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“Science is what you know, philosophy is what you don’t know.”

Bertrand Russell (1872-1970). British Philosopher.




Summary

Summary

Despite the effectiveness of tamoxifen in the treatment of oestrogen-receptor-positive
breast cancer, a significant proportion of initially-responsive tumours will develop
resistance. Using an in vitro cell-model (Tam-R), our laboratory has previously
demonstrated that altered growth-factor signalling contributes to tamoxifen-resistant
growth. Furthermore, preliminary studies have revealed that acquired tamoxifen-

resistance is also accompanied by an aggressive cell-phenotype.

Src plays a key role in the regulation of cellular events such as proliferation,
migration and invasion. Given that Src has been implicated in tumour progression
and metastasis, the aims of this thesis were to further investigate the aggressive
phenotype of tamoxifen-resistant breast cancer cells, together with the role of Src in

such behaviour.

Characterisation of Tam-R cells revealed that these cells grew in loosely-packed
colonies and displayed a more angular appearance, which is characteristic of cells
undergoing an EMT-like process. Furthermore, Tam-R cells demonstrated increased
growth and a significantly augmented motile and invasive phenotype compared to
MCF7wt. Analysis of Src expression in these cell-lines revealed no change in mRNA
or protein levels; however, a dramatic increase in basal Src activation (phosphoryla-

tion at Y419) was observed in Tam-R cells.

Inhibition of Src in Tam-R cells using AZMS555130 restored cell-cell contacts,
decreased cell-matrix attachment and suppressed migration and invasion in a dose-
dependent manner. Furthermore, inhibition of Src was accompanied by decreased
proliferation and a corresponding reduction in EGFR signalling. Conversely, over-
expression of constitutively-active Src in MCF7wt cells resulted in elevated growth-
factor signalling and FAK/paxillin activity, and promoted increased cell growth,
migration and invasion. Importantly, these cells demonstrated insensitivity to the
growth-inhibitory effects of tamoxifen, an effect reversed by co-treatment with

AZM555130.

Together, these data suggest that Src plays a pivotal role in mediating the aggressive
phenotype of tamoxifen-resistant breast cancer cells in vitro, and that targeting Src in

such cancers may be of therapeutic advantage.
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Chapter One

Introduction

“While there are several chronic diseases more destructive to life than

cancer, none is more feared.”

Charles H. Mayo (1865-1939). US Physician.
Annals of Surgery, 83:357. 1926.
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1 Introduction

1.1 Breast Cancer: Facts and Figures
1.1.1 Key Statistics

It is estimated that 4.4 million women alive in the world today have been
diagnosed with breast cancer in the last 5 years [1]. The high prevalence of
breast cancer is due to the current trend of increasing breast cancer incidence
rates and decreasing mortality [1]. The worldwide incidence of breast cancer
in 2002 was recorded as 1,151,298 (23% of all female cancers); while this
disease claimed 410,712 lives in that same year (14% of all female cancer-
related deaths) [1, 2]. Incidence of breast cancer is highest in the USA, where

an estimated 180,510 new cases are expected in 2007 [3].

Breast cancer is also the most common form of female cancer in the UK, with
a lifetime risk of contracting the disease at 1 in 9 [4]. Breast cancer accounts
for over 30% of all female cancer diagnoses in the UK [4, 5], with an average
of 44,100 new cases reported each year [6]. Of these, approximately 80%
occur in post-menopausal women over the age of 50 [7]. However, despite a
5-year survival rate of 80% in women diagnosed with breast cancer between
2001 and 2003 [8], an average of 12,500 deaths are attributed to this disease
each year in the UK (17% of all cancer related deaths in UK females) [6].

Together, these figures offer a striking realisation of the threat to public health
posed by breast cancer, and thus highlight the need for research into methods

to reduce both the incidence and mortality of breast cancer worldwide.

1.1.2 Risk Factors Associated with Breast Cancer

A large number of risk factors have been associated with the occurrence of
breast cancer, although many are ill-defined and require additional research to
further clarify their involvement. The single greatest risk factor in the devel-
opment of breast cancer is age; the incidence of breast cancer in women has
been shown to double for every 10 years until menopause is reached [9].

Thus, the risk of a woman in the UK developing breast cancer by the time she
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is 30 years old is 1:1900, but by the time she is 50 years old the risk will have
increased to 1:50 [6].

The life-time exposure of an individual to oestrogens, both endogenous and
exogenous, is another major determinant of breast cancer risk. For example,
age at onset of menstruation and menopause, age at first full-term pregnancy,
parity, and whether off-spring are breast fed can all affect the probability of
contracting this disease [6, 9]. Furthermore, small increases in risk are
observed with the use of oral contraceptives [6, 9] and hormone-replacement
therapy (HRT) [10]. The actual increase in risk depends on the type of oral
contraceptive or HRT used and the duration for which it is taken; however,
this risk will return to a baseline level after stopping use of these medications,

although it can take 5-10 years for this to happen [2, 6, 9, 10].

Approximately 5-10% of breast cancers occur in women with a family history
of the condition, suggesting the possible involvement of genetic factors [6, 9].
Thus far, at least 5 genes that might be responsible for inheritable pre-
disposition to breast cancer have been identified, of which BRCA1 is probably
the most clinically important [11]. Approximately 56-80% of women carrying
a mutated BRCAI gene will develop breast cancer; however, despite BRCAI-
expressing cancers being associated with increased tumour stage/grade,
increased proliferative index, and decreased oestrogen receptor (ER) and
progesterone receptor (PgR) levels, the 5-year survival rate of these patients

correlates favourably with that of sporadic tumours [12].

Breast cancer incidence varies throughout the world, with epidemiological
studies demonstrating that breast cancer is more prevalent in Western popula-
tions, such as the UK and USA, than in Eastern countries, such as China and
Japan [1, 9, 13]. Interestingly, following migration from a low-risk country to
a high-risk country, migrants often acquire an increased risk of developing
breast cancer during their lifetime, and will adopt the risk of the host country
within 2-3 generations [1, 9]. This suggests that life-style (diet, alcohol con-
sumption, weight), socio-economic status and environmental factors may also

have an important role to play in the development of breast cancer [1, 6, 9].
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1.2 Therapeutic Options for the Treatment of Breast
r‘l L ysh
cdancer

Despite a persistent increase in the incidence of breast cancer in the UK,
mortality rates have decreased and are continuing to fall (figure 1.1) [7]. The
five-year survival rate for women diagnosed between 1991 and 1995 was
73%; while for women diagnosed beiween 1996 to 1999 it was 78% [7]. The
increase in S-year survival is believed, in part, to be a result of earlier
detection due to an intensive breast-screening program introduced in 1988 for
women over the age of 50 [14-16]. The remainder of the increase is attribut-
able to improvements in the number and efficacy of treatments currently

available for breast cancer sufferers [1].

