho-ERK or -Akt in their control samples, and
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do show growth factor stimulation, suggesting that background pathway activity is
muted to enable continued cellular response to external inputs. Equally, the very

strong base line signal of the A2780 cells, and lack of further stimulus, fully supports

the notion of deregulated constitutive pathway activation in this cell line (as

projected in the previous chapter), possibly due to deregulation of an input or of
cascade components with no desensitisation.

The A2780 cell line demonstrated both a high growth rate and a significant capacity
for migration in association with the strongest phospho-ERK and phospho-Akt

signals in basal Western blot analysis. These observations suggest an association
between activation of the ERK and PI-3 kinase cascades and cell proliferation,
survival and migration. The SKOV-3 and PEOl cell lines also showed a correlation
between activation of these pathways and induction of cell growth. Western blot

analysis demonstrated activation of signalling molecules in these cell lines when

growth was induced, and no response where cells grew similar to controls. Intensity
and duration of this signal was however somewhat variable and did not appear to

associate with the magnitude of growth factor effects, suggesting involvement of
additional signals. ERK signalling is commonly associated with cell growth,
whereas Akt is frequently associated with increased cell survival, although both have
been implicated in reciprocal roles (reviewed by Schlessinger, 2000). Measurement
of cell number in these assays does not enable us to distinguish between these

phenomena in relation to the signalling data, however we can predict that the
outcome is a combined effect of the two processes. Use of NRGip at O.lnM in

signalling experiments did not allow further analysis of these events in relation to the

magnitude of cell lines growth response, however, it did enable this comparison to be
made relative to migration effects. TGFa appeared to induce greater duration of

phospho-ERK and -Akt signal than NRGip at these concentrations and similarly
induced more cellular migration, again signalling response was only observed

concurrently with functional effect. These data suggest that the intensity of ERK and
PI-3 kinase pathway stimulation may relate to this phenotype. PLCy signalling
correlated well with induced cell migration, thereby implying a role for all three

pathways in this phenotype, consistent with findings in a number of other cell
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systems (Carloni et al., 1997; Chen et al., 1994; Kassis et al., 2001; Zhang et al.,
1999).

The OVCAR5 cell line gave results which appeared to differ from the trends

suggested by the other lines in the study. Growth was stimulated by addition of

NRGip, particularly at InM concentration, but also at O.lnM, whereas TGFa had no

effect. Conversely, in migration assays, TGFa induced motility but NRGlp appeared
to have minimal input. However, Western blot analysis revealed that both growth
factors induced similar profiles of activation in the ERK and PI-3 kinase pathways.
This suggests that neither cascade is exclusively involved with these end points, but

implies a requirement for other pathways, or permissive factors, to achieve altered

cell functions. However, these cells did show induction of PLCy in the presence of

TGFa, as well as increased migration, lending further support to the role of this

pathway in cell motility.

In Chapter three, NRGip was shown to have a more potent influence on cell growth
in 3 of the 6 cell lines. Of the remaining three lines, A2780 showed no response to

any of the ligands used in the assay, PE01cddp showed growth reversals, and SKOV-

3 cells demonstrated a response to TGFa but not NRGip. Analysis of downstream

signalling in the SKOV-3 cell line revealed a similar pattern of ERK and Akt
stimulation with addition of these growth factors. This finding may suggest that the
SKOV-3 cells do not receive any 'input' from NRGlp stimulation, possibly

explaining its lack of response and lending further support the differential impacts of
TGFa and NRGlp.

The experiments within this chapter have investigated the signalling events induced

by TGFa and NRGip growth factors, which have already been demonstrated to have
functional affects within these cell systems. There are potential associations between
ERK and PI-3 kinase activation and cell growth, and all three of the investigated

pathways with cell migration. These will be further investigated in the following

chapters using specific inhibitors of these cascades to determine whether this is a real
or casual association being observed.
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Part I

The previous chapters have shown that TGFa and NRGip both stimulate growth and

migration of ovarian carcinoma cell lines, but vary in their potency. These growth
factors have also been shown to induce phosphorylation of molecules within the PI-3

kinase, ERK kinase and PLCy pathways in four of the cell lines studied. To test the

associations between ligand induced signalling and functional end point, a number of
small molecule inhibitors were used to specifically block the pathways of interest.
Before the inhibitors could be utilised to full effect within growth and migration

assays however, optimal concentrations needed to be determined. This optimisation
itself revealed much about the cell lines and signalling cascades, and is shown in full
in part one of this chapter. Table 7.1 in materials and methods gives details of the
inhibitors used.

Growth experiments were again carried out over 5 days, with the subset of cell lines
utilised in signalling experiments, and relative growth calculated as the change in cell
number over 5 days. The inhibitors were added before TGFa treatment to enable
cell uptake and inhibitor activation. Growth data were analysed using a paired
Student's t-test, comparing TGFa driven growth with its relevant unstimulated
control (to determine significant growth induction in the presence and absence of
each inhibitor), and also growth in the presence of inhibitor with that in the absence
of inhibitor (to indicate significant reductions in basal and stimulated cell growth).
These different analyses allow interpretation of pathway influence upon two subtly
different end points. Western blot analysis was carried out on lysates which had
been exposed to reduced media for 24 hours, then pre-treated with inhibitor and

exposed to TGFa for 15 minutes. These blots were used to determine inhibitor

activity and any immediate direct or indirect effects on signalling pathways.

Phospho-Akt and phospho-ERK blots are shown in each figure.

5.1 Inhibition of the EGF receptor; Iressa

Iressa is an inhibitor of the EGFr, developed by Astra-Zeneca for treatment of cancer

patients. It is a potent and selective inhibitor of the receptor, shown to induce
significant growth delay and tumour regression, in a range of human xenografts
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following oral dosing (Arteaga and Johnson, 2001). Growth assays were carried out

using Iressa at concentrations between 0.03 and 3jiM (figure 5.1 a-d). In addition to

Western blot analysis of phospho-ERK and -Akt, levels of phosphorylated EGFr and
erbB2 were also measured (figure 5.1 e-h).

Of the four cell lines tested, PEOl showed the largest and most significant growth
increase in the presence of TGFa (figure 5.1b) and therefore best demonstrated
inhibitor effects on both basal and stimulated cell growth. Experiments with these
cells indicated that increasing concentrations of Iressa decreased cell proliferation.
Incubation of PEOl cells with 0.3jaM Iressa, in reduced media conditions,

significantly reduced basal growth relative to control, again suggesting media or

autocrine driven basal growth. TGFa growth stimulation was also decreased at

0.1 (iM, and completely abolished at 0.3|lM. As discussed previously, TGFa

stimulation of PEOl cells results in an increase in levels of phosphorylated erbB2,

EGFr, Akt and ERK. Flowever, in the presence of concentrations of Iressa > 0.3pM,

TGFa was no longer capable of inducing phosphorylation of EGFr, erbB2 and Akt

(figure 5.If), and induction of phospho-ERK was also greatly reduced. The SKOV-3
and OVCAR5 cell lines showed a similar growth response to the EGFr inhibitor as

the PEOl cells, although TGFa stimulation was less, and a significant decrease in

growth rate only occurred at >l|iM Iressa (figure 5.1a,c). Western blot analysis of
these two lines showed loss of TGFa induced phospho-EGFr above l|iM

concentration of Iressa (figure 5.1 e,g). SKOV-3 cells showed an absence of both
Akt and ERK activation at this concentration, again reflecting the EGFr Western

blot. OVCAR5 cells however, retained a low level of growth factor induced

phospho-ERK and -Akt, even at the highest doses of Iressa, which was not reflected
in the EGFr blot. This may reflect residual pathway activity captured due to the
short exposure time used in lysate preparation, or may be a result of incomplete
receptor inhibition in this highly expressing cell line. The A2780 cells showed no

response to growth factor addition, but a decrease in stimulated growth compared
with control (figure 5.Id). This suggests either some growth reliance upon autocrine
EGFr signalling in this line not previously observed or non-specific effects from
Iressa. Detection of phospho-EGFr was difficult in the A2780 cell line due to its low
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Figure 5.1 Growth and cell signalling of 4 ovarian carcinoma cell lines exposed to Iressa; EGFr
inhibitor.

A-d) Cells were exposed to Iressa in reduced media conditions (RPMI phenol red free + 5% dextran
charcoal stripped FCS) at concentrations between 0.03 - 3 |iM; after 24 hours in the presence of
reduced media and 5min pre-incubation with inhibitor, TGFa (InM) was added. Cells were treated
day 0 and day 2, then counted on day 5 using a coulter counter, and expressed as a value relative to
untreated control. Each experiment was carried out in quadruplicate and mean value shown, n=2,
error bars=SEM. Student's paired t-test used to determine p<0.05 significance of stimulated value;*=
growth in the presence of growth factor v own no growth factor control;0= growth in presence of
inhibitor v growth under same conditions in absence of inhibitor.
E-h) Western blot data used lysates prepared from cells pre-treated exactly as the growth assay, then
exposed to TGFa for 15 min. Lysates were probed with an anti-phosphotyrosine antibody to reveal
phospho-EGFr and erbB2, anti-phospho-Akt (p60) and anti-phospho-ERK. (p42/p44).
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expression level (figure 5.1h). There was a clear decrease in levels of the

phosphorylated Akt in this cell line with increasing concentration of Iressa, but a

constantly high level of phospho-ERK. This suggests that signalling through the
EGFr activates the PI-3 kinase pathway in this cell line, or again that Iressa is having
a direct effect upon this signalling cascade.

Data demonstrate simultaneous activation of EGFr and erbB2, the ERK and PI-3

kinase pathways in three of the cell lines, and induction of none in A2780 cells. This

is consistent with the involvement of activated EGFr homo- and heterodimers in

signalling pathway induction. Furthermore, data suggest that the PI-3 kinase cascade
induces cell growth in all of the cell lines, whereas ERK signalling appears to have
an effect in just the SKOV-3, PEOl and OVCAR5 lines.

5.2 Inhibition of the ERK kinase pathway
Two inhibitors PD98059 and U0126, were used to block the ERK kinase pathway.

Although the binding site for these 2 molecules overlaps on MEK1 and both display

non-competitive binding, their mechanism of action is different (Cali J., 2001).
PD98059 inhibits phosphorylation of MEK1 (and MEK2 less efficiently) by

upstream kinases, but has no effect when they are already activated. U0126
however inhibits the active forms of MEK1 and MEK2 with equal potency. Both

inhibitors were used to provide independent confirmation of pathway dependency.

Furthermore, any observed differences between the inhibitors may suggest a

differential role for MEK 1 and 2, or reveal constitutive pathway activation. As

kinase activity of MEK specifically targets ERK, Western blot analysis of phospho-
ERK was used as a determinant of inhibitor activity.

5.21 PD98059

This inhibitor was used to treat the 4 ovarian cancer cell lines in growth assays at

concentrations between 0.1 pM and lOOpM (figure 5.2).
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Figure 5.2 Growth and cell signalling of 4 ovarian carcinoma cell lines exposed to PD98059; MEK
inhibitor

a-d) Cells were exposed to PD98059 in reduced media conditions (RPMI phenol red free + 5%
dextran charcoal stripped FCS) at concentrations between 0.1 - 100 pM, after 24 hours in the presence
of reduced media and 60 min pre-incubation with inhibitor, TGFa (InM) was added. Cells were
treated day 0 and day 2, then counted on day 5 using a coulter counter, and expressed as a value
relative to untreated control. Each experiment was carried out in quadruplicate and a mean value
shown, n=2, error bars=SEM. Student's paired t-test used to determine <0.05 significance of
stimulated valuejO^ growth in the presence of growth factor v own no growth factor control; * =
growth in presence of inhibitor v growth under same conditions in absence of inhibitor,
e-h) Western blot data used lysates prepared from cells pre-treated exactly as the growth assay, then
exposed to TGFa for 15 min. Lysates were probed with an anti-phospho-Akt (p60) and anti-phospho-
ERK (p42/p44).
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Again, PE01 cells showed the greatest growth changes in response to TGFa (figure

5.2b). The magnitude of ligand stimulated growth was again decreased with

increasing concentration of inhibitor. At 50|iM PD98059, growth stimulation over

control was lost, and compared to growth in the absence of inhibitor, was

significantly reduced. Correspondingly, levels of phospho-ERK were reduced at this
concentration while phosphorylated Akt remained unaffected (figure 5.2f). In the
SKOV-3 cell line there was minimal growth stimulation with TGFa, therefore
inhibitor effects on this were indeterminable (figure 5.2a). However, basal cell

growth was decreased with increasing concentrations of PD98059, an effect which
became significant relative to controls at the highest dose of inhibitor (lOOfiM).
Western blot analysis examining the inhibitors effects on levels of phospho-ERK
reflected the cell growth data (figure 5.2e). Both basal and stimulated levels of

signalling and growth were reduced, but not lost, with increasing concentrations of
PD98059. The OVCAR5 and A2780 cell lines showed no growth stimulation in the

presence of TGFa, however, in the presence of PD98059 they did exhibit a decrease

in unstimulated growth relative to untreated controls (figure 5.2c,d). This was

apparent at lOpM in both cell lines, but only reached significance at 50p,M for

OVCAR5, and at 100|lM for A2780. Western blot analysis showed no influence

upon phospho-Akt levels in any of these cell lines, but there were significant
reductions in levels of phosphorylated ERK which correspond with growth decreases

(figure 5.2g,h).