The method of breast cancer treatment used depends upon whether the tumour
is non-invasive (confined to the lobes or ducts of the breast) or invasive (has
spread to other parts of the breast and has the potential to spread to other parts
of the bedy); the classification of a cancer into these categories is governed by
the grade and stage of the tumour {17, 18]. The grade of a tumour is assigned

following histological assessment of the appearance of the tumour cells, and
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Figure 1.1 Age-standardised incidence of and mortality from female
breast cancer.
England, 1971-2003. Figure obtained from Office of National Statistics {7].
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gives an indication of the growth rate and metastatic potential of a cancer.
Grade I tumours are slow-growing and demonstrate low metastatic potential,
while grade III tumours are faster-growing and possess increased metastatic
potential [18]. Invasive tumours are staged using the TNM (tumour, node,
metastasis) system [19] which provides details of tumour size and degree of
metastasis observed (summarised in table 1.1) [6, 18]. Non-invasive tumours

are sometimes referred to as Stage 0 [18].

Table 1.1 Staging of Invasive Breast Tumours'.

Tumour Stage Characteristics

Tumour size < 2cm.
Stage I No lymph node involvement.

No evidence of spread beyond the breast.

Tumour between 2cm and 5¢cm and/or;
Stage 11 Involvement of lymph nodes in armpit.

No evidence of spread beyond armpit.

Tumour size > Scm.
Stage 11l Involvement of lymph nodes in armpit.

No evidence of spread beyond armpit.

Tumour of any size.
Stage 1V Involvement of lymph nodes in armpit.

Evidence of metastasis to distant sites.

* Table adapted from Cancer Research UK News and Resources web site [6].

The primary strategy used to treat most breast cancers is surgery followed by a
course of radiotherapy to eliminate any stray cancer cells not removed during
the operation. The type of operation carried out depends on how advanced the
tumour is, and can range from a lumpectomy (removal of the lump and some
surrounding breast tissue) to the more extreme modified radical mastectomy
(removal of the breast and some muscle tissue from the chest wall). Where
invasive carcinoma is involved, lymph nodes from the axilla are also often
removed to help determine if the cancer has spread beyond the breast [17-19];
although it is now becoming increasingly popular to perform a sentinel node
biopsy at the time of surgery to check for tumour spread as they are associated

with a lower risk of lymphedema or sensory loss in the arm [20].
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Approximately half of women who are treated with surgery and radiotherapy
will eventually succumb to metastatic disease, suggesting that cancer spread
may have already occurred by the time surgery is performed [19]. Thus, for
high grade tumours, or if spread of the tumour is suspected due to lymph node
involvement, additional treatment is given in the form of either chemotherapy
or endocrine therapy to eliminate cancerous cells that may have travelled to
other parts of the body via the circulatory system. This treatment regimen is
known as adjuvant systemic therapy [17-19]. The use of chemotherapy or
endocrine therapy in post-menopausal women as an adjuvant to surgery and
radiotherapy has been shown to save an additional 12 lives for every 100
women treated; whereas the use of adjuvant chemotherapy in pre-menopausal

women saves approximately 10 lives per 100 women treated [19].

The choice of adjuvant therapy used is most often dependent on the hormone-
receptor status of the tumour [2]. As such, the testing of tumours for hormone
receptor expression is now routine following surgery [18]. Patients with
hormone-receptor-positive disease are typically offered some form of endo-
crine therapy to reduce the risk of disease recurrence. If possible, the use of
endocrine therapy is preferable to chemotherapy as it has a high success rate,
in addition to lower toxicity and less severe side-effects. In pre-menopausal
women, endocrine therapy usually takes the form of either surgical or thera-
peutic ablation of ovarian function, as the ovaries are the primary source of
oestrogen synthesis in these patients; often, this is in conjunction with the use
of anti-oestrogens, such as tamoxifen [21]. In post-menopausal women, how-
ever, endocrine therapy usually involves the use of anti-oestrogens; although
more recently, the newer aromatase-inhibitor compounds, such as anastrozole
(Arimidex™), have been shown to be superior in this setting [21, 22].

Endocrine therapy will be discussed in more depth in the next section.

Patients with hormone-receptor negative tumours are commonly given chemo-
therapy to prevent the development of secondary disease. Chemotherapy
involves the administration of a combination of cytotoxic drugs, usually every

3-4 weeks for a 4-6 month period (6 courses in total) [18]. The combination
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of cytotoxic drugs selected for use is usually tailored for the best response in
individual patients. Unfortunately, despite its efficacy as an anti-cancer treat-
ment, chemotherapy can be accompanied by some serious side-effects, such as
chronic fatigue, hair loss and even infertility [18]. Increasingly, chemotherapy
is being used in combination with trastuzumab (Herceptin™), a monoclonal-
antibody therapy, in the treatment of tumours that over-express the HER2/neu
receptor regardless of hormone-receptor status or whether the patient has
reached menopause [2, 17-19]. This is because over-expression of HER2/neu

can often indicate decreased responsiveness to endocrine therapies [19, 23].

Chemotherapy or endocrine therapy may also be used prior to surgery in order
to shrink the tumour [2, 18, 21]. This is known as neo-adjuvant therapy and is
particularly important in fast growing tumours as it can minimise the degree of
surgery required. Alternatively, these treatments may be offered as primary
therapy to patients that cannot undergo surgery for a variety of reasons,
including age or general ill-health [18, 21]. Furthermore, the use of tamoxifen
as a cancer preventative agent has been investigated in patients at high risk of
contracting breast cancer. Reports have revealed that tamoxifen, when given
to healthy women at increased risk for breast cancer, reduced the occurrence
of non-invasive tumours by 50% and decreased invasive tumours by 49% [24].
However, the benefits obtained from using tamoxifen as a chemo-preventative
must outweigh the potentially serious side-effects of long-term tamoxifen use,
such as increased risk of endometrial cancer and thromboembolic events, if

this therapeutic regime is to be successful [2].

1.3 Endocrine Therapy in the Treatment of ER-positive

Breast Cancer
The link between oestrogens and breast cancer was first established in 1896
when Sir George Thomas Beatson demonstrated shrinkage of some breast
tumours following performance of a bilateral oophorectomy (surgical removal
of the ovaries) [25]. Since then, the role of oestrogens and oestrogen receptor

(ER) signalling in breast cancer has been well established, and modulation of
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this signalling mechanism using endocrine therapy is now one of the most

powerful tools in combating this disease.

Endocrine therapy may take a number of forms, including ovarian ablation,
anti-oestrogens and aromatase inhibitor (AI) compounds [26]. The nature of
each of these therapies will be discussed later in this section; but first one must
consider the role of oestrogen receptor signalling in breast cancer in order to

fully appreciate their mode of action.

1.3.1 QOestrogen Receptor Signalling in Breast Cancer

Endocrine therapy is not suitable for the treatment of all breast cancers as it
requires the expression of functional hormone receptors, primarily the ER, in
the cancerous cells [19]. Breast cancers can be classified as either hormone-
dependent or hormone-independent, as determined by their oestrogen receptor
status. Hormone-dependent tumours, which account for approximately 60-
70% of all breast tumours, test positive for ER and are therefore presumed
reliant on oestrogens for growth stimulation. Conversely, hormone-independ-
ent tumours are ER negative and so require alternative cell-signalling

mechanisms for proliferation.

1.3.1.1 The Structure of the Oestrogen Receptor (ER)

There are two known forms of the ER protein: ERa, which was discovered
over 40 years ago and is considered to be the ‘classical’ ER [27], and ER,
which has been identified more recently and so is much less well characterised
[28]. These two proteins, which are encoded by separate genes [29], share
significant structural homology, particularly in the DNA and hormone binding
domains [27]. However, differences in the N-terminal domains of these
proteins suggest that they may have separate roles in oestrogen signalling,
which are still under investigation [30]. As such, the importance of ERP in
breast cancer is ill-defined, and so for clarity this thesis will only discuss ERa

(henceforth referred to as ER).

The structure of the ER protein has been comprehensively described in the

literature (reviewed in [31]). Briefly, the ER is a 66kDa protein that possesses
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a modular structure comprising 6 independent regions (see figure 1.2). The
A/B region is found at the N-terminus of the ER protein and possesses an
intrinsic transcription activator function (AF-1). The AF-1 domain is con-
stitutively active and, thus, independent of ligand-binding; however, its activ-
ity may be enhanced following the activation of a number of cell signalling
pathways, such as the Ras’/MAPK pathway, which can then phosphorylate ER
on serine residues at the N-terminus (S104, S106, S118 and Si67) [32, 33].
Phosphorylation of S118 has been shown to be necessary for the full activation
of the AF-1 domain [31].

Next is the C-region which contains the highly conserved DNA binding do-
main (DBD). This region contains two zinc-finger motifs which are involved

in the recognition of and binding to specific oestrogen-response-elements

region which follows appears to have limited functionality, and may be
responsible for the localisation of ER to the nucleus. This is followed by the
E-region which, at 250 amino acids, is the largest of the 6 regions and contains
the hormone binding domain (HBD), a second intrinsic transcription activator

function (AF-2) and sequences important for receptor dimerisation and for the

binding of chaperone proteins and co-regulators to the ER [31]. Furthermore,

S104/106

Transactivation ERE Recognition  Nuclear Hormone Binding
(AF-1) DNA Binding  Localisation Transactivation (AF-2)
Chaperone Protein Binding
Co-regulator Binding
Dimerisation

Figure 1.2 Structure of the oestrogen receptor (ER) protein.
Schematic diagram detailing the functional domains of ER (labelled A-F), in addition to
phosphorylation sites involved in the promotion of ER transcriptional activity.

O
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this region contains a tyrosine residue at position 537 which, when phos-
phorylated, is believed to be important for receptor dimerisation and ERE
binding [34]. Additionally, this tyrosine may provide a binding site for a num-
ber of SH2-domain containing proteins (such as Src) which, when docked,

promote the non-genomic signalling of ER (see section 1.3.1.2.3) [35].

Unlike AF-1, the AF-2 domain is not constitutively active and requires ligand
binding to the HBD for transcriptional activation. Maximum transcriptional
activity of ER usually requires the activation of both AF-1 and AF-2 domains;
however, some genes only require either AF-1 or AF-2 activity, thus allowing
these domains to act independently of each other [36]. This has major
implications for the therapeutic use of anti-oestrogens such as tamoxifen,

which will be discussed further in section 1.3.3.1.

1.3.1.2 Mechanisms of ER Activation and Signalling

The oestrogen receptor is classed as a ligand-activated nuclear transcription
factor, and is a member of a super-family of nuclear hormone receptors.
Three modes of oestrogen receptor signalling have so far been identified

(reviewed in [29]).

1.3.1.2.1 ‘Classical’ Genomic Oestrogen-receptor Signalling

The ‘classical’ genomic signalling mechanism of ER is the most well under-
stood of the three (see figure 1.3) [29, 31, 37]. In the absence of ligand, the
ER is maintained in an inactive state through the formation of a large multi-
protein complex with chaperone proteins such as HSP90. Following exposure
to oestrogens, the hormone molecules diffuse through the plasma-membrane
of the cell and travel to the nucleus where they bind to the HBD of the ER.
This causes dissociation of the chaperone proteins from the receptor which, in
turn, promotes phosphorylation of the N-terminal serine residues required for
maximal AF-1 activity. Together, ligand binding and receptor phosphoryla-
tion result in a conformational change in the protein which induces receptor
homo-dimerisation and translocation to the ERE of oestrogen-regulated genes,

where it binds to the DNA with high affinity. The binding of ER to the ERE

10
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Gene Transcription

Figure 1.3 ‘Classical’ mechanism of ER signalling in breast cancer.

When inactive, ER forms a complex with chaperone proteins such as HSP90 (i). Following the
binding of E,, the chaperone proteins dissociate from the ER and the receptor undergoes
phosphorylation on Serine in the N-terminal domain (ii). The receptor then forms a homo-
dimer (iii) and translocates to the ERE of an oestrogen-regulated gene (iv) where it recruits co-
activators or co-repressors to promote or suppress gene transcription respectively.

11
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then results in the recruitment of additional proteins, known as co-regulators,
to the ER/DNA complex which, depending on their type, can either promote
or repress gene transcription to regulate cellular processes such as cell-cycle

progression, proliferation and apoptosis [29].

There are two types of co-regulator proteins: co-activators, such as SRC-1 and
CBP, which promote oestrogen-receptor dependent gene transcription, and co-
repressors, such as NCoR and SMRT, which repress oestrogen-receptor
dependent gene transcription [37, 38]. Both co-activators and co-repressors
can bind to the ER/DNA complex in the presence of oestrogen; which proteins
are recruited is dependent on the promoter sequence of individual genes.
Interestingly, binding of selective oestrogen receptor modulators (SERMs)
such as tamoxifen typically results in the recruitment of co-repressors, leading
to the inhibition of gene transcription [29]. Thus, the ratio of co-activator to
co-repressor expression may have implications for the sensitivity of some

breast cancers to endocrine therapy [37, 39].

1.3.1.2.2 ‘Non-classical’ Genomic Oestrogen-receptor Signalling

The second mode of ER signalling involves the indirect regulation of gene
expression in the absence of an ERE promoter sequence via the formation of
protein-protein interactions with additional transcription factors (see figure
1.4) [29]. For example, by associating with the c-fos and c-jun transcription
factors ER can promote the expression of genes that contain the AP-1 response
element in their promoter region [36]. Thus, the ER is effectively able to act
as a co-activator for other transcription factors by strengthening DNA binding
and by recruiting other co-activators to the transcription-factor complex to

promote gene expression [29].

Additional promoter sequences that can be targeted in this way include the SP-
1, TPA and NF-xB response elements [31] which can lead to the expression of
proteins important for cell proliferation and survival, such as IGF-1R, cyclin

D1 and Bel-2 [29].
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(i1)

(iii)

Gene Transcription

Figure 1.4 ‘Non-classical’ mechanism of ER signalling in breast cancer.

ER is also able to promote the expression of genes that do not contain a classical ERE site.
Additional transcription factors, such as Fos and Jun, can form a complex which is then
directed to a specific, non-ERE gene-promoter binding site, such as AP-1 (i). This complex
recruits co-activator proteins to the site (ii), followed by ligand-activated ER which can
enhance the activity of the co-activator proteins to promote gene transcription (iii).
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1.3.1.2.3 Non-genomic Qestrogen-receptor Signalling

The ER can also exhibit rapid signalling action in response to ligand binding
which results in the activation of a number of signal-transduction molecules
important for cell growth and survival, including growth-factor receptors,
adapter molecules and cellular kinases such as MAPK and Akt (see figure 1.5)
[29, 39]. These responses occur within minutes of exposure to oestrogens and
so cannot be attributed to the genomic functions of ER described above; thus,
this mechanism of ER signalling is known as ‘non-genomic’ [40]. Studies
have revealed that non-genomic signalling takes place either at the plasma-
membrane or in the cytoplasm and so requires the translocation of ER from
the nucleus to these locations [40]. The mechanisms which regulate this
process are poorly understood but a possible role for the non-receptor tyrosine
kinase, Src, has been identified [41, 42].