Data suggest that phosphorylation of ERK is a major regulatory event in cell growth.
The OVCAR5 cell line still appears exceptional with its clear induction of this

pathway despite displaying no growth response in the presence of TGFa. It is

interesting that blocking TGFa induced growth stimulation with this inhibitor does
not block induction of phospho-Akt. This implies that activation of Akt by TGFa is
either upstream of MEK in this growth effect, or in a parallel pathway not involved
in TGFa mediated proliferation.
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5.22 U0126

U0126 was used in growth assays at concentrations between 0.1 jiM and 100pM

(figure 5.3). This inhibitor provided a far more potent and efficient block to the ERK

pathway than PD98059, removing detectable phospho-ERK signals in all cell lines.

The PEOl cell line lost significant TGFa growth stimulation at 10|EM U0126, but

basal growth was not affected until concentrations of inhibitor reached 1 OOpM

(figure 5.3b). The SKOV-3 cells demonstrated significant reduction in basal and
stimulated growth at 5()uM concentration of inhibitor (figure 5.3a). Growth in the
OVCAR5 and A2780 cell lines was also significantly affected by the U0126

compound and this impact was realised at 10 and l|lM respectively (figure 5.3c,d).
In all four cell lines 5()uM concentration of this inhibitor removed any detectable

phospho-ERK signal, although results at the lOpM concentration may have been
more revealing. As observed with the PD98059 there was no effect on levels of

phospho-Akt at this time point in three of the cell lines studied. However, OVCAR5
cells showed a reciprocal increase in levels of activated Akt as phosphorylated ERK

decreased, suggesting some interaction between activation of these molecules in this
cell line. As prevention of ERK phosphorylation in this line results in increased

phosphorylation of Akt, this implies a common activator of the two, which is
stimulated by TGFa. This effect appears to be cell line specific and may suggest the
involvement of MEK2, or constitutive phosphorylation of MEK1/2, as similar effects
were not observed in the presence of PD98059.

The two MEK inhibitors gave similar overall results, and both strongly implicate the
ERK kinase pathway as being a major drive to basal and TGFa stimulated increases
in cell number. The data sets demonstrate a constant (or increased) level of phospho-

Akt in the presence of inhibitors, while cell number is shown to decrease

corresponding to a loss in ERK signal. This observation provides evidence for the

importance of the ERK pathway in a TGFa mediated growth response, while

suggesting that stimulation of the PI-3 kinase cascade is insufficient to drive this
process when MEK is inhibited.
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Figure 5.3 Growth and cell signalling of4 ovarian carcinoma cell lines exposed to U0126; MEK inhibitor
a-d) Cells were exposed to U0126 in reduced media conditions (RPMI phenol red free + 5% dextran
charcoal stripped FCS) at concentrations between 0.1-100 pM, after 24 hours in the presence of reduced
media and 5 min pre-incubation with inhibitor, TGFa (InM) was added. Cells were treated day 0 and day
2, then counted on day 5 using a coulter counter, and expressed as a value relative to untreated control.
Each experiment was carried out in quadruplicate and a mean value shown, n=l, error bars=SEM.
Student's unpaired t-test used to determine p<0.05 significance of stimulated value;* = growth in the
presence of growth factor v own no growth factor control; <>= growth in presence of inhibitor v growth
under same conditions in absence of inhibitor.
e-f) Western blot data used lysates prepared from cells pre-treated exactly as the growth assay, then
exposed to TGFa for 15 min. Lysates were probed with anti- phospho-Akt (p60) and anti- phospho-ERK
(p42/p44).
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5.3 Inhibition of the PI-3 kinase pathway; LY294002
This inhibitor competes for the ATP binding site of PI-3 kinase, preventing
downstream phosphorylation of Akt (the important indicator of inhibitor activity in
this data set). LY294002 was used in growth assays at concentrations between
0.1 p.M and 100|iM (figure 5.4).

Significant TGFa growth stimulation occurred in both SKOV-3 and PEOl cell lines

(figure 5.4a,b). This effect was not significantly reduced until 50liM and lOpM
concentrations of inhibitor were present respectively. Growth factor stimulation over

control growth was not lost however until 1 OOliM LY294002 was present in the cells

growth environment. OVCAR5 and A2780 showed no response to growth factor

stimulation, however basal growth rates were decreased at lOpM inhibitor
concentrations (figure 5.4 c,d). Western blot data indicated that this was a very

potent inhibitor, removing detectable phospho-Akt signal at 1 OpM in all four cell
lines (figure 5.4e-h). Levels of activated ERK remained unaffected in 3 of the cell

lines, however OVCAR5 cells again showed some interaction between PI-3 kinase
/Akt and ERK kinase.

Blockade of PI-3 kinase activity appears to inhibit the TGFa induced growth

response, even though there is no reduction in the levels of phospho-ERK. This

implies that high levels of phospho-ERK are insufficient to drive an increase in cell
number when PI-3 kinase activity is inhibited, and that this pathway may play a role
in promoting cell growth. Flowever, as PI-3 kinase activity is very strongly
associated with cell survival, and likewise ERK with growth, these observed effects

may relate to an altered balance between these two processes. Proliferation of the
cell population may be driven by ERK signalling, while loss of phospho-Akt means

that survival signals are lost and the rate of apoptosis thus increases. The overall
effect observed in the growth assay is then picked up as a small increase in cell

growth which is less than control over the 5 day experimental period.
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Figure 5.4 Growth and cell signalling of 4 ovarian carcinoma cell lines exposed to LY294002; PI-3 kinase
inhibitor

a-d) Cells were exposed to LY294002 in reduced media conditions (RPMI phenol red free + 5% dextran
charcoal stripped FCS) at concentrations between 0.1-100 |tM, after 24 hours in the presence of reduced
media and 30 min pre-incubation with inhibitor, TGFa (InM) was added. Cells were treated day 0 and
day 2, then counted on day 5 using a coulter counter, and expressed as a value relative to untreated control.
Each experiment was carried out in quadruplicate and a mean value shown, n=2, error bars=SEM.
Student's paired t-test used to determine <0.05 significance of stimulated value; * = growth in the presence
of growth factor v own no growth factor control; 0~ growth in presence of inhibitor v growth under same
conditions in absence of inhibitor.

e-h) Western blot data used lysates prepared from cells pre-treated exactly as the growth assay, then
exposed to TGFa for 15 min. Lysates were probed with antibodies raised to anti-phospho-Akt (p60) and
anti-phospho-ERK (p42/p44).
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5.4 Inhibition of the PLCy pathway; U73122

Compound U73122 is a specific inhibitor of agonist induced PLCy activation, and
has been used in numerous in vitro and in vivo studies to block this pathway. This
inhibitor was used in assays between 0.1 and 100(iM concentrations (figure 5.5).
Western blot analysis of active PLCy would have been most valuable in this data set

to determine effective PLCy targeting, however this was not obtained due to the

difficulty experienced detecting the phospho-protein.

SKOV-3, OVCAR5 and A2780 cell lines showed no growth effect of U73122 until

very high concentrations were used (100p.M). However the PEOl cell line

demonstrated a significant reduction in cell growth at 1 OpM of this inhibitor, which

was further reduced at 100|lM. Almost all the cells were dead in the lOOjiM

samples, suggesting that this inhibitor is specifically inducing cell death through
inhibition of PLCy, or that it has non-specific, toxic effects on these cells at higher
doses. As Western blots analysis of PLCy activation was not obtained in the

presence of this inhibitor, it is not possible to determine whether the observed effects
are due to inactivation of the target. Therefore this data cannot reveal whether or not

PLCy plays a role in TGFa mediated growth signalling.
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Figure5.5 Growth and cell signalling of 4 ovarian carcinoma cell lines exposed to U73122; PLCy inhibitor
a-d) Cells were exposed to U73122 in reduced media conditions (RPMI phenol red free + 5% dextrancharcoal
stripped FCS) at concentrations between 0.1-100 pM, after 24 hours in the presence of reduced media and 5
min pre-incubation with inhibitor, TGFa (InM) was added. Cells treated day 0 and day 2, then counted on
day 5 using a coulter counter, and expressed as a value relative to untreated control. Each experiment was
carried out in quadruplicate and a mean value shown, n=2, error bars=SEM. Student's paired t-test used to
determine <0.05 significance of stimulated value; *= growth in the presence of growth factor v own no growth
factor control; 0= growth in presence of inhibitor v growth under same conditions in absence of inhibitor,
e-h) Western blot data used lysates prepared from cells pre-treated exactly as the growth assay, then exposed to
TGFa for 15 min. Lysates were probed with anti- phospho-Akt (p60) and anti-phospho-ERK (p42/p44).
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5.5 Discussion

The impact of individual inhibitors on their targets was assessed by analysis of

signalling events within the respective pathway. The decision to use a 15 minute
time point to record this effect was based on data shown in Chapter four. These had
indicated that immediate signalling events induced by growth factor stimulation were

the most dramatic, and that those within the first 5 hours were perhaps the most

influential (lysates prepared after 24 hours exposure to growth factor demonstrated

phospho-ERK and -Akt signals akin to basal levels). Inhibitors were therefore added

to cells prior to addition of TGFa, to allow enough time for their uptake and enable

targeting of the molecules of interest. Western blot analysis confirmed that the

approach was successful within the parameters used.

The inhibitors demonstrated different potencies in each of the cell lines tested,
however this did not always relate to variation in expression levels of their target

proteins. In the Iressa data set, phospho-EGFr was apparent in control lanes of three

cell lines, this signal was lost at 0.3jiM inhibitor concentration in PEOl cells, IpM in

SKOV-3 cells, and 3pM in OVCAR5 cells. This order reflects the increasing levels
of receptor expression in the cell lines (figure 2.1). There was also some correlation
between cellular expression of PI-3 kinase and effects of LY294002. A more

pronounced signal was present in Western blot analysis at 1 pM inhibitor in A2780 >

SKOV-3 > PEOl > OVCAR5, correlating with cell line expression levels in blots
shown in figure 4.3. Further association cannot be made though, as phospho-Akt

signals were lost from all of the cell lines at the next applied inhibitor concentration
of 10|lM. Conversely, and counter-intuitively, no evidence was found to suggest a

link between the activity of the MEK inhibitors and cell line expression levels of this

protein. As blots were not available for levels of phospho-PLCy in the presence of
U73122, an association between compound potency and signal loss cannot be made.

Investigation of two different inhibitors of the ERK kinase pathway showed some

surprising differences between their activity, when measuring levels of potency in
terms of levels of phospho-ERK. The U0126 compound appeared to be more

effective than PD98059 in our cell lines. U0126 abolished the phospho-ERK signal
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in all of the cell lines at relatively low concentrations, whereas a two-fold higher
concentration of PD98059 could not completely inhibit the activation of ERK in
SKOV-3 or PEOl cell lines. As PD98059 has much lower affinity for MEK2 than
MEK1 this observation may suggest that MEK2 is a vital part of the signalling
cascade. As U0126 is able to inactive all phosphorylated MEK molecules, whereas
PD98059 only inhibits de novo phosphorylation of the protein, this observation may

also suggest constitutive activity of this pathway, particularly in the SKOV-3 and
PEOl cell lines which were largely unaffected by the PD98059 inhibitor.

Possible interactions between activated ERK and PI-3 kinase pathways were also
revealed by use of specific inhibitors. The MEK inhibitors demonstrated that a

phospho-Akt signal in the absence of Phospho-ERK was not sufficient to drive cell

growth. This suggested that activation of Akt by TGFa plays a role either upstream

of MEK in cell growth, or is in a parallel pathway not involved in TGFa mediated

proliferation. Flowever, inhibition of PI-3 kinase showed that high levels of

phospho-ERK, in the absence of phospho-Akt, were unable to drive an increase in
cell number greater than control. This observation would suggest that Akt is
involved either downstream of ERK in activation of cell proliferation, or in a parallel

pathway which also contributes to an overall change in cell number. Akt may

therefore be potentiating a cell survival signal, as opposed to inducing proliferation
per se.

These experiments have revealed that TGFa driven increases in cell number are

mediated by activation of the ERK and PI-3 kinase pathways, potentially acting to
increase both cell proliferation and survival. Furthermore, they have also allowed an

informed choice of inhibitor concentration for use in functional analysis, as detailed

in part II of this chapter.
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Part II

Further to the optimisation experiments in the first part of this chapter, a relevant
concentration of each inhibitor was selected. These were used in functional

experiments to investigate the relative contributions of the EGFr and downstream

signalling pathways to cell growth and migration.