Non-genomic ER signalling is believed to be facilitated by the phosphory-
lation of the receptor on Y537 which acts as a docking site for SH2-domain
containing proteins [43]. This allows direct, physical associations between the
ER and molecules such as Shc, Src and PI3K [40]. These protein complexes
can then interact with and activate other molecules such as growth-factor
receptors or the ras-raf-MEK pathway, leading to the activation of ERK 1/2
and Akt which can then go on to phosphorylate nuclear ER S118 and S167 to
promote genomic signalling via the AF-1 domain [32, 33]. Interestingly, the
non-genomic function of ER can also be initiated by SERMs such as
tamoxifen; thus, promotion of non-genomic signalling by these compounds

may be a potential mechanism of tamoxifen-resistant cell growth [39].

1.3.2 Endocrine Therapies — Ovarian Ablation

The primary source of oestrogen synthesis in pre-menopausal women is the
ovaries, although limited amounts are also produced in peripheral tissues such
as adipose tissue [44]. These endogenous oestrogens can promote the growth
of ER-positive breast cancer and so eliminating them from the body may be
beneficial in the treatment of these tumours. One method of achieving this is

to suppress ovarian function in order to abrogate oestrogen synthesis, and this
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Figure 1.5 Non-genomic mechanisins of ER signialling in breast cancer.

The phosphorylation of ER at Y537 permits the binding of cytoplasmic proteins containing an
SH2-domain, such as Src, She or PI3K. This binding can facilitate interactions between the
ER and growth-factor receptor signalling pathways, resulting in the downstream activation of
ERK 1/2 and Akt. In addition to their established roles in the regulation of cell proliferation
and survival respectively, these proteins may also phosphorylate ER on S118 and S167 to
promote ligand-independent AF-1-mediated genomic ER signalling.
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can done using surgical (oophorectomy) or therapeutic (luteinising-hormone

releasing hormone [LHRH] agonists) techniques [26].

Oophorectomy was first observed to reduce tumour growth following work
conducted by Sir George Beatson in 1896 [45], but it wasn’t until almost 60
years later that this was found to be a result of reduced oestrogen production
[26]. Since then, surgical ablation of ovarian function has proven effective in
the clinical management of ER-positive breast cancer; however, since the
irreversible nature of this treatment strategy leads to permanent infertility [26],
a number of pharmacological methods of ovarian suppression, such as LHRH

agonists, have now been developed.

LHRH agonists, such as goserelin (Zoladex™), are synthetic hormones that
reduce oestrogen production by the ovaries [21]. They work by down-
regulating levels of the LHRH receptor in the pituitary gland to reduce
secretion of luteinising hormone which is important for ovarian function [44].
Phase 11l clinical trials have shown that goserelin was at least as effective as
chemotherapy in the adjuvant treatment of ER-positive breast cancer in pre-
menopausal women [26]. However, side-effects were much less severe with
goserelin (menopausal symptoms) and, importantly, menses resumed in the

majority of patients within 3 years of treatment ending [26].

Effectively, ovarian ablation inhibits the synthesis of oestrogens by the ovaries
to induce menopause in the patients to which they are given; however, this
treatment does not reduce oestrogen production in the peripheral tissues. As
such, the effects of ovarian ablation are typically augmented with additional
endocrine therapies, such as tamoxifen or aromatase inhibitors, resulting in a

more complete endocrine blockade [44].

1.3.3 Endocrine Therapies — Anti-oestrogens
Anti-oestrogens function by blocking the growth-stimulatory effects of oestro-
gen on breast cancer cells by either competitively binding to or causing the

degradation of ER in the cell [21]. There are currently two main classes of

16



Chapter One: Introduction

anti-oestrogen: the selective oestrogen receptor modulators (SERMs) and the

selective oestrogen receptor down-regulators (SERDs).

1.3.3.1 Tamoxifen (Nolvadex™)

Tamoxifen was first developed as a contraceptive, but failed in the clinic after
it was found to actually promote ovulation in humans rather than suppress it;
however, through the concerted efforts of a number of scientists and
investigators, tamoxifen was re-invented in the 1970s as the world’s first
targeted anti-breast-cancer therapy [46, 47]. It has since become the most
commonly administered form of endocrine therapy, and has been the gold
standard agent for the adjuvant treatment of breast cancer for over 25 years
[26, 47]. Approximately 400,000 women are said to be alive today as a direct
result of tamoxifen therapy [48].

Tamoxifen is a non-steroidal anti-oestrogen, the structure of which is shown in
figure 1.6. It belongs to the ‘selective oestrogen receptor modulator’ (SERM)
family of anti-oestrogens, so called because of their ability to act as both ER
agonists and antagonists [49]. Tamoxifen works by competitively binding to
the HBD of the ER. Much the same as with oestrogen binding, this action
results in a conformational change in the receptor that causes chaperone
protein dissociation, receptor dimerisation and translocation of the ER-
tamoxifen complex to the promoter regions of oestrogen regulated genes [31].
However, the conformational change induced by the binding of tamoxifen to
ER is incomplete, and so prevents the full activation of the ER AF-2 domain
required for gene transcription [36]. This inhibition of gene transcription may
be further promoted by the preferential recruitment of co-repressors to the
gene promoter by the ER-tamoxifen complex [49]. Thus, tamoxifen is able to
block ligand-dependent ER signalling, resulting in the disruption of regulatory

mechanisms that control cell proliferation and survival in breast cancer.

However, inhibition of ER function by tamoxifen is incomplete as it is unable
to affect the transcriptional activity of the AF-1 domain. Therefore, any
oestrogen-regulated genes that require only the activity of the AF-1 domain

may still be expressed [36]. Furthermore, the activity of AF-1 in the presence
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Figure 1.6 Structure of the anti-oestrogens, tamoxifen and fulvestrant, in comparison
with that of 17B-oestradiol (adapted from [50]).
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of tamoxifen may be enhanced by growth-factor signalling pathways which
lead to the phosphorylation of ER at S118 and S167 to promote hormone-
independent gene transcription and cell growth [51, 52]. Indeed, the binding
of tamoxifen may act as a stimulus for non-genomic ER signalling which can
promote the activation of these growth-factor signalling pathways, in addition
to the activation of a number of cellular kinases which may augment this
process [41]. Thus, the inability of tamoxifen to fully inhibit ER signalling
may have repercussions for the development of resistance to this compound,

and this will be discussed further in the next section.

In addition to drug resistance, the long-term effectiveness of tamoxifen may be
complicated by some unfavourable side-effects. Although generally well
tolerated in the clinic, tamoxifen has been associated with an increased risk of
developing endometrial cancer due to its role as an ER agonist in this tissue, in
addition to increased thromboembolic events that may lead to a stroke [24].
Because of this, tamoxifen use is often limited to a maximum of 5 years as

studies have shown no additional benefit with longer treatment durations [26].

1.3.3.2 Fulvestrant (Faslodex™)

Despite being well tolerated, the side-effects associated with the agonistic
effects of tamoxifen (mentioned above), in addition to the relatively frequent
acquisition of resistance to this therapy, make it a less-than-ideal therapeutic
agent. Thus, recent years have seen the development of a number of com-
pounds which demonstrate equal or superior efficacy in the treatment of breast
cancer compared to tamoxifen, but which lack any ER agonist activity and so

may be better tolerated in the clinic [53].

One such compound is fulvestrant (Faslodex™; AstraZeneca Pharmaceuticals
Ltd.) [50, 54]. Fulvestrant is an anti-oestrogen with a steroidal structure simi-
lar to that of 17B-oestradiol (E;), but which contains an alkylsulphinyl side
chain at the 7a position which is crucial for the ER antagonist activity of this
compound (see figure 1.6) [30]. Fulvestrant belongs to the ‘selective oestro-
gen receptor down-regulator’ (SERD) class of anti-oestrogens [31], so called

because a component of its mode of action is to down-regulate ER protein and
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thus reduce their cellular levels [54]. Unlike tamoxifen, fulvestrant has been
shown to possess no ER agonist activity in all tissues studied to date [36], and
so is known as a ‘pure’ anti-oestrogen [54]. Fulvestrant is the first of this new

class of ‘pure’ anti-oestrogens to enter clinical development [55].

Fulvestrant works by binding to the ER with high affinity (approximately 89%
that of oestradiol) and inducing a conformational change in the structure of the
receptor (reviewed in [30, 50, 53]). However, steric hindrance caused by the
alkylsulphinyl side-chain of fulvestrant results in an abnormal conformation of
the ER protein which prevents receptor dimerisation and inhibits nuclear
localisation. In addition, the ER-fulvestrant complex is unstable and leads to
the subsequent rapid degradation of ER to reduce the cellular levels of this
protein. Furthermore, the binding of fulvestrant to ER prevents the activation
of the AF-1 and AF-2 domains; thus ER mediated gene transcription is
inhibited even if the down-regulation of ER protein is incomplete. The combi-
nation of cellular events that transpire as a result of treatment with fulvestrant
leads to a significant reduction in ER-regulated gene transcription, with
fulvestrant demonstrating 95% and 91% antagonism of E,-upregulated and E,-

down-regulated gene expression respectively [30].

Fulvestrant has been generally well tolerated in clinical trials, with only a
small number of relatively minor side-effects reported [30]. Importantly, this
compound possesses no ER agonist activity in any tissue type studied thus far,
and so is not associated with the increased risks of endometrial cancer or

thromboembolic events that accompany long-term tamoxifen use [30].

Fulvestrant has been shown to be effective against ER-positive breast cancer
in both pre-clinical in vitro and in vivo studies and in clinical trials, and results
in a reduction in ER protein levels (but not mRNA) and in the expression of
ER-regulated genes such as PgR and pS2 [30, 50, 54, 56]. However, data
from these trials have so far failed to demonstrate superiority of fulvestrant
over tamoxifen or Als in the treatment of advanced breast cancer, and cur-
rently suggest its use as a second-line therapy following disease progression

with these compounds [30, 57, 58]. As such, the importance of fulvestrant in
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the treatment of breast cancer is unclear at present, but further investigations

into fulvestrant as a first-line therapy in ER-positive breast cancer are ongoing.

1.3.4 Endocrine Therapies — Aromatase Inhibitors (Als)

Due to the adverse effects associated with long-term tamoxifen use, in addi-
tion to the pervading threat of acquired resistance to this drug, aromatase
inhibitors (Als) have recently been developed as a further means of treating

breast cancer.

Following menopause, the principle site of oestrogen production in the female
body is in the peripheral tissues, such as adipose tissue or muscle [44]. Here,
the cytochrome P450 enzyme, aromatase, converts the androgen, andros-
tenedione, to oestrone; and this is subsequently converted into 17p-oestradiol
by 17B-hydroxysteroid dehydrogenase, resulting in an increase in the circu-
lating levels of 17B-oestradiol which can then stimulate the growth of ER-
positive breast cancers. Interestingly, both enzymes can also be found in the

tumour itself, thus providing a local source of oestrogen production [44].

Als work by inhibiting the aromatase enzyme, both in peripheral tissue and in
the tumour, to prevent oestrogen synthesis [55]. Therefore, in a similar
fashion to ovarian ablation in pre-menopausal women, the net result of Al
treatment is a significant reduction in the circulating levels of oestrogens in the
body, thus removing the growth stimulus for ER-positive breast tumours [55].
Although the efficacy of first-generation Als was blighted by low selectivity
and high toxicity [59], the current third-generation Als, of which anastrozole
(Arimidex™), letrozole (Femara™) and exemestane (Aromasin™) are the
most well studied, have shown promise in clinical trials for the adjuvant
treatment of early breast cancer. These agents have demonstrated both high
selectivity and good tolerability [26], and have been shown to reduce serum

oestrogen levels by as much as 85-92% in post-menopausal women [55].

Recently, the results of the Arimidex, Tamoxifen, Alone or in Combination
(ATAC) trial have challenged the 25-year reign of tamoxifen as the gold
standard adjuvant therapy for early breast cancer. The data show that the Al,
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anastrozole, was far superior to tamoxifen after 5 years of treatment; demon-
strating prolonged disease-free survival, time-to-recurrence and time-to-
distant-recurrence, in addition to a decreased risk of contralateral breast
cancers [22]. The increased efficacy of anastrozole in this setting may be due
to its ability to inhibit both ligand-dependent genomic and non-genomic ER
signalling, unlike tamoxifen which may actually stimulate non-genomic
signalling of ER [60]. Furthermore, anastrozole was better tolerated, and was
associated with a reduced risk of endometrial cancer and thromboembolic
events compared to tamoxifen [22]. However, bone fractures were increased
in the Al group suggesting that this compound resulted in loss of bone mineral
density; although this can be countered by co-treatment with bis-phosphonates
to reduce bone resorption [22]. In their conclusions, the ATAC Trialists’
Group recommended that anastrozole should replace tamoxifen as the
preferred choice of initial adjuvant therapy in post-menopausal women with
early ER-positive breast cancer [22]. However, longer follow-up studies are
still required in order to ascertain the long-term effects of Als on overall

survival compared to tamoxifen [55].

Interestingly, the anastrozole-tamoxifen combined arm of the ATAC trial con-
clusively failed to show any benefit over tamoxifen alone, and was ended prior
to completion of the study [22]. This may be because tamoxifen can act as a
weak oestrogen to stimulate the non-genomic functions of ER and promote
growth-factor-receptor and ligand-independent ER signalling pathways [61].
However, despite this failure, the use of Als in combination with other endo-
crine therapies has also been suggested. For example, Als in combination
with fulvestrant may be superior to Als alone as fulvestrant is able to abrogate
ligand-independent ER-mediated gene transcription which is still active
following Al treatment alone [60]. Indeed, ligand-independent ER activation
may confer resistance to Al therapy, and this has been studied in our labora-
tory using an MCF7-derived cell-model of resistance to oestrogen depravation
[61]. Furthermore, investigations into the efficacy of Als in pre-menopausal

women following ovarian ablation or suppression are also underway [60].
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1.4 Tamoxifen Resistance in Breast Cancer

1.4.1 Acquired and de novo Resistance to Tamoxifen

Despite the success of tamoxifen in the treatment of breast cancer over the last
three decades, this therapeutic agent is not without its problems or limitations.
As with all endocrine therapies, tamoxifen is only beneficial in ER-positive
tumours, which means that 30-40% of all breast cancers are not eligible for
this treatment [19]. Sadly, of the ER-positive tumours treated with tamoxifen,
a further 50% will not respond and, along with ER-negative tumours, are said
to exhibit de novo (‘from the beginning’) resistance [37]. Moreover, in
tumours that do initially respond to tamoxifen, the majority will acquire resis-
tance at some point during the treatment [62]. Thus, de novo and acquired
resistance to tamoxifen is a major obstacle in the clinical management of

breast cancer and often results in disease recurrence and premature death [51].