5.6 Receptor and pathway inhibitors in functional assays

The effects of inhibitors on cell growth (based on day 5 cell counts), in the presence

and absence of InM TGFa or NRGlp, were determined. Cell lysates were

simultaneously taken for Western blotting. These conditions were used as they had

previously shown the greatest growth effects of the two ligands. Migration assays

were also carried out with the inhibitors in cells incubated with InM TGFa. In both

assays, cell lines were exposed to the different inhibitory compounds prior to

addition of the ligands, this was to enable their entry to the cell and interaction with
their target prior to growth factor stimulation. As this study has associated erbB2

with TGFa driven migration, and much literature suggests a key role for this receptor

in both cell mitogenesis and motility, Herceptin (a humanised antibody raised to

erbB2) was added to the bank of inhibitors as a method of down-regulating this

receptors activity.

5.6.1 Inhibition of growth in the SKOV-3 cell line
Growth responses and associated early signalling events were observed in the

SKOV-3 cell line after exposure to specific inhibitors in combination with TGFa or

NRG1 (3 (figure 5.6).

i) Iressa inhibition of the EGFr: In the presence of this inhibitor, basal cell growth
was reduced, and TGFa growth stimulation totally abolished (although the initial
TGFa stimulation over control didn't reach significance, growth decrease in the

presence of inhibitor were significantly reduced by comparison) (figure 5.6a).
Western blot analysis of lysates stimulated by TGFa showed that the phospho-ERK
and -Akt signal was reduced to basal levels in the presence of Iressa (figure 5.6b).

Although NRGip blots showed no pathway stimulation in the presence of growth
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Figure 5.6 (a) Growth effects of a panel of inhibitors on the SKOV-3 cell line.
Day 5 growth of SKOV-3 cells pre-exposed to Iressa (lpM), Herceptin (100pg/ml), PD98059
(50pM), LY294002 (lOpM) and U73122 (2pM) in reduced media conditions (RPM1 phenol red free +
5% dextran charcoal stripped serum), followed by addition of TGFa (InM) or NRG1 P (InM). Cells
were treated on day 0 and day 2, and counted at day 5 using a coulter counter. Cell number was
expressed as a value relative to untreated control. Each experiment was carried out in quadruplicate
and mean value shown, n=2, error bars=SEM. Student's paired t-test was used to determine p<0.05
significance of stimulated value; * = growth in the presence of growth factor v no growth factor
control;* = growth in presence of inhibitor v growth under same conditions in the absence of
inhibitor.

TGFa .+.+_+_+ NRGip .+.+.+_ +
Iressa

PD98059

LY294002 +

«•

BP ^ p-'

Figure 5.6 (b) Western blot analysis of 3 inhibitors on the SKOV-3 cell line.
Western blot analysis of cell lysates prepared from SKOV-3 cells placed in reduced media conditions
for 24 h, then exposed to inhibitors; Iressa (l|iM), PD98059 (50pM) and LY294002 (lOpM) prior to
stimulation with TGFa (InM) or NRGip (InM) for 15 min. Lysates were probed with anti-phospho-
Akt (ser 473) antibody to recognize the p60 band, and anti-phospho-ERK dual specificity antibody to
detect ERK1 (p44) and ERK 2 (p42).

TGFa + - +

Herceptin - + +

H * 0 _erbB2

Figure 5.6 (c) Western blot analysis of SKOV-3 erbB2 levels in the presence of Herceptin.
Cells were placed in serum reduced media for 24h, then pre-treated for 48 hours with or without
Herceptin (100|ig/ml; 670nM) and stimulated with TGFa (InM) for 15 min. Lysates were probed for
levels of erbB2 receptor using antibody CB11.
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factor, levels of phosphorylated ERK and Akt were decreased below control signals
in the presence of Iressa. This discrepancy probably reflects variation in condition of
the cells in separate experiments. The NRG1(3 blot shows a better association with
the observed growth effects if these pathways are indeed involved with changes in
cell number.

ii) Herceptin down-regulation of erbB2: Western blot analysis of treated SKOV-3
cells (figure 5.6c) showed a decrease in levels of erbB2 in the presence of Herceptin.
This effect was quite minimal however, and is probably due to the very high levels of

receptor expression by this cell line. As a result there was no significant impact on

basal or stimulated growth over the 5 day period.

Hi) PD98059 inhibition of MEK: In the presence of this inhibitor, both control and
stimulated growth was significantly reduced compared to that in the absence of
inhibitor. Although cell growth was reduced, there was still a small but significant
TGFa stimulation over control. PD98059 decreased unstimulated levels of

phospho-ERK in lysates of both TGFa and NRG1 [1 data sets, correlating with a

significant reduction in basal growth. Although TGFa stimulated phospho-ERK was

much reduced, residual signal was still detected, again correlating with the remaining

growth effect observed in the presence of this growth factor. There was little effect
on activation of Akt with this inhibitor.

iv) LY294002 inhibition of PI-3 kinase: There was a small decrease in basal cell

growth rates in the presence of this inhibitor, and a significant reduction of growth in
the presence of ligands. PI-3 kinase pathway inhibition removed phosphorylated Akt

signals both in the presence and absence of TGFa, which correlated with observed

growth decreases, but had no effect on levels of activated ERK. However, NRG 1(3
induced activation of Akt even in the presence of this inhibitor, an occurrence not

previously observed in this cell line, although this had no detectable influence on cell

growth.
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v) U73122 blockade of PLCy There was no significant growth effect when this
inhibitor was used to block the PLCy pathway at these concentrations.

5.6.2 Inhibition of growth in the PEOl cell line

Growth and signalling responses of the PEOl cell line were investigated in the

presence of specific inhibitors in combination with TGFa and NRG1 (3 ligand
stimulation (figure 5.7).

i) Iressa inhibition of the EGFr: Cell growth was significantly reduced by this
inhibitor under all growth conditions. TGFa stimulation was totally abolished,

whereas NRG 1(3 stimulation was reduced, but remained significant over control.

TGFa stimulated lysates showed a total loss of both phospho-ERK and phospho-Akt
in the presence of Iressa, correlating with growth decreases. Western blot analysis of

NRG1P stimulation however, showed a partial effect of the inhibitor on levels of

phospho-ERK and -Akt, which reflected an intermediate growth response. This
observation is consistent with a joint input to cell growth by ligand stimulated erbB3
and erbB4 homo- and heterodimers with each other and erbB2, and also erbB3/4-

EGFr dimers, or autocrine stimulation of EGFr.

ii) Herceptin down-regulation oferbB2: Western blot analysis of erbB2 levels in the

presence and absence of Herceptin is shown in figure 5.7c. This demonstrates a

more complete down regulation of the receptor than was seen in the SKOV-3 cell
line. Basal growth and NRG1 (3 stimulated growth remained unaffected in the

presence of Herceptin, however TGFa stimulation was significantly reduced in its
presence.
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Figure 5.7 (a) Growth effects of a panel of inhibitors on the PEOl cell line.
Day 5 growth of PEOl cells pre-exposed to Iressa (1 piM), Herceptin (100(tg/ml), PD98059 (50pM),
LY294002 (10|iM) and U73122 (2|iM) in reduced media conditions (RPMI phenol red free + 5%
dextran charcoal stripped serum), followed by addition ofTGFa (InM) or NRG1 (3 (InM). Cells were
treated on day 0 and day 2, and counted at day 5 using a coulter counter. Cell number was expressed
as a value relative to untreated control. Each experiment was carried out in quadruplicate and mean
value shown, n=2, error bars=SEM. Student's paired t-test was used to determine p<0.05 significance
of stimulated value; * = growth in the presence of growth factor v no growth factor control; ♦ =
growth in presence of inhibitor v growth under same conditions in the absence of inhibitor.
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Figure 5.7 (b) Western blot analysis of 3 inhibitors on the PEOl cell line.
Western blot analysis of cell lysates prepared from PEOl cells placed in reduced media conditions for
24 h, then exposed to inhibitors; Iressa (lpM), PD98059 (50|iM) and LY294002 (10|iM) prior to
stimulation with TGFa (InM) or NRGlfS (InM) for 15 min. Lysates were probed with anti-phospho-
Akt (ser 473) antibody to recognize the p60 band, and anti-phospho-ERK dual specificity antibody to
detect ERK1 (p44) and ERK 2 (p42).

TGFa + - +

Herceptin - - + +
if veil-

- erbB2

Figure 5.7 (c) Western blot analysis of PEOl erbB2 levels in the presence of Herceptin.
Cells were placed in serum reduced media for 24h, then pre-treated for 48 hours with or without
Herceptin (100|Jg/ml; 670nM) and stimulated with TGFa (InM) for 15 min. Lysates were probed for
levels of erbB2 receptor using antibody CB11.
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Hi) PD98059 inhibition ofMEK: All cell growth was again reduced in the presence

of this inhibitor, although these effects were only partial in relation to the inhibited
controls. This correlated well with Western blot analysis, which showed a loss of
basal levels of phospho-ERK but some residual signal in the presence of growth
factors.

iv) LY294002 inhibition of PI-3 kinase: There were significant decreases in ligand
induced proliferation in the presence of this inhibitor, with NRGip stimulation being
reduced but retaining significance over its control. These growth effects correlated
with the total loss of phospho-Akt observed in TGFa stimulated lysates, and residual

signal in the presence of NRGip.

v) U73122 inhibition ofPLCy Inhibition of this pathway had no effect on basal or

TGFa driven growth, but significantly reduced NRGip stimulated growth in these
cells. The size of this effect however was trivial compared to other growth
reductions.

5.6.3 Inhibition of growth in the OVCAR5 cell line
Growth and signalling effects of TGFa and NRGip were observed in the OVCAR5
cell line in combination with specific inhibitors of the various receptors and

signalling pathways (figure 5.8).

i) Iressa inhibition of the EGFr: Ligand induced proliferation was significantly
decreased in the presence of this inhibitor, although NRGip stimulation retained

significance relative to control. Western blot analysis showed TGFa stimulated
phospho-ERK and -Akt were reduced to levels slightly above control signals, this
may reflect incomplete inhibition of the EGFr, which is over-expressed in this cell
line. Phospho-ERK stimulation by NRGip was reduced to control levels, whereas
the phospho-Akt signal was completely lost in the presence of inhibitor. Neither set
of data correlate tightly with the observed growth effects, perhaps due to incomplete
inhibition effects.
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Figure 5.8 (a) Growth effects of a panel of inhibitors on the OVCAR5 cell line.
Day 5 growth of OVCAR5 cells pre-exposed to Iressa (lpM), Herceptin (100|!g/ml), PD98059
(50|iM), LY294002 (10|iM) and U73122 (2pM) in reduced media conditions (RPMI phenol red free +
5% dextran charcoal stripped serum), followed by addition of TGFa (InM) or NRG1 (3 (InM). Cells
were treated on day 0 and day 2, and counted at day 5 using a coulter counter. Cell number was
expressed as a value relative to untreated control. Each experiment was carried out in quadruplicate
and mean value shown, n=2, error bars=SEM. Student's paired t-test was used to determine p <0.05
significance of stimulated value; * = growth in the presence of growth factor v no growth factor
control; ♦ = growth in presence of inhibitor v growth under same conditions in the absence of
inhibitor.
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Figure 5.8 (b) Western blot analysis of 3 inhibitors on the OVCAR5 cell line.
Western blot analysis of cell lysates prepared from OVCAR5 cells placed in reduced media conditions
for 24 h, then exposed to inhibitors; Iressa (l|iM), PD98059 (50pM) and LY294002 (lOpM) prior to
stimulation with TGFa (InM) or NRGlf) (InM) for 15 min. Lysates were probed with anti-phospho-
Akt (ser 473) antibody to recognize the p60 band, and anti-phospho-ERK dual specificity antibody to
detect ERK1 (p44) and ERK 2 (p42).
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Figure 5.8 (c) Western blot analysis of OVCAR5 cells erbB2 levels in the presence of Herceptin.
Cells were placed in serum reduced media for 24h, then pre-treated for 48 hours with or without
Herceptin (100|ig/ml; 670nM) and stimulated with TGFa (InM) for 15 min. Lysates were probed for
levels of erbB2 receptor using antibody CB11.
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ii) Herceptin down-regulation of erbB2: Western blot analysis of Herceptin treated
OVCAR5 cells is shown in figure 5.8c. There is a clear reduction in the levels of
erbB2 but only a minimal effect upon cell growth.

Hi) PD98059 inhibition ofMEK: Cell growth in the presence and absence of ligand
was significantly reduced by this inhibitor. NRG 1(3 stimulation however retained

significance compared with unstimulated controls. Within the TGFa stimulated

Western blots, phospho-ERK signal was lost in the presence of PD98059 and

phospho-Akt was also reduced. Both observations correlate with decreases in cell

growth. In the NRG 1(3 lysates stimulated ERK signal was reduced but still present,

whereas phospho-Akt remained unaffected. Both signalling molecules appear to

correlate with the growth reductions observed in the presence of this inhibitor,

possibly relating to the interaction observed in assays shown in part I of this chapter.

iv) LY294002 inhibition of PI-3 kinase: Both basal and ligand induced growth was

significantly reduced in the presence of this inhibitor. It again knocked out control
and TGFa stimulated Akt, but did not have a complete effect upon the NRG 1(3
induced signal. These effects show some correlation with cell growth. Levels of

phospho-ERK remained largely unaffected.

v) U73122 inhibition of PLCy. Cell growth was not significantly affected in the

presence of this inhibitor.

5.6.4 Inhibition of growth in the A2780 cell line
Growth and signalling responses of the A2780 cell line were studied in the presence

of specific inhibitors, again in combination with growth factors (figure 5.9).

i) Iressa inhibition of the EGFr: A significant decrease in cell number occurred in
untreated cells and those grown in the presence of TGFa, although Western blot

analysis showed no impact of Iressa on levels of phosphorylated ERK or Akt in
either basal or stimulated samples at this concentration.
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Figure 5.9 (a) Growth effects of a panel of inhibitors on the A2780 cell line.
Graphical data shows growth of A2780 cells pre-exposed to Iressa (lpM), Herceptin (100pg/ml),
PD98059 (50|iM), LY294002 (10|iM) and U73122 (2pM) in reduced media conditions (RPMI phenol
red free + 5% dextran charcoal stripped serum), followed by addition of TGFa (InM) or NRGlp
(InM). Cells were treated on day 0 and day 2, and counted at day 5 using a coulter counter. Cell
number was expressed as a value relative to untreated control. Each experiment was carried out in
quadruplicate and mean value shown, n=2, error bars=SEM. Student's paired t-test was used to
determine p<0.05 significance of stimulated value; * = growth in the presence of growth factor v no
growth factor control; ♦ = growth in presence of inhibitor v growth under same conditions in the
absence of inhibitor.
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Figure 5.9 (b) Western blot analysis of 3 inhibitors on the A2780 cell line
Western blot analysis of cell lysates prepared from A2780 cells placed in reduced media conditions
for 24 h, then exposed to inhibitors; Iressa (lpM), PD98059 (50pM) and LY294002 (lOpM) prior to
stimulation with TGFa (InM) or NRGlf) (InM) for 15 min. Lysates were probed with anti-phospho-
Akt (ser 473) antibody to recognize the p60 band, and anti-phospho-ERK dual specificity antibody to
detect ERK1 (p44) and ERK 2 (p42).
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Figure 5.9 (c) Western blot analysis of A2780 cells erbB2 levels in the presence of Herceptin
Cells were placed in serum reduced media for 24h, then pre-treated for 48 hours with or without
Herceptin (lOOpg/ml; 670nM) and stimulated with TGFa (InM) for 15 min. Lysates were probed for
levels of erbB2 receptor using antibody CB11.
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ii) Herceptin down-regulation of erbB2: Western blot analysis indicated a good
reduction in levels of erbB2 receptor when incubated with this inhibitor. However,

as observed in the previous 3 cell lines there is only a minor growth decrease in the
presence of Herceptin which does not reach significance.

iii) PD98059 inhibition of MEK: Cell growth was significantly decreased in the
presence of PD98059, with a corresponding reduction in levels of phosphorylated
ERK regardless of the presence of TGFa and NRGlp ligands.

iv) LY294002 inhibition of PI-3 kinase: Growth was again significantly reduced in
the presence of this inhibitor. Blockade of the PI-3 kinase pathway with this
inhibitor effectively removed the phospho-Akt signal in Western blot analysis and
had no effect on levels of phosphorylated ERK.

v) U73122 inhibitor of PLCy. No growth impact was observed in the presence of
this inhibitor, at the concentration used.

5.7 Receptor and pathway inhibitors in cell migration assays

Migration experiments in the presence of inhibitors were limited to the use of 3 cell

lines, SKOV-3, OVCAR5 and PEOl. Collagen IV was used to coat migration

inserts and InM TGFa used to stimulate cells. Previous results had shown that cells

under these conditions demonstrated the greatest amount of TGFa simulated

migration (see chapter 3). The inhibitors were used as previously, although
PD98059 was replaced by the newly available U0126 compound to block MEK. A
similar impact was observed with both of these inhibitors in earlier experiments, but
a lower working concentration and more complete pathway block was observed with
U0126. Inhibitors were added to the pre-starved cells prior to cell preparation, and

remained present throughout the 48 hour migration period. Analysis was carried out
as in the growth experiments, comparing stimulated migration to its relevant control
(to determine significant TGFa induction) and testing migration in the presence of an

inhibitor against a relevant control in the absence of inhibitor (to determine any

significant reduction in rate of migration).
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Results obtained for the PEOl cell line were within expectations; there was a clear

migration stimulus by TGFa and some inhibitor reversals of this effect. However,

the SKOV-3 and OVCAR5 cells showed TGFa drive but no differential effects in

the presence of inhibitors. Of particular concern was the loss of Iressa's impact on

TGFa stimulated motility, thus it was felt that the conditions must be sub-optimal for

observing inhibitor effects. Similar studies in the literature and personal
communications suggested that a time point earlier than 48 hours may resolve this
issue. The experiments were therefore repeated over a 15 hour time frame. PEOl
cells however showed no detectable cell movement at this time point and were thus
not re-evaluated. Results are shown in figure 5.10.

5.7.1 Inhibition of migration in the SKOV-3 cell line
In the SKOV-3 cell line there was no significant decrease in the rate of basal

migration in the presence of any of the inhibitors studied (figure 5.10a). Iressa
blockade of the EGFr abolished TGFa stimulated migration, a complete effect which

was not demonstrated by any of the other compounds used in these experiments.

Herceptin appeared to reduce stimulated cell migration, but as previously, effects
were not significant. Similarly, there was no apparent impact upon TGFa stimulated

migration with the PI-3 kinase inhibitor LY294002. However, a significant effect
was observed in the presence of U0126 and U73122, implicating the ERK and PLCy

pathways in this end point respectively. This latter result was of particular interest as

this compound had previously shown very little activity in growth assays, and PLCy
is strongly implicated with driving migration in numerous other cell systems (Carloni
et al., 1997; Chen et al., 1994; Kassis et al., 2001; Zhang et al., 1999).

5.7.2 Inhibition of migration in the PEOl cell line
The PEOl cells also showed no significant changes in basal cell migration in the

presence of the different inhibitors (figure 5.10b). Inhibition of the EGFr again
reduced TGFa stimulation of motility. The only other inhibitor to have any

significant effect on this cell line was again the U73122 compound targeted to PLCy.
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a) SKOV-3

b) PE01

c) OVCAR5

Figure 5.10 Migration effects of apanel ofinhibitors on SKOV-3, PEOl and OVCAR5 cell
lines
Cells were serum starved for 24 hours, then pre-exposed to Iressa (1 pM), Herceptin (670|iM),
U0126 (lOpM), LY294002 (lOOpM), and U73122 (2pM) in serum free media conditions
(RPMI phenol red free) before by addition ofTGFa (InM). Relative cell numbers were
measured after 48h (PEOl) or 15h (SKOV-3 & OVCAR5) using MTT and % total migration
calculated: OD cells on top insert/ OD cells on underside of insert. Each experiment was
carried out in triplicate and a mean value shown, n=2, error bars=SEM. Student's paired t-test
was used to determine p<0.05 significance of stimulated value; red*= migration in the presence
of growth factor v own no growth factor control; red diamond = migration in presence of
inhibitor v migration under same conditions in absence of inhibitor.
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5.7.3 Inhibition of migration in the OVCAR5 cell line

In OVCAR5 cells (figure 5.10c) significant growth factor stimulation of migration
occurred even in the presence of MEK and PI-3 kinase inhibition, however it was

lost in the presence of Iressa and Herceptin (although relative to uninhibited TGFa

migration this was not a significant decrease). Again, the most striking results were

in the presence of the PLCy inhibitor, U73122, which affected both stimulated and

basal migration rates.

5.8 Discussion

Of all the inhibitors tested within the growth and migration assays, Iressa had the
most pronounced effects on cell function. In growth assays this inhibitor frequently

reduced basal proliferation, abolished TGFa induced increases in cell number and

also impacted upon NRGlp effects. In migration experiments, ligand induced
effects were again significantly reduced by EGFr blockade. These results indicate
the primary importance of EGFr activation in both mitogenic and motogenic cell

phenotypes. Reversal of TGFa stimulation was always complete when cells were

pre-exposed to Iressa. Although this would be the expected result of targeting the

ligands interacting receptor, it indicates the potency of its effect. When other erbB

family members were stimulated by a ligand, this inhibitor still had a significant

impact on cell function, suggesting that it is a common and important dimerisation

partner within the family, or a frequent target of autocrine stimulation. These
observations also demonstrate the value of targeting the initiation point of cell

signalling. None of the other inhibitors tested showed such a complete reversal of

growth factor stimulated effects, suggesting that downstream of the receptors signals
disperse and become harder to contain. As was demonstrated in clinical trials, this
characteristic translates to therapeutic effect on tumours (Ciardiello and Tortora

2001; Normanno et al. 2002). The main concern relating to clinical use of this

compound is the widespread expression of EGFr within body tissues, not just cancer

cells, predicting that side effects would potentially be quite extensive.

Herceptin is a humanised antibody raised to the erbB2 receptor. It has been shown to
work via receptor down-regulation (Moulder et al., 2001), whereas the other
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inhibitors used in this study are small molecule inactivators of their target. Western
blot analysis showed that 48 hours pre-exposure to Herceptin had some effect on

erbB2 expression levels in the four cell lines studied, but complete loss of signal was

demonstrated in only one poorly expressing line, PEOl. Limited functional effects
were observed in the presence of this inhibitor. There was a significant reduction in
TGFa stimulated growth of PEOl cells, and of migration in OVCAR5 cells. The
method of application for this compound was determined through reference to other
studies and not tested over a range of concentrations like the other inhibitors.

However, many of these studies also reported incomplete down-regulation and only
small impacts on function, particularly within ovarian systems (Cuello el al., 2001;
Hellstrom et al., 2001; Normanno et al., 2002). The lack of functional impact of

Herceptin demonstrated in these assays is disappointing, but not too surprising given
the residual presence of receptors in the cells. Although over-expression of erbB2 is

frequently linked to oncogenesis, this receptor has also been associated with more

tumourigenic phenotypes at normal expression levels when in combination with
other family members (reviewed by Hellstrom et al. 2001; Yarden 2001). This may,

in part, reflect its status as the preferred binding partner of the erbB family. In
heterodimer combination, it has been shown to increase the diversity and potency of

ligand induced signalling, and has also been implicated in increased receptor

recycling from endocytic compartments (Klapper et al. 2000; Olayioye 2001).
Studies in breast cancer cell lines however have shown a much greater degree of

Herceptin activity, and clinical benefit has also been observed in treatment of these
cancers (Cuello et al. 2001; Hellstrom et al. 2001; Normanno et al. 2002). These
observations suggest that although breast and ovarian cancers are often grouped as

similar cancer types, there are clear differences in the tumours which arise from these
different origins. They also suggest that although treatment with Herceptin is
currently targeted to patients with erbB2 over-expressing tumours, patients which
express lower levels of erbB2 may also benefit from this therapy.

ErbB2 expression is frequently associated with more aggressive cancer types, and
this study has revealed a strong correlation between receptor expression levels and
TGFa driven migration. Herceptin was introduced to the study as a method of
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investigating this correlation, unfortunately its specific activity towards erbB2 was

not great enough in these cell lines to be an effective tool with which to functionally

implicate the receptor. Another analytical approach that was developed, involved the
creation of cell lines with up and down-regulated levels of erbB2 expression. Such

isogenic systems were created from the SKOV-3, PEOl and A2780 cell lines as

detailed in the Materials and Methods. They were transfected with a sense construct

to increase expression levels and an anti-sense construct to reduce them, a strategy

successfully employed by Kirschke et al with respect to Cathepsin L (Kirschke et al.

2000). Although these lines were created, they were not ready for use by the end of
the study period and hence have not been included in this project. However, they are

an existing resource which can now be exploited to test the role of this receptor in
more detail.

Within growth assays, blockade of both the ERK and PI-3 kinase pathways had a

significant effect on cell numbers recorded. Both of these pathways had been

previously implicated in cell growth through associations made in the preceding

chapters. Cell proliferation was significantly reduced by MEK inhibition in the

SKOV-3, OVCAR5 and A2780 cell lines, irrespective of the presence of ligand,

whereas PEOl cells only showed a significant decrease in the presence of TGFa. It

is interesting to note that although inhibition with the PD98059 compound was

sufficient to reduce growth compared to a control in the absence of inhibitor, there
was frequently residual stimulus observed. These correlated well with partial effects
on phospho-ERK reduction in Western blot analysis. Furthermore, Western blot
analysis of cell line inhibition with Iressa showed a striking correlation between
inhibitor impact on the phospho-ERK signal and the reduction of cell growth in the
presence of this compound. However, inhibition of the PI-3 kinase pathway also
showed significant reduction of cell growth while having no impact upon ERK
signalling. These combined observations suggest that although the ERK kinase
cascade is important to growth, it is somehow co-operative with PI-3 kinase
signalling. Within the four cell lines and different growth conditions, LY294002 had
a more limited impact upon cell growth, with its effects reaching significance less
frequently than PD98059. This may suggest that ERK is the predominant growth
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pathway while the PI-3 kinase cascade has a more enabling role. This could be
related to survival signalling, with which this pathway is strongly associated.