1.4.1.1 Mechanisms of de novo tamoxifen resistance

The presence of ER in breast tumours is a significant predictive indicator of
response to endocrine therapies such as tamoxifen [19, 62, 63]. Thus it should
come as no surprise that the most prevalent mechanism of de novo tamoxifen
resistance in breast cancer is the lack of ER expression [51, 55]; whereas
mechanisms of de novo resistance in ER-positive tumours are less well
defined. A strong contender for mediating de novo tamoxifen resistant growth
in ER-positive breast cancer is the erb-B growth-factor receptor family.
Studies have revealed increased expression of EGFR and/or c-erbB2 in
clinical examples of de novo resistant breast tumours, in addition to the
increased expression of TGFa and activation of ERK 1/2 [64]. This has also
been reported in in vitro cell models, with high expression of these receptors
in the ER-positive BT474 cell-line conferring de novo resistance to tamoxifen
[(64]. Furthermore, over-expression of c-erbB2 in MCF7 breast cancer cells
which demonstrate high levels of the ER co-activator, AIBI, also resulted in
de novo resistance to tamoxifen by promoting the agonist activity of this anti-

hormone [65].
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1.4.1.2 Mechanisms of acquired tamoxifen resistance — loss of ER

Unlike de novo resistance, acquired resistance develops as treatment
progresses and is a result of changes that occur in the signalling profile of the
cell [66]. With ER-negativity playing such a major role in de novo resistance
mechanisms, it would be reasonable to assume that loss of ER expression may
be a causative factor in acquired resistance also. Indeed, both prolonged acti-
vation of growth-factor signalling pathways [67] and epigenetic modifications
such as hyper-methylation of CpG islands [51] have been shown to down-
regulate ER levels under such circumstances. However, reports suggest that
over 75% of tumours demonstrating acquired tamoxifen resistance retain their
responsive-phase levels of ER [62], and this is also evidenced by the observed
response to second-line endocrine therapies [68], such as fulvestrant [69].
Thus, loss of ER expression is unlikely to be a major factor in acquired

tamoxifen resistance in the clinic [62].

1.4.1.3 Mechanisms of acquired tamoxifen resistance — aberrant growth-
JSactor signalling and cross-talk with ER

A number of pre-clinical and clinical studies have demonstrated a positive
correlation between elevated growth-factor-receptor signalling and the failure
of endocrine therapies [42]. Indeed, studies in our laboratory have shown that
elevated expression and activation of EGFR and c-erbB2 is responsible for the
enhanced growth of our in vitro model of acquired tamoxifen-resistance [70];
while Nicholson et al. have reported an association between increased EGFR
expression and the loss of hormone sensitivity in clinical breast cancers [23].
Furthermore, increased activation of ERK 1/2, which is a downstream
substrate of EGFR and c-erbB2 signalling pathways, correlates with a poor
response to anti-hormone therapy and decreased patient survival [71].
Interestingly, our group has also observed that tamoxifen-resistance is associ-
ated with the increased expression of growth factors both in vitro and in vivo,
suggesting the presence of an autocrine mechanism for growth-factor-receptor
regulated growth that circumvents the requirement for hormone stimulation in

these cells [72, 73].
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Moreover, increasing evidence suggests that cross-talk between growth-factor
receptor and ER signalling pathways might play a significant role in enhanc-
ing tamoxifen-resistant growth in tumours that have retained ER expression
and function [74, 75]. This is a bi-directional process whereby EGFR signal-

ling is able to potentiate ER activation and vice versa.

In the presence of growth factors, ligand-dependent EGFR activation results in
the down-stream activation of ERK 1/2, which is then able to phosphorylate
the ER on S118 [32]. Under basal conditions, phosphorylation of S118 sensi-
tises the ER to oestrogen-dependent activation and subsequent AF-1 and AF-2
mediated gene transcription, however, in the presence of tamoxifen,
phosphorylation of this site enhances the transcriptional activity of the AF-1
domain only, resulting in an increase in ligand-independent gene expression
[51]. Furthermore, phosphorylation of ER on S167 following EGFR depend-
ent activation of Akt signalling may augment this process [33]. Interestingly,
members of our laboratory have demonstrated increased EGFR-dependent
activation of ERK 1/2 [70] and Akt [76], in addition to elevated ER
phosphorylation [73], in our in vitro model of tamoxifen-resistance. EGFR
may further promote ligand-independent gene transcription in these cells by
up-regulating or down-regulating the activities of ER co-activators or co-
repressors respectively [51]. Indeed, the increased expression and activity of
some co-activators has been shown to promote the agonist activity of

tamoxifen, resulting in the tamoxifen-stimulated growth of resistant cells [65].

Cross-talk can also occur in the opposite direction, with ligand-independent
ER-mediated gene transcription in the presence of tamoxifen leading to the
increased expression of growth factors, such as TGFa and amphiregulin [66,
73]. Thus, the ER-mediated expression of these growth factors can stimulate
growth-factor receptor signalling in an autocrine or paracrine fashion. This
process has been shown to be sensitive to treatment with fulvestrant, thus
confirming a role for ER in the regulation of EGFR activity [69, 73]. Further-
more, non-genomic ER signalling has recently been shown to stimulate

growth-factor receptor activation at the plasma-membrane by both direct and
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indirect mechanisms. In particular, studies have revealed that ER is able to
promote EGFR signalling via direct interactions with adaptor molecules such
as Shc and Src [40-42]. In addition, activation of Src by membrane ER has
been shown to up-regulate MMP expression and activation, leading to the
cleavage and release of membrane-associated heparin-bound EGF (HB-EGF)

which can then indirectly promote EGFR signalling [77].

Thus, the dependence of tamoxifen-resistant breast cancer on the co-ordinated
actions of ER and EGFR signalling pathways for sustained proliferation may
provide new avenues for the treatment of this disease. Indeed, the separate
inhibition of ER and EGFR signalling pathways in our tamoxifen-resistant cell
model with fulvestrant and gefitinib respectively was shown to have a
significant inhibitory effect on their growth [69, 70, 78], while combined
treatment with fulvestrant and gefitinib demonstrated synergistic growth
inhibition in these cells and prevented the development of resistance to either

of these compounds following long-term treatment [79].

1.4.2 Combating Tamoxifen Resistance in the Clinic

Elucidation of the mechanisms responsible for both de novo and acquired anti-
hormone resistance is important for the development of new, improved thera-
peutic agents and for the strategic planning of future treatment regimens. In
the last 10 years a number of novel endocrine therapies have emerged that
demonstrate similar or superior efficacies to tamoxifen, but have the advan-
tage of being better tolerated in the clinic; these include the aromatase
inhibitors and the pure anti-oestrogen fulvestrant, both of which have been

discussed earlier in this chapter.

Serendipitously, these new compounds possess distinct mechanisms of action
both with respect to tamoxifen and each other; thus, it is highly unlikely that
cross-resistance will occur between the three [58]. This means that should a
patient progress on one of these treatments, they have a high chance of
responding to one of the other compounds when used as a second-line therapy.
For example, tamoxifen resistant breast cancer has been shown to respond to

treatment with fulvestrant both in vitro and in the clinic [54]. Therefore, these
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therapies may be sequenced following the acquisition of resistance in order to
maximise the length of time where treatments with minimal toxicity can be
used before more cytotoxic options are explored, and this is particularly
important in advanced disease where the main aim of treatment is to maintain

a high quality of life for as long as possible.

However, despite the advances in therapy sequencing already achieved,
further work is required in order to ascertain the optimal sequence order and
duration of treatment for these three compounds in the advent of resistance to
first-line therapies, and this is particularly important at the present time since
anastrozole is quickly replacing tamoxifen as the preferred first-line adjuvant
therapy in early breast cancer [80]. Also, these sequencing options should
include combination treatments with non-endocrine therapies such as gefitinib,
as a number of pre-clinical and clinical trials assessing the efficacy of such

combinations are showing positive results [78, 81, 82].

1.5 Src

1.5.1 The History of Src

The history of Src begins in the early 20"™ century, when Peyton Rous
discovered that spindle-cell sarcomas could be transmitted between chickens
by a ‘filterable agent’ (reviewed in [83]). However, the attitudes and beliefs
of the time led to derision of the theory that tumours could be infectious; thus,
the observations made by Rous were largely ignored for many years. It wasn’t
until the 1950s and ‘60s that advances in both knowledge and technology
permitted intense investigation into the nature of this ‘filterable agent’, which

was subsequently identified as the Rous sarcoma virus (RSV) [83].

By the early 1970s, the oncogene responsible for the transforming potential of
the Rous sarcoma virus, namely v-src, had been identified [83]. Thus, the race
was on to isolate the protein product of this gene; and this race was won by
Brugge and Erikson in 1977 [84]. Using sera obtained from rabbits carrying
RSV-induced tumours, Brugge and Erikson were able to immunoprecipitate a

60kDa transformation-specific polypeptide from both RSV-transformed
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chicken fibroblasts and RSV-induced hamster tumour cells which was not
present when a transformation-defective form of RSV was used. The identity
of this polypeptide as the product of the transforming component of RSV was
further confirmed in 1978 using cell-free expression systems and tryptic-
digestion peptide mapping [85, 86]. Soon after, a highly-conserved cellular
homologue of v-Src, designated c-Src, was identified in uninfected cells [87-
89]. Further work revealed that both v-Src and c-Src demonstrated protein
kinase activity [88-91], which was later found to be tyrosine specific [92-94].
Src was the first tyrosine kinase ever discovered and, as such, is the most well
studied (reviewed in [95-103]); its discovery led to a surge of interest in the
regulation of phospho-proteins which resulted in the subsequent identification

of many other tyrosine specific kinases, such as EGFR [83, 104].

c-Src is now understood to be the prototype member of a family of cellular
kinases, of which nine are known — Src, Fyn, Yes, Yrk, Lyn, Hck, Fgr, Blk
and Lck [95]. All family members share significant sequence and structural
homology; however, only three of the nine are ubiquitously expressed in
humans (Src, Fyn and Yes), with the remaining family members restricted to
haematopoietic cells and some neural tissues [95, 96]. This suggests that the
family members may have distinct, tissue specific functions. Historically, the
Src-family member most often associated with cancer is Src [97]. The over-
expression and/or up-regulated kinase activity of Src has been reported in
many different cancers [101-103], including breast [105], colorectal [106],
pancreatic [107] and ovarian [108], and has been shown to correlate with
disease recurrence [109] and a poor clinical prognosis [106]. As such, this

thesis will focus only on the role of Src in tamoxifen-resistant breast cancer.

1.5.2 The Structure of the Src Protein

The non-receptor kinase, Src, possesses a modular structure comprised of an
N-terminal Src Homology (SH) 4 domain, a unique region, SH3 and SH2
protein-binding domains, an SH1 (kinase) domain and a C-terminal negative-

regulatory tail (see figure 1.7A). This structure is highly conserved among
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Figure 1.7 Structural organisation of the non-receptor tyrosine kinase, Src.

(A) Schematic diagram detailing the functionai domains and phosphorylation sites of human
Src in comparison to that of chicken c-Src and chicken v-Src (UR = unique region; adapted
from [97]). (B) Schematic representation of Sre in the open (i) and ciosed (ii) conformations.
See text for details. Picture by D.S. Goodseli of The Scripps Research Institute, CA, USA.
Obtained from RSCB Protein Data Bank [www.pdb.org], ‘Molecule of the Month’ July 2003.
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Src-family members; while some components, such as the SH3 domain, have

been identified in other cellular proteins including She and paxillin [95-97].

The first of these domains, SH4, is required for the membrane association of
Src. This domain contains a conserved amino acid sequence (Met-Gly-X-X-
X-Ser/Thr, where X is any amino acid) which permits the permanent binding
of a 14-carbon saturated fatty-acid, known as myristate, to the N-terminal
amino acid of Src following translation of the protein [110]. This process is
mediated by N-myristoyltransferases [111] and promotes the attachment of
Src to the cytosolic face of the plasma-membrane [112]. However,
myristoylated proteins have also been found in the cytoplasm, suggesting that

myristoylation alone is not sufficient for membrane association [110, 112].

A further post-translational modification which may augment myristoylation-
mediated membrane association of Src-family members is palmitoylation,
which has recently been shown to influence the membrane targeting of Fyn
and Yes [113]. This process involves the acylation of cysteine residues at the
3 and/or 5/6 positions of the SH4 domain with a 16-carbon fatty acid,
palmitate [110]. However, palmitoylation has been demonstrated in all Src-
family members bar Src and Blk, as these kinases do not possess the requisite
cysteine residues at these positions [110]. Instead, Src and Blk have basic
amino acids at these positions which may fortify the membrane association of
these two proteins through interactions with negatively charged phospho-lipids

in the plasma-membrane [96, 110].

Next is the unique region, so called because of poor sequence homology
between Src-family members [95]. The variability of the unique region is
responsible for differences in the numbering of the amino acid sequences of
Src family members from different species of origin. For example, the auto-
phosphorylation site of Src originating from chickens is Y416, whereas in
human Src it is Y419 due to a 3-amino-acid insertion in the unique region
[100]. The function of the unique region is unclear, but the high degree of
variance between family members precludes the likelihood of a generalised

mechanism of action [96]. However, this region may have functions which
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are distinct for each family member [95]; for example, the unique region of
Lck has been shown to mediate its binding to the cytoplasmic domains of the

T-cell co-receptors CD4 and CD8a [114].