Equally there may be other pathways or permissive factors which are also involved
in this end point in concert with these two investigated cascades.

None of the inhibitors tested in the migration assays significantly affected basal

motility of the three cell lines. These findings are consistent with those of Chen et

al, which suggest basal migration is mediated by integrin signalling and is not

influenced by receptor linked pathways (Chen et al. 1993). Controls in migration
studies (carried out on inserts coated with BSA alone) also support this, as almost no

cell migration was recorded in these transwell inserts. It has been demonstrated

however that the signalling pathways investigated in this study are involved with

growth factor stimulated cell migration (Polk 1998; Price et al. 1999; Giehl et al.

2000; Yarden 2001). Data indicate that in the presence of TGFa, there is a

significant impact upon SKOV-3 stimulated migration with inhibition of MEK, and a

minor effect on PEOl migration with blockade of the PI-3 kinase pathway. These
effects are not strongly supported by the other cell lines, suggesting that the input of
these cascades to cell motility may be quite small, or cell line specific. More

convincingly, these studies revealed that PLCy is a pathway crucial to cell migration
in all of the cell lines assayed. The U73122 inhibitor had a striking impact upon

stimulated cell migration, consistent with numerous studies placing this pathway
downstream of erbB receptors to influence cell motility, and molecular biology
studies which have linked this molecule with cytoskeletal interaction (Chen et al.

1994; Kassis et al. 1999; Rhee 2001). Although there is evidence for the
involvement of all three pathways in this phenotype, PLCy is clearly the predominant
cascade of those tested within these cell lines.

Western blot analysis of inhibitor/growth factor signalling revealed an interesting

phenomenon in the SKOV-3, PEOl and A2780 cell lines. Using the PI-3 kinase
inhibitor at a concentration sufficient to knockout a TGFa induced Akt signal, there

was residual phospho-Akt in the presence of NRGlb. In SKOV-3 and OVCAR-5
cell lines there was a similar occurrence with phospho-ERK in the presence of the
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MEK inhibitor PD98059. This may reflect different modes of pathway induction by
the two growth factors, or may suggest that NRGlp stimulation of these pathways is

simply more potent. The observed differences in ligand effects suggest that there are

differences in pathway activation by the EGFr and erbB3 and 4 when directly
stimulated by different ligands. This may be responsible for the greater growth
effects observed in the presence of NRG1(3. These observations also suggests that
Ras activation of PI-3 kinase is not solely responsible for the signalling detected in
this pathway, as was suggested by the almost identical activation profiles of ERK
and Akt in chapter 4.

These studies have been very revealing, not only about the involvement of the EGFr
and downstream pathways in cell functions, but also concerning interactions between
these highly complex networks of intracellular signalling. Although these findings
are consistent with those of others, they are quite novel within ovarian cancer

systems. They are therefore particularly relevant to patients with this disease and
lend weight to the role of these different players in the cellular processes of growth
and migration.
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6.1 General discussion

The main thrust of this project has been to investigate the role of the erbB receptor

family in the growth and migration of ovarian cancers. Studies were carried out

using cell lines of ovarian tumour origin, in assays designed to evaluate growth rates

and mimic migration behaviour. These two processes are of fundamental importance
to normal ovarian cells, and are exploited by cancer cells to enable both
establishment and spread from the primary site of the tumour. The erbB family, in

particular the EGFr and erbB2 receptors have been associated with more aggressive
disease and also poor patient prognosis, making them interesting and relevant
markers to study.

A panel of ovarian carcinoma lines were selected for this study to represent cells

expressing different levels of the erbB receptors. As these lines were established
from different tumour origins, they must each have inherent oncogenic function and

clearly differ in more than their erbB profile. Correlation between receptor

expression levels and cell function therefore requires caution due to the multitude of
influences that will necessarily affect cell behaviour. This is particularly relevant to

observations in Chapter two, where basal characteristics of cell lines were

considered. In these studies the A2780 cells were found to have a high growth rate

and also a capacity to migrate, while expressing very low levels of the erbB

receptors. Analysis of these observations alone would suggest that the receptor

family is not involved in these functions, contrary to much scientific and clinical
literature. However, another observation from this preliminary work was that the

growth rate of SKOV-3 and OVCAR5 cell lines remained unchanged in normal and
reduced media environments. Such growth independence has been demonstrated in
other studies and has been linked to over-expression of the erbB2 receptor (Wiechen
and Dietel, 1995). This work also involved the SKOV-3 cell line, but used
transfection manipulation of the cells. It was proposed earlier that over-expression of
EGFr, or expression of mutant EGFr or erbB2 receptors may be responsible for the
similar effects observed within the OVCAR5 cell line, although this remains

unsubstantiated. Similar associations have been made with this receptor when it is

over-expressed in the presence of ligand, perhaps providing a simpler explanation for
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the observation (Ciardiello and Tortora, 2001; Yarden, 2001). Specific receptor-

ligand interactions were exploited in the main part of the study, to provide a stronger

basis for investigation of the different erbB family members in functional effects.

All of the data sets suggested a level of basal cellular activity in reduced media
conditions. In growth assays, each line showed proliferation of control cell

populations (not stimulated with ectopically administered growth factor) over the
five day period, even in reduced media conditions (with the exception of the 41M
cell line). In the presence of inhibitors this growth was reduced. Migration assays

similarly demonstrated cell motility in the absence of any ligands, suggesting some

inherent signalling activity in the cells. Further evidence was presented in Western
blot analysis, which showed detectable levels of phospho-ERK and -Akt in
unstimulated lysate samples of the four cell lines studied, and phospho-PLCy in just
one. There are a number of possible explanations for these observations. Although
the reduced growth media only contained 5% dextran-charcoal stripped serum and no

oestrogen mimicking phenol red, there are likely to be residual stimulatory

components still present. Equally, ligands may have been secreted by the cell lines
themselves into the growth media . These cells have been shown to produce mRNA

for EGF and TGFa, providing a means for autocrine or paracrine stimulation (Sewell
et al., 2002). Increased ligand production, and establishment of stimulatory
autocrine loops, have been demonstrated in almost all tumour types, including
ovarian cancers (reviewed by Yarden, 2001). The most frequently implicated are

TGFa and NRG1, which have both been shown to correlate with poor prognosis
when co-expressed with their relevant receptor molecule (Lenferink et al., 1997;

Tang et al., 1997; Jones et al., 1999; Venkateswarlu et al., 2002). Both of these
growth factors have been shown by numerous studies to be involved with almost all
aspects of cancer biology, as discussed in section 1.3.1 of the Introduction. In

particular, they have been related to cell growth and migration, consistent with the

findings in this study.

As the cells lines all exhibited attachment dependant growth, and migrated in the

presence of ECM components, signalling inputs from adhesion complexes may have
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also played a role in basal stimulation of cells in these assays. Upon matrix
interaction, kinase deficient integrin receptors create focal adhesion signalling

complexes which comprise cellular kinases and cytoskeletal components (Cary et al.,

1999). These complexes use secondary messengers to activate receptors, including
erbB family members, and signalling cascades (Buczek-Thomas et al., 1998;

Schlaepfer and Hunter, 1998). There is also evidence to suggest that erbB receptors

and signalling molecules such as PLCy and ERK become localised to the signalling

complexes themselves (Campiglio et al., 1994; Fincham et al., 2000; Kassis et al.,

2001). Activation of intracellular pathways, including those featured in this study,
have been associated with changes in the cytoskeleton and cell motility (Buczek-
Thomas et al., 1998; Chen et al., 1996; Feldner and Brandt, 2002; Matsumoto et al.,

1995). However, there is also evidence to suggest that input from these sources is

required for passage through the cell cycle and to enable cell proliferation (Danen
and Yamada, 2001; Rosales et al., 1995). This process presumably polices
attachment dependant growth in normal epithelial cells, a behaviour frequently lost

by transformed cells. Indeed, deregulation of integrins and other attachment
molecules have been implicated in numerous studies as part of a transformed and/or
more metastatic phenotype (Jones et al., 1999; Hynes, 1992; Parise et al., 2000; Prifti
et al., 2002; Rosales et al., 1995). These studies and observations suggest that cell
attachment to the substratum may indeed play an important part in the basal activity

present in these cell lines.

Initial growth factor studies demonstrated that NRG1(3 had the most significant

growth effects of those tested, whereas TGFoc had the most potent influence upon

migration (using concentrations of growth factor which were equally mitogenic).
This implicated erbB3 and erbB4 homo- and heterodimers as having a predominant
association with cell growth, and similarly EGFr homo- and heterodimers with

migration. Correlation of growth rates in reduced media, with receptor expression
levels, implicated erbB3 as an important variable in this function, both in the
presence and absence of growth factors. Previous studies using these cell lines
within an extended panel of ovarian cancer cell lines had associated the magnitude of

NRGlp induced growth with levels of erbB2 expression (Gilmour et al., 2002).
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Similar analysis of the migration data in this study implicated erbB2, and not the

EGFr, as a significant factor in TGFa stimulated cell motility.

ErbB2 has been referred to as the 'master regulator' of the erbB family (reviewed by

Klapper et al., 2000). It has been shown to delay ligand dissociation from receptor

complexes, impede the rate of dimer down regulation and increase recycling of

endocytosed receptors; all processes which lead to increased potency of signalling.

Also, as the preferred binding partner of the erbB family, this receptor will bind any

ligand bound family member and enable more potent activation of downstream

signalling pathways (Graus-Porta et al., 1997; Penuel et al., 2002). Expression of
this receptor has been widely correlated with cell proliferation and shown to be the
critical receptor for mediation of migration (Olayioye, 2001; Spencer et al., 2000).

However, as erbB2 requires an activated erbB receptor in order to induce signalling

(except where it is over-expressed or mutated), numerous studies have investigated
erbB2 in combination with other family members. The EGFr-erbB2 dimer has been
most widely implicated in cell migration, although as found in studies demonstrating
its role in proliferation, there is a requirement for co-expression of ligand (Brandt et

al., 1999; Kokai et al., 1989; Verbeek et al., 1998). The erbB2-erbB3 combination
of receptors has also been implicated in migration (Xu et al., 1999), but is more

strongly associated with proliferation. This dimer combination has been described as

the most mitogenic signalling complex within the erbB family (Waterman et al.,
1998). As our findings are consistent with those of other groups using different cell

systems they lend weight to the contribution of erbB2 to cancer phenotypes, and
hence the value of its targeting as a therapy. The data also suggests that particular

receptor combinations predominantly drive functional outcomes of signalling,
although this is not absolute.

Investigation of intracellular signalling over a 24 hour period of ligand stimulation
demonstrated that both growth factors activated the ERK and PI-3 kinase pathways,
in some, but not all, of the cell lines. TGFa was also shown to activate PLCy in
three of the lines, but data was not obtained relating to the effects of NRGip. There
was a clear association between stimulation of the ERK and PI-3 kinase cascades and
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induction of cell growth. However, the reduced concentration of NRG 1(3 used in

signalling time courses in this study (designed to induce similar mitogenic effects in
the cell lines) was unable to reveal any more about the relationship between

signalling and the magnitude of growth effects. To further investigate this, cellular

growth and signalling responses to a range of ligand concentrations may be
informative. These data however did implicate a more prolonged signal in the ERK
and PI-3 kinase pathways with increased cell migration. A study addressing the
effects of these two pathways in combination demonstrated that the duration of
activation and critical balance between the ERK and PI-3 kinase pathways were

important for controlling cell proliferation, as discussed more globally within the
Introduction (Sellers et al., 2000). McCawley et al showed that ligands that are

mitogenic, transiently activate the ERK kinases, whereas ligands that stimulate
MMP-9 induction and colony dispersion induced sustained activation of these
kinases (McCawley et al., 1999). These and other studies are supportive of the view
that signalling pathways stimulated with different strength and duration can be used
to induce diverse cell phenotypes such as growth and migration.

An interesting observation regarding the signalling induced by NRG 1(3 compared to

TGFa was revealed by Western blot analysis of the effects of inhibitors. We

observed that NRG1(3 treatment, after pre-incubation with the PI-3 kinase inhibitor

LY294002, still induced phospho-Akt in 3 out of 4 cell lines, whereas the inhibitor
blocked all TGFa induced Akt phosphorylation. Similarly, in the presence of a

MEK inhibitor, NRG1(3, but not TGFa, induced phosphorylation of ERK in 2 out of
4 cell lines. Data suggest that neuregulin is a more potent stimulator of erbB3

receptor mediated signalling pathways than TGFa, which may account for the
greater growth effects observed in its presence. The data also suggest that in the
presence of the PI-3 kinase inhibitor, NRG 1(3 induces PI-3 kinase independent
phosphorylation of Akt. It has been demonstrated that unlike the activated EGFr,
which is primarily degraded in the lysosomes, neuregulin growth factors direct their
receptors to recycling which enables more potent signalling (Lenferink et al., 1998;
Waterman et al., 1998). This process may also account for the differences observed
between these two ligands.
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The association between pathway stimulation and functional effects in the presence

of TGFa and NRGlp was tested using specific inhibitors. Growth experiments

using inhibitors of the ERK and PI-3 kinase pathways demonstrated very

convincingly that both were involved with this function. The data support a role for
the ERK kinase pathway in cell proliferation. Phospho-ERK signals in Western blot

analysis correlated well with alteration in cell growth rates. This occurred both
where the pathway was directly inhibited at MEK, and also where it was indirectly
affected through blockade of the EGFr. Partial inhibition of the phospho-ERK signal

frequently correlated with partial growthrate inhibition effects. Also, the A2780 cell

line, which had a high growth rate and apparent constitutive activation of this

pathway, was significantly growth impaired in the presence of PD98059 (MEK

inhibitor). However, interference with the PI-3 kinase pathway also had some

profound effects upon cell growth while signalling through the ERK kinase pathway
remained unaffected (at the time point measured). This suggests that there is some

co-ordination between the two pathways relating to cell proliferation and/or survival.
ERK has been implicated in cell proliferation in almost every cell system tested by
numerous different inputs (reviewed in (Lee and McCubrey, 2002; Schlessinger,

2000). Similarly, the PI-3 kinase pathway has been widely associated with cell
survival (reviewed by Hunter et al., 1988; Schlessinger, 2000). As discussed in the
Introduction (section 1.2.4), some studies have demonstrated delineation of these

pathways with these functions (Peyssonnaux et al., 2000; Venkateswarlu et al.,

2002). However, there is growing evidence for these pathways to be simultaneously
implicated in both cell growth and survival (Danielsen and Maihle, 2002; Grant et

al., 2002; Page et al., 2000). Links between the pathways are also slowly being
uncovered. For example Ras is known to activate both Raf (thus stimulating the
ERK kinase pathway) and PI-3 kinase (Downward, 1998; Nelson and Fry, 2001;

Rodriguez-Viciana and Downward, 2001), and reciprocally, Akt has been shown to
inhibit c-Raf (Rommel et al., 1999; Zimmermann and Moelling, 1999). Intuitively,
interaction between growth and survival processes should occur within cells. Use of
these inhibitors within more direct functional assays to measure proliferation and
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survival more directly, would be very revealing about how these pathways and
functions interact within these systems.

Similar use of the inhibitors in migration assays showed that the ERK and PI-3
kinase pathways have some influence on cell motility. In each case only 1 out of 3
cell lines showed a significant decrease in TGFa stimulated migration in their

presence. However, inhibition of PLCy had very significant effects in all of the cell
lines tested. These experiments suggested a possible role for all three pathways in
cell motility, but most strongly implicated PLCy activation downstream of EGFr
stimulation as a critical mediator of this process. In line with these findings there is a

wealth of literature to support the role of PLCy in migration, both as a single agent

and also in association with the EGFr (Chen et al., 1994; Polk, 1998; Xie et al.,

1998a). Particularly convincing data come from the use of its specific inhibitor

U73122, which has showed significant effects in both in vitro migration assays, and
in vivo models (Chen et al., 1996; Kassis et al., 1999). Association of the ERK and
PI-3 kinase pathways with cell motility is less clear. Evidence can be found which
both supports and negates a role for these pathways in this end point (Giehl et al.,

2000; Philp et al., 2001; Verbeek et al., 1998). However integrin signalling, which is

very relevant to induction of cell migration, has been shown to predominantly induce
the PI-3 kinase pathway, supporting a role for this pathway in cell motility

(Gambaletta et al., 2000; Hintermann et al., 2001; Ignatoski et al., 2000). Such
studies are again supportive of my findings and suggest that specific targeting of a

molecule such as PLCy may be clinically useful to contain metastatic disease.

A cell line which appears to fit these associations particularly well is OVCAR5. This
line showed maximal growth stimulation in the presence of NRG1(3, and

demonstrated the greatest magnitude of migration in the presence of TGFa, with
neither ligand inducing much by way of reciprocal function. Use of inhibitors, in
functional assays with this cell line, associated ERK and PI-3 kinase with cell

growth, and PLCy with migration. However, analysis of growth factor induced
signalling in these cascades revealed very similar profiles of ERK and Akt activation
with both ligands. As both growth factors activated ERK and Akt in a similar way,
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but the outcome of their stimulation was quite different, this suggests that associated
signalling events must be occurring to specify the different functional effects.

Although there has been good correlation of the pathways studied with cell functions,
there are clearly other pathways and signalling molecules which are also activated by

growth factor stimulation which influence these end points.

Use of ECM components within the migration assays provided additional complexity
to the study via introduction of attachment molecule signalling. In order for cells to

migrate, they must first attach to the substratum via integrin and other attachment

proteins, a process that induces activation of signal cascades as previously discussed.
The requirement for expression of relevant integrins was well illustrated by the

capacity of cell lines to migrate on different matrix components. Cross-talk occurs

reciprocally between integrins and both the erbB receptors and their downstream

signalling cascades (Eliceiri, 2001; Matsumoto et al., 1995). Evidence of this was

found in the PEOl and the OVCAR5 lines, where basal migration on fibronectin

(and also laminin for OVCAR5) was almost undetectable, but in the presence of

growth factor ligands was clearly evident. Similar findings were shown by Solic et

al in colon carcinoma cells (Solic and Davies, 1997). Such interactions are clearly

relevant to this study, and also indicate the complexity of analysing these data in

light of the multiple associated inputs. Correlative analysis of erbB2 expression and
TGFa stimulated migration showed a very strong association on collagen, but only a

weak correlation in the presence of other matrix components. This suggests that
either the association isn't real, or that other inputs (such as integrin signalling) are

able to disguise it. With this in mind, isogenic systems with up- and down-regulated
levels of erbB2 were developed, based in similar systems created by other groups

(Alper et al., 2001; Hsieh et al., 2000; Wiechen et al., 1999). These cell lines,

although not used in this study, will be useful for evaluation of a single variable
(erbB2) within a cell system. As transfectants have been derived from three different
cell lines, it will be interesting to see whether similar relative effects are observed in
each set. Such studies will provide further insight into the role of this receptor in
ovarian cancer.
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The specific inhibitors used in this study proved to be valuable tools with which to

investigate the EGFr and downstream signalling cascades related to erbB family
activation. EGFr inhibition with Iressa indicated that a potent method of inactivating
stimulated cell growth and migration is through targeting signals at the very top of
the cellular cascade. Flowever, in cell lines such as A2780, where growth and
migration are apparently are driven by receptors other than the EGFr and erbB2, or

constitutive pathway activation downstream of the receptor, this approach was less
successful. This may equally occur in clinical cancers, indicating that although

potent inactivators of erbB receptors are valuable therapies where the receptors are

present and being exploited, inhibitors of downstream pathways may prove to be

equally important therapeutic options. Such an approach would require more

detailed screening of tumour samples to determine which, if any of the targetable

proteins are involved with cancer growth and progression. The apparent universal
role of PLCy in promoting migration presents this molecule as a potential future

target for drug intervention for tumours and micro-metastases.
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6.2 Future work

There are a number of further studies which would be both interesting and valuable
to complete and extent these experiments:

i) Inhibitor studies presented in this project demonstrate good reversals of growth
factor induced cell functions, and strongly implicate different pathways in these
end points. There were questions raised in this data however about co-

operativity of the ERK and PI-3 kinase pathways relating to cell growth and
survival which would be interesting to investigate using more direct assays and
the inhibitors both individually and in combination.

ii) The migration data presented in this study are novel in these systems and shows

interesting and reproducible effects. Further investigation into this phenotype
would be of particular interest, particularly with reference to the integrin input
and cross-talk with receptors. It may also be valuable to consider the
involvement of secondary messenger proteins in this process, such as FAK, as a

number of links have been made between this and the erbB receptors.

iii) As referred to in previous discussion, SKOV-3, PEOl and A2780 cell lines
were transfected with sense and anti-sense constructs expressing the coding

region of erbB2. These cell lines should provide valuable tools for assessment

of this receptors role in functional end points using assays developed in this

study. As the EGFr has also been strongly implicated in combination with
erbB2 in migration, and similarly erbB3 with proliferation, co-transfection into
these lines with similar constructs for these other receptors may provide more

information on their co-ordinated activity. These model systems could be used

to study functional changes, alteration in signalling pathways, or used to look at
other questions such as these receptors role in reducing oestrogen

responsiveness, observed in other systems.
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6.3 Conclusions

These studies have demonstrated that neuregulin stimulation, primarily via the erbB3

receptor, has a potent effect on cell mitogenesis and/or increased cell survival. This has
been shown to occur through activation of the ERK and PI-3 kinase pathways. They
have also suggested that TGFa stimulation of the EGFr, probably in combination with
erbB2 is an important drive to cell migration, predominantly utilising the PLCy pathway.
Neither ligand activation however is exclusive to the functions with which they are

associated. These finding are relevant to ovarian cancers expressing erbB receptors,

particularly those which have established an autocrine loop with stimulating ligands, and

may have some influence on future therapeutic strategies.
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ials and Methods



7.1 Materials

Materials are listed by technique and all chemicals were from Sigma unless
otherwise stated. Antibodies details are included in the relevant Western blot and

FACS analysis section.

7.1.1 Cell culture

(i) Cell lines
The PEOl cell line was derived from the ascites of a patient with a poorly
differentiated serous adenocarcinoma at the Edinburgh Medical Oncology Unit. The
PE01cddp cell line was obtained by continuous exposure of the PEOl cell line to

increasing concentrations of cisplatin (Langdon et al., 1988). The OVCAR5 cell line
was kindly donated by Dr T Hamilton, (Fox Chase Institute, PA), a line established
from patient ascites, diagnosed with an adenocarcinoma (Louie et al., 1986). The
41M and A2780 cell lines were obtained from the European Tissue Culture
Collection (Porton Down, UK), and the SKOV-3 cell line was obtained from the
American Type Culture Collections (Mannassas, VA).

(ii) Tissue culture reagents

General:

Cryovials
Foetal calf serum

Migration transwell inserts (8.0pm pore size)
Penicillin/Streptomycin

Phosphate Buffered Saline
RPMI 1640 growth media -/+ phenol red
Tissue culture flasks, Petri dishes and well trays

Growth factors:

NRGla

NRGlp

- Nuncleon, Life Technologies
- PAA limited

- Corning Costar
- Gibco BRL, Life Technologies
- Gibco BRL, Life Technologies
- Gibco BRL, Life Technologies
- Nuncleon, Life Technologies

- Sigma
- Neomarkers

- Boehringer MannheimTGFa

These were reconstituted according to manufacturers instructions, and small volume

aliquots stored at ~20°C.
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(iii) Inhibitors
Iressa - kindly donated by Astra-Zeneca pharmaceuticals

Herceptin - Roche
PD98059 - Calbiochem

U0126 - Calbiochem

LY294002 - Calbiochem

U73122 -Calbiochem

These were reconstituted according to manufacturers instructions, and small volume

aliquots stored at ~20°C. Light sensitive inhibitors were kept wrapped in foil.

7.1.2 Protein protocols

Chemiluminescence Western Blotting Kit
Gel apparatus

Protein concentration assay kit
Protein sepharose A beads
Tween 20

- Boehringer Mannheim
- BioRad

- BioRad

- Amersham pharmacia
- BioRad

7.1.3 Molecular protocols
All molecular biology kits
All enzymes

G418 (Geneticin)
JM109 competent e.coli cells

Lipofectin

- Quiagen
- Promega
- Gibco BRL, Life Technologies
- Promega
- Gibco BRL, Life Technologies

Primer details

T7 primer: TAATACGACTCACTATAGGG
Reverse sequence primer (RSP): CAGCGAGCTCTAGCATTTAGG
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7.2 Methods

7.2.1 Cell culture

(i) Routine culture of cell lines

Cell lines were grown as monolayers attached to plastic in RPMI 1640 (with phenol
red supplement) plus 1% penicillin/streptomycin and 10% heat inactivated foetal calf
serum (inactivated by incubating at 56°C for 20min). Cells were grown to
confluence in 75 or 175 cm2 flasks, and fed with fresh media every 3-4 days. They
were incubated at 37°C in 5% CO2.

(ii) Cell harvesting
Confluent flasks were washed in phosphate buffered saline (PBS) pH 7.3, to remove

traces of serum, and cells detached by incubation with 3-5 ml trypsin for 2-10 min at

37°C. Trypsin was inactivated by addition of normal growth media, and suspension

pipetted up and down in order to break up any cell clumps.