The unique region is followed by the Src Homology 3 and Src Homology 2
protein-binding domains which are highly conserved throughout evolution.
While these domains are found in a large number of cellular kinases and

adapter molecules, they were first identified in v-Src, hence their name [115].

The SH3 domain of Src, which is approximately 60 amino acids in length,
interacts with specific proline-rich sequences that fold into a left-handed helix
formation (PXXP motif, where X is any amino acid) [112, 114]. The SH3
domain mediates the physical association of Src with other signalling
molecules which contain these specific proline-rich sequences, such as PI3K
and paxillin, and can also help stabilise protein-protein interactions formed by
the SH2 domain. Furthermore, the SH3 domain may be responsible for the
translocation of activated Src from the peri-nuclear region to focal adhesions
at the plasma-membrane via the activation-dependent association of Src with
actin stress fibres and subsequent cytoskeletal re-arrangements which are

regulated by the Rho family of small GTPases [116-118].

At approximately 100 amino acids in length, the SH2 domain of Src is slightly
larger than the SH3 domain [112]. The SH2 domain is responsible for the
recognition of and binding to specific phosphotyrosine-containing amino acid
sequences found in a number of Src substrates involved in cell-signalling, such
as components of the EGFR and integrin signalling pathways. The preferred
recognition sequence for the SH2 domain of Src is pTyr-Glu-Glu-Ile (pYEEI),
although this domain can bind to other sequences with much lower affinity
[112, 119, 120]. The secondary structure of the SH2 domain creates two
‘recognition pockets’ which co-ordinate the binding of the pYEEI sequence
[95, 114]. The first of these pockets houses the pTyr residue itself. The
recognition and binding of pTyr is facilitated by interactions with a lysine
residue and two arginine residues located in the binding pocket [121]; in

particular, the arginine at position 175 is highly conserved and has been

31



Chapter One: Introduction

demonstrated to be necessary for SH2-mediated protein-protein interactions
[115]). The second recognition pocket binds to a hydrophobic residue in the
+3 position C-terminal to the pTyr [112]. However, the specificity of this
pocket is not as strict as that of the pTyr-binding pocket, and so it is able to
interact with a number of different hydrophobic residues, including isoleucine
and proline; this may account for the variation in SH2-binding sequences seen
for different proteins [114]. In Src, this pocket favours isoleucine at the +3
position of the SH2-binding sequence, promoting high affinity substrate
binding to the SH2 domain [114]. Examples of Src substrates which possess
high affinity SH2-recognition sequences include focal adhesion kinase (FAK;
pYAEI) [96] and EGFR (pYDGI) [120], and the consequence of interactions

with these proteins will be discussed in the next section.

A short linker region connects the SH2 domain to the SH1 (kinase) domain.
The Src kinase domain is comprised of two lobes: a small N-terminal lobe
(residues 270-340; 71 amino acids) whose main function is to anchor the ATP
molecule in readiness for the phosphorylation reaction, and a larger C-terminal
lobe (residues 344-523; 180 amino acids) which is primarily responsible for
securing the target protein in the correct orientation [112]. The activation loop
of the kinase domain is found near the N-terminal region of the large lobe
(residues 407-435) and, in the inactive conformation, forms an a-helical
structure which lies between the two lobes of the kinase domain. This
sequesters a highly conserved tyrosine residue located in the activation loop at
position 419, thus preventing its phosphorylation. Following activation of the
kinase, the activation loop undergoes a conformational change which releases
Y419 and promotes the auto-phosphorylation of this residue. The phosphory-
lation of Y419 stabilises and maintains the extended conformation of the
activation loop, which now forms part of the catalytic site, to promote full
activation of the kinase [112]. Indeed, the phosphorylation of Src Y419 has
been shown to be a necessary requirement for the full kinase activity of Src
[122, 123] and, as such, is frequently used in the laboratory as a surrogate

marker for Src kinase activity in lieu of in vitro kinase activity assays.

32



Chapter One: Introduction

The last region of the Src protein is the C-terminal negative-regulatory tail.
This region contains a highly conserved tyrosine at position 530 (Y527 in
chickens) which is of paramount importance for the adoption of an auto-
inhibitory conformation by Src, and thus is able to regulate the activity of Src
in the cell [124]. Indeed, the C-terminal negative-regulatory tail of v-Src is
truncated and so lacks this conserved tyrosine, thus accounting for its con-
stitutive activation and cell-transforming abilities [95]. Furthermore, a
mutated form of the Src protein containing a tyrosine-phenylalanine substitu-
tion at this site, such as the one used in chapter five of the present study, also
demonstrates constitutive activation [123]. The role of Y530 in the regulation

of Src activity is discussed in further detail in the next section.

1.5.3 Regulation of Src Kinase Activity

Src can promote the activation of signalling pathways that regulate a diverse
array of cellular events, including proliferation, cell survival, and cell motility
and invasion [95]; thus, it is tightly regulated in normal tissue, with transient
up-regulation of Src kinase activity occurring only in response to certain intra-
and extra-cellular stimuli [96]. For example, in a study comparing Src activity
in DCIS breast tumours versus normal breast tissue, just 12% of the normal
tissue demonstrated evidence of Src activity, and this was at very low levels.
This compares with the DCIS tumour samples, of which 19% demonstrated
low levels of Src activity, 41% demonstrated moderate levels of Src activity
and 40% demonstrated high levels of Src activity [109]. Indeed, elevated Src
kinase activity has been reported in a number of cancers compared to normal

tissues, including breast, colorectal and pancreatic [105-107].

Elevated Src kinase activity is sometimes, but not always, attributable to
increased expression of the Src protein [105]. However, the up-regulation of
the specific tyrosine-kinase activity of Src has also been reported in the
absence of any corresponding increases in total Src protein [102], and this is
particularly true of later stage tumours [97]. This might suggest that the
regulatory mechanisms that usually keep Src activity in check are disrupted

somehow following tumour development and/or progression.
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The regulation of Src activity is complex, and is dependent on the conforma-
tional state of the protein. When inactive, Src is maintained in a closed con-
formation by intra-molecular interactions that occur between the SH2 domain
and Y530 in the negative-regulatory tail and between the SH3 domain and the
SH2-kinase linker, and this closed conformation imposes steric hindrance on
the kinase (see figure 1.7Bii) [95-97]. Free movement of the lobes that
comprise the kinase domain is required to allow access to the catalytic site of
the enzyme and to promote the auto-phosphorylation of Y419 in the activation
loop; thus, any restrictions placed on this movement will have an inhibitory
effect on the protein [112]. For activation of the kinase domain, Src must first
undergo a conformational change in order to adopt an open configuration (see
figure 1.7Bi) [95-97]. This releases the steric constraints imposed on the lobes
of the kinase domain, thus permitting access to the catalytic site and promot-
ing the auto-phosphorylation of Y419 for full kinase activity. However, this
conformational change can only occur following the disruption or displace-
ment of Y530 from the SH2 domain, and so the mechanisms by which this can

occur are crucial to the regulation of Src activity.

1.5.3.1 Phosphorylation and de-phosphorylation of Y530

For Y530 to interact with the SH2 domain it must first be phosphorylated;
thus, one potential regulatory mechanism of Src activity involves the phos-
phorylation and de-phosphorylation of this residue (see figure 1.8). While a
number of kinase and phosphatase enzymes