(iii) Cryopreservation and recovery of cells from liquid nitrogen
Cells to be stored in liquid nitrogen were detached as above and spun at 1700 rpm for
5 min to obtain a cell pellet. Supernatant was removed, the cell pellet re-suspended
in 1-2 ml of freezing mix (10% DMSO in foetal calf serum) then transferred to a

labelled cyrovial. Cells were frozen immediately to -70°C and transferred to liquid

nitrogen tanks after 48h. Cells removed from liquid nitrogen storage were quickly
defrosted and spun down as previously to obtain a cell pellet. This was resuspended
and put into T25 or T75 flasks containing warm media, and incubated.

(iv) Cell counting
In order to determine the appropriate cell concentration for experimental set up,

trypsinised cells were resuspended in a minimum of 1:1 trypsin to media and counted
on a haemocytometer. Cells were then diluted down appropriately for seeding. To
count cells grown in 24 well trays during growth experiments, cells were washed
with 1ml PBS then 250|ll trypsin added and plates incubated at 37°C. Once cells

were detached, 250|il of normal growth media was added and the plates kept on ice.
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The cell suspension was syringed to break up any aggregations and 200jll of this was

added to 9.8ml sodium chloride (0.9%), cells were then counted on a coulter counter.

(v) Removal of enrichment factors from FCS using dextran-charcoal
In a number of functional experiments, a less rich media was required for cell growth
in order to see the effect of growth factors more clearly. 1 litre of serum was thawed
at room temperature, and then heat inactivated at 56°C for 30min. Serum was then
incubated with 2000U of sulphatase at 37°C for 2h and the pH adjusted to 4.2 using
2M HC1. A charcoal mix was prepared 24h in advance, this consisted of 5g charcoal

plus 25mg dextran T70, in 50 ml dFFO, and was stirred overnight at 4°C. This mix
was added to the serum and agitated at 4°C overnight. The charcoal was then
removed via centrifugation: 10,000 rpm for 30 min at 4°C, and pH readjusted to 4.2.
A second charcoal mix was added to the serum for a further 24 h, 4°C incubation.

Centrifugation was carried out as previously, with inclusion of a second spin to

remove residual traces of charcoal. The pH was returned to 7.2 using 2M NaOH
before the serum was filter sterilised and aliquots made for storage at ~20°C.

7.2.2 Functional assays

(i) Morphological observations
Phenol red free RPMI 1640 containing 5% dextran-charcoal stripped serum, plus 1%

glutamine and 1% penicillin/streptomycin was used as 'reduced media' for these
assays. This provided a more controlled environment in which to better observe

responses to individual growth factors. Cells were seeded from 70% confluent flasks
into tissue culture grade 24 well trays at 2-4 x 104 cells per well, in 1ml normal

growth media (designated day -2). After 24h incubation, cells were washed twice
with PBS, then incubated in the reduced media for a further 24h (day -1). Cells were

treated with TGFa, NRGla or NRGip at appropriate concentrations in reduced

media, each in quadruplicate wells (day 0). Cells were examined at 5, 24 and 48h
after the addition of the growth factors for any morphological changes. Alteration in

phenotype was assessed for each cell line under investigation and the percentage of
cells showing this was scored out of the total number of cells per field of view.
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(ii) Growth assay

Cells were treated as for morphology studies up to day 0, but were seeded at lower
cell densities, designed to give a day 0 count of between 50,000 and 100,000 cells

per well. Reduced medium containing growth factors, was added on day 0 and
replenished on day 2. Cell counts were carried out using a coulter counter as detailed

previously on days 0, 2 and 5 to establish a growth curve. Day 5 was found to be a

robust and representative time point of the assay. Results were calculated as the
amount of growth that had occurred since day 0, and also as ligand stimulated growth
relative to control on day 5.

(iii) Growth assays using specific inhibitors
These were carried out in a similar manner to previous growth assays, but adding
each inhibitor to the cells at an appropriate time and concentration before the growth
factor (details in table 7.1). Specific inhibitor concentrations were determined

through both literature review and extensive growth assays and Western blot analysis

(shown in Chapter five, part I). All inhibitors were dissolved in DMSO hence
control wells had 0.05% DMSO present in their media also.

139



Inhibitor Target Chemical name IC5o Concentration used at in
assay for:

Time of
inhibitor

addition prior to
growth factor

growth migration

ZD1839 EGFr 4-(3-Chloro-4-
fluorophenylamin
o)-7-methoxy-6-
(3-(4-
morpholinyl)prop
oxy) quinazoline

0.06pM 1 pM 1 pM 5 min

Herceptin ErbB2 100mg/ml
(670pM)

100mg/ml
(670pM)

48 h

PD98059 MEK 2'-amino-
3 'methoxyflavone

MEKI by Raf = 5pM
MEK2 by Raf=50pM
Active MEKI mutant = lOpM
Raf-activated MEKI =

>100|iM

50 pM 60 min

U0126 1,4-diamino-2,3-
dicyano-1,4-
bis(2-
aminophenylthio)
butadiene

MEKI and 2 by Raf = lOpM
Active MEKI mutant =

0.07pM
Active MEK2 mutant =

0.06pM

10 pM 5 min

LY294002 PI-3
kinase

2-(-4-
morpholinyl)-8-
phenyl-4H-l-
benzopyran-4-one

Class I PI-3 kinases = 1 pM
Class II PI-3 kinases = 19pM
Class III PI-3 kinases = ?pM

10 pM 10 pM 30 min

U73122 PLCy 1 -(6-0(( 17 p-3 -

Methoxyestra-
l,3,5(10)-trien-
17-

yl)amino)hexyl)-
lHpyrrole-2,5-
dione

1-2.1 pM 2 pM 2 pM 5 min

Table 7.1 Information regarding inhibitors and their use in functional assays

(iv) Development of migration assay

The design of this assay was based on similar studies carried by other groups (de
Both et al., 1999; Mould et al., 1994). These and other studies used collagen IV,
fibronectin and laminin in both adhesion and migration studies at concentrations

ranging from 5-20 llg/ml (literature suggested that a similar dilution was appropriate
for both). To determine a suitable concentration of ECM components with which to
coat the plastics, each was prepared at a range of concentrations and added to 4 wells
of a 96 well tray. They were then incubated for lh at 37°C. After a gentle wash with
PBS, 0.1% BSA was used to block any areas not coated with matrix protein and

plates incubated as before (an identical protocol to that used for preparing inserts for
migration assay). 1 x 104 SKOV-3 cells were added to the wells and left for 30min
before rinsing with PBS and adding MTT (2mg/ml) in normal media. MTT was left
on the cells for 3h (in the dark) then media removed and 200(il of DMSO added.
The optical density of these wells was read at 570nm and this data used to determine
the relative number of cells at different ECM concentrations compared to an
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unwashed control (figure 7.1). These results suggested that further experiments
should use 10|lg/ml of collagen and fibronectin, and 20|lg/ml of laminin.

Figure 7.1 Determination of optimal ECM concentration for cell migration.
SKOV-3 cell attachment to different concentrations of collagen IV, fibronectin and laminin, determine
by use of MTT to reveal relative cell numbers.

To develop the assay further, consideration was given to the concentration of MTT
that should be used to reveal cells in the assay. Cells were seeded at a density of 5 x

103 cells per well in 96 well trays and incubated for 24 hours. MTT was then added
over a range of concentrations, and read as previously. These experiments showed a

non-linear, but smooth increase in OD which began to level off at the higher range of
concentrations (figure 7.2).
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Figure 7.2 Determination of the effect of different MTT concentrations on OD readings.
PEOl and SKOV-3 cells were exposed to increasing concentrations of MTT to determine the effect
this would have on OD readings once cells were immersed in DMSO

This information was used to set up an actual migration experiment over different
time periods. SKOV-3 cells were seeded at 2 x 104 cells per insert and allowed to

migrate for varying periods of time (figure 7.3). As a higher cell concentration was

used compared to the original MTT experiment (figure 7.2), but the final dilution

was in a total of 2ml DMSO rather than 200jil, a concentration of 4mg/ml was used

and found to be quite adequate. Upper and lower areas of the insert were revealed

separately to enable calculation of cell passage through the filter. As the 48h time

point showed the maximum amount of migration it was chosen as optimal.

Figure 7.3 Determination of optimal time course for cell migration.
SKOV-3 cells were allowed to migrate for varying time periods on collagen IV, Fibronectin and
laminin, revealed as previously using MTT.
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(v) Migration assay

Transwell inserts were coated by being placed into wells of a 24 well plate

containing 250pl of 10 mg/ml collagen, fibronectin or laminin, or 1% BSA (as a

control). These were incubated for lh at 37°C. Inserts were blocked by placing in
0.1% BSA and incubating for a further hour. The undersides of the inserts were

washed twice with PBS and put into a well containing 600pl RPMI 1640 media
without phenol red or serum addition, in the presence or absence of growth factors.
Cells which had already been serum-starved for 24h were resuspended and washed
three times with serum free RPMI 1640 without phenol red, and diluted to 2.5 x 105
cells/ml. lOOpl of cell suspension was added to the upper chamber of the insert and

plates incubated for 48h. To reveal the assay results, MTT was added at a

concentration of 4mg/ml to the cell media; lOpl to the upper chamber and 60pi to the
lower chamber, then incubated in the dark for 3h. Inserts were removed from trays,

the upper chamber was emptied of medium and crystals removed from the lower
surface using a cotton bud. The insert and cotton bud tip were placed into separate

aliquots of 1 ml spectroscopic grade DMSO. These were agitated, and three 200pl

aliquots from each transferred into a 96 well plate and their OD read at 570nm. The
three values were used to calculate a mean. % migration was calculated:

mean OD of insert underside .

mean OD insert top side + mean OD insert underside

Actual values of migration on each of the matrices were normalised against a BSA

background value (which was invariably less than 2%).

(vi) Migration assay using specific inhibitors
Cells were totally serum starved as previously for 24h, then inhibitors added at the
correct concentration and period of time prior to harvesting (as detailed in table 7.1).

Migration occurred over a 48h time period, in the presence of inhibitors and/or
growth factors in the first instance, but the protocol was amended and in later
experiments migration occurred over 15h.
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7.2.3 Protein detection

(i) Protein extraction and immuno-precipitation
Cells were seeded into 92mm petri-dishes in normal growth media, washed after 24h,
and placed into reduced media for a further 24 h. This treatment resembled

functional assays. Cells were then treated with growth factors over a 24h time
course, or pre-incubated with inhibitors prior to a 15 min ligand exposure. A lysis
buffer was prepared containing 50mM Tris (pH 7.5), 5mM EGTA (pH 8.5), 150mM

NaCl, 2mM sodium orthavanadate, 50mM sodium fluoride, 20|iM phenylasine

oxide, ImM PMSF, lOmM sodium molybdate, leupeptin at 10|ig/ml, approtinin at

10|0.g/ml and 1% Triton X; this was kept on ice. Cells which had undergone
treatment were washed with ice cold PBS, then 0.6mls of lysis buffer was added.
Dishes were left at 4 °C for 10 min. Cells were scraped from the petri-dishes and
transferred to an eppendorf tube, then spun at 13,000 rpm, for 6min at 4°C. The

protein content of the supernatant was determined using a standard Bio-Rad assay

according to manufactures guidelines.

To isolate a specific protein from the cell lysates prior to Western blot analysis, a

volume of lysate containing 100|lg of protein was agitated overnight at 4°C with 1-

lOp.1 of relevant antibody. The following day protein-sepharose A beads were

washed in TN buffer (50mM Tris pH 7.4, 150mM Nacl, 5mM EDTA) and 60|ll of
50% bead slurry added to the lysate/antibody mix. This was then incubated for a

further hour as previously. Beads were washed 3 times in TNN buffer (50mM Tris

pH 7.4, 150mM NaCl, 5mM EDTA, 0.5% NP40) and once in TN buffer. A syringe
was used to remove the wash buffer between centrifugations (6000 rpm for 30sec).

20|ll of lx loading buffer (5x buffer: 125mg Tris Base, 1.25g SDS, 6.25ml (3-

mercaptoethanol, 12.5ml glycerol, 417pl bromophenol blue solution, made up to

total volume of 25ml with dTEO) was added to the beads and boiled for 3min,

samples were then spun at 13,000 rpm for lmin and supernatent removed for loading
onto a polyacrylamide gel for Western blot analysis.

144



(ii) Western blot analysis
Cell lysates were prepared and quantified as described. 10-20 jig of protein were run

on a mini-gel apparatus, whereas 5 0-75 jig was used on standard apparatus. Aliquots
of equal concentration were made of protein samples, and their volumes equalised

using lysis buffer. Samples were denatured at 95°C for 5min in loading buffer (as
previously) containing SDS and mercaptoethanol. Protein was loaded onto a 7.5-
12% polyacrylamide gel (determined by band size or separation required for proteins
of interest). Large gels were each run at 60mA for 35min, followed by 35mA for 4h;
mini tanks were mn at 80mA for 25min, then up to 200mA for 1 to 1.5h. After

electrophoresis, proteins were transferred to a permeablised Immobilon-P membrane
via a wet transfer method at 30V, 4°C, either overnight, or for l-4h in the case of

mini-gels.

Proteins were detected using a chemiluminescence Western Blotting Kit.
Membranes were blocked using 1% blocking agent (diluted in Tris Buffered Saline

(TBS): 6.05g Tris base, 8.76g NaCl, made up to 1 litre with dLLO, pH adjusted to

7.5) for 1 h at room temperature, then incubated overnight with a primary antibody in
0.5% blocking solution, at 4°C.
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Primary antibody Dilution Raised in Type Supplier details:
Actin (a,(3&y) 1/500 Mouse IgM Calbiochem:

clone CP01

Phosphotyrosine 1/200 Mouse IgG2b Santa Cruz

biotechnology:
PY20 #SC-580

.

EGFr 1.5 gg/ml Mouse IgGl + IgG2a Neomarkers: Ab7
clone HI 1+11E8

ErbB2 1/40 Mouse IgGl Novacastra clone
CB11

ErbB3 1/200 Mouse IgGl Santa Cruz

biotechnology:
clone RTJ-2

ErbB4 1/400 Rabbit Polyclonal Neomarkers Ab2

c-Raf 1/1000 Mouse IgG TL:#610152

MEK 1/1000 Rabbit IgG NEB: #9122*

ERK 1/1000 Rabbit Polyclonal NEB: #9103*

P-ERK 1/1000 Rabbit IgG (polyclonal) NEB: #9101*

PI3K (p85) 1/500 Mouse IgGl TL:#P13020

PTEN 1/5000 Rabbit IgG Sigma: #P7482

Akt 1/500 Rabbit Polyclonal NEB: #9272*

P-Akt(ser 473) 1/1000 Rabbit Polyclonal NEB: #9271*

PLCy 1/500 Mouse IgGl TL:#P12220

Table 7.2 Primary antibodies used for Western blot detection.
*NEB is distributed by Cell signalling technology. TL = Transduction laboratories

Membranes were washed 3 times for 5min in TBS-Tween (TBS containing 0.1%

Tween 20), then twice for 5min with 0.5% blocking solution, and treated with

secondary antibody in 0.5% blocking solution for lh at room temperature.

Secondary antibodies Dilution Supplier details
Anti-rabbit and anti-mouse
IgG

1/1000 Boehringer Mannheim:
1520709

Anti-rabbit IgG 1/50,000 Santa Cruz

Anti-mouse IgG 1/50,000 Santa Cruz

Anti-mouse IgM 7.5fxg/15ml Calbiochem: 401225
Table 7.3 Secondary antibodies used for Western blot detection
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Membranes were then washed three times for 5min with TBS-Tween and 3 times for

5min with TBS. After lmin incubation with the luminescence substrate solution,

light emission was detected on radiographic film.

7.2.4 Fluorocytometric analysis of integrins
70% confluent cells were serum starved (RPMI 1640 without phenol red) for 24h,
then resuspended at 1 x 106 cells/ml and allowed to recover for lh at 37°C. Cells
were spun at 17,000 RPM for 4min, then resuspended in cold PBS at 0.5 x 106
cells/ml, and 1ml transferred into FACS tube and spun again. Cells were then

resuspended in lOOpl of cold PBS containing 5% FCS, in the presence (or absence
for experimental control value) of an antibody at optimal concentration determined in

previous experiments (table 7.4), then incubated at 4°C for lh.

Integrin Antibody clone Dilution Supplier details
oc2(3l P1E6 1:40 Dako: M0603

oc3Bl P1B5 1:40 Dako: M0608

31 JB1 1:50 Chemicon: MAB1963

33 25E11 1:10 Chemicon: MAB1957

al FBI 22 1:100 Chemicon: MAB1973

a4 P1H4 1:25 Chemicon: MAB16983

a6 NK1 -GoH3 1:10 Chemicon: MAB1378

av P3G8 1:50 Chemicon: MAB1953
Table 7.4 Antibodies used to detect integrin subunit in FAC's analysis

Cells were exposed to lOOpl cold PBS containing 5% FCS in the presence of an

FITC conjugated antibody (Dako: R0439) diluted 1:20, and incubated on ice for a

further hour. Cells were washed in PBS containing 5% FCS and finally resuspended
in 1ml PBS alone to run though the FACS machine. All samples were carried out in

duplicate.

Templates were created within Cell Quest software to record the green fluorescence
of the FITC-conjugated antibody, using 10,000 events (cells) for each sample.

Figure 7.4 shows typical screens from cell analysis, a gate was set around the main
body of cell scatter of control cells for each cell line, and this area analysed in
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Control sample - gated cell spread Control sample - graphed flourescence

Test sample - gated cell spread Test sample - graphed flourescence

Figure 7.4 Example data from FACS analysis ofintegrins
Controls samples were prepared without antibody present to record the basal floursecence
of the cells, and test samples had specific integrin antibodies present.
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subsequent samples. The amount of fluorescence was plotted, and the parameters
altered to express control fluorescence between 10° and 101 on the x-axis. Any
fluorescence above control in antibody containing samples thus fell into the Ml area

of the graph for analysis. Samples prepared with antibody present, were analysed
within parameters set for that cell line, and median values recorded. Relative

expression values were calculated:

Median fluorescence of test sample .

Median fluorescence of control sample

7.3 Manipulation of erbB2 expression in SKOV-3, PEOl and A2780 cell lines
In chapter three, erbB2 was implicated as a limiting factor to cell migration in the

presence of TGFa. It was felt that manipulation of receptor expression levels within
an isogenic system would provide a good tool for further analysis of this phenomena.
To achieve this, clonal cell lines of SKOV-3, PEOl and A2780 were derived (the

process of sub-cloning was necessary as mixed cell populations are present in the
wild type cell line). SKOV-3 cells express high levels of erbB2, and anti-sense
treatment was hoped to have a significant impact. Conversely, A2780 cells

expressed very low levels of receptor, and it was hoped that sense transfects would
increase receptor expression. As mid-range expressers, the PEOl cell line could be

easily manipulated in both directions. Cell line sub-clones were analysed to

determine those which most closely resembled the parental line. A vector expressing
erbB2 in both sense and anti-sense directions was then stably transfected into a

selected sub-cloned cell line. Once adequately grown up, cell lysates of the

transfects were analysed for increased or decreased expression of erbB2, relative to

the un-transfected parent. A similar approach was successfully demonstrated to

affect levels of Cathepsin L expression in malignant cells (Kirschke et al., 2000).

i) Obtaining clonal cell lines
To obtain a clonal line, harvested parental cells were resupended and diluted to seed

a 96 well tray at concentrations of 2, 1 or 0.5 cells per well. One plate was seeded at
each density. Plates were screened over consecutive days for the presence of single
colonies within a well, these were then expanded up. Each sub-clone was screened
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for growth behaviour in the presence and absence of growth factors, and for erbB2
expression levels. Results were compared to the original parent lines in order to

identify a representative sub-clone for transfection (PEOl; clone 16, SKOV-3; clone
10, and A2780; clone 10 were selected for use in further experiments).

(ii) Construction and preparation of plasmid pcDNA3-ErbB2
Vector pcDNA3-ErbB2 was constructed from the commercially available expression
vector pcDNA3, into which the erbB2 gene was spliced in sense and antisense
orientation. The pSV(CAT)-ErbB2 vector (kindly donated by Helen Hurst, CRUK,
Hammersmith Hospital, London, UK) was digested using Hind III to release the
erbB2 fragment, the remaining vector was cut into two pieces using Pvul to avoid
insert contamination with gel products of a similar size. The erbB2 fragment

(4512bp) was then gel purified. Vector pcDNA3 (kindly donated by Grant Sellar,

CRUK, Western General Hospital, Edinburgh, UK) was linearised by cutting the

polylinker region with Hind III, then CIP treated according to manufacturers guide
lines. Vector DNA was then cleaned using a PCR clean up kit.

Ligation of the two fragments was performed using T4 DNA ligase in a total volume
of 10pl, at 16°C overnight. The following day competent JM109 e.coli cells were

gently thawed on ice and transformation tubes pre-cooled alongside. 50|ll of

competent cells were added to 2jll1 of ligation mix in transformation tubes (or no

DNA as control) and left on ice for 20min. The mixture was heat shocked at 42 °C
for 45 sec and returned to ice for a further 2 min without agitation. 950pil of L-broth

(2.46g magnesium sulphate, lOg Bacto-tryptone, 5g yeast extract, and 5g sodium
chloride made up to 1L with distilled water at pH 7.0) was then added to each tube
and shaken for 1.5h at 150 rpm. Cells (100|ll) were plated onto 100pg/ml Ampicillin

containing L-agar plates (15g agar added per 1L of L-Broth) and incubated at 37 °C
overnight. Colonies were picked from plates and grown in L-broth containing
100pg/ml Ampicillin overnight in a shaking incubator. Glycerol stocks were

prepared from cultures and DNA isolated using a miniprep kit according to
manufacturers instructions. Vectors were then sequenced at the MRC (Western

General Hospital, Edinburgh, UK) sequencing facility, using primers T7 and RSP
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(slight variation on Sp6), kindly donated by Grant Seller. These two primer sites are

located at either end of the polylinker region of pcDNA3, hence sequencing
information ran into the erbB2 encoding region and revealed orientation of the gene

within the pcDNA3 vector.

A single preparation of pcDNA3-ErbB2 was made of a sense and anti-sense

construct, this was quantified, then linearised using Pvul ready for transfection.

(iii) Stable transfection of clonal cell lines

Each cell line was transfected with sense and anti-sense pcDNA3-ErbB2, a pcDNA3
vector control and no DNA. Cells to be transfected were seeded into 100cm2

petridishes in full media (triplicate for each treatment) and left to grow to 30 - 50%
confluence. For each set of 3 dishes, lOOjil of room temperature RPMI 1640 media

containing no additives was added to 50|ll lipofectin in an eppendorf tubes. Another
1 OOjLtl media containing no additives was added to 2jag of linear DNA (or no DNA as

a control) in a separate tube. These were left at room temperature for 30 min.

Lipofectin and DNA mixes were then combined and left for 10-15 min, again at

room temperature. Cells were washed with no additive containing RPMI media, and

lipofectin-DNA mix added to 9ml of media, 3ml of this was then distributed to each
of the triplicate dishes. After 6h incubation at 37°C, cells were washed and
incubated with normal RPMI growth media. After a further 2/3 days each petri dish
was trypsinised and split into 3-5 new dishes, in selective (G418 containing) media.
Once small colonies became visible, they were removed using a pipette tip and

transferred to 24 well trays then expanded.

(iv) Analysis of stable transfectants
Once the cell lines were established in T75 flasks, a number of vials were frozen

down. The remaining cells were harvested for preparation of lysates, which were

then analysed by Western blot for their erbB2 expression levels, as shown in figure
7.5.
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Figure 7.5 a) Western blot analysis of erbB2 expression levels in SKOV-3 transfected cell lines.
Lysates were probed with CB11 antibody to reveal erbB2, and an actin antibody as a control. Sub¬
clone of the original line number 10 was transfected an antisense (A) vector containing the gene
encoding erbB2.

Figure 7.5 b) Western blot analysis of erbB2 expression levels in PEOl transfected cell lines.
Lysates were probed with CB11 antibody to reveal erbB2, and an actin antibody as a control. Sub¬
clone of the original line number 16 was transfected with sense (S) and antisense (A) vectors
containing the gene encoding erbB2.

Figure 7.5 c) Western blot analysis of erbB2 expression levels in A2780 transfected cell lines.
Lysates were probed with CB11 antibody to reveal erbB2, and an actin antibody as a control. Sub¬
clone of the original line number 10 was transfected with a sense (S) vector containing the gene
encoding erbB2.
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7.4 Statistical analysis
Statistical analysis of the growth data in chapter 2 (figure 2.2) was carried out using an

unpaired Students t-test as growth experiments in full media and reduced media
conditions were not carried out on the same occasion. The mean growth increase
between day 0 and day 5 was utilised in this test from each of the experimental repeats.

Growth data in chapter 3 (figure 3.1) and also that in chapter 5 (figures 5.1, 5.2, 5.4, 5.5,
5.6a, 5.7a, 5.8a and 5.9a) utilised paired Student t-tests to analyse the data. Again, mean

growth increases (under various treatment combinations) from day 0 to day 5 was used
to make these comparisons. Migration data (figures 3.3 and 5.10) was also analysed

using a paired Student's t-test, using total % migration figures.

Correlative analysis of cell growth or migration with erbB receptor expression levels in

chapters 2 and 3 (figure 2.3 and 3.3 and table 3.4) used a Pearson's parametric test.
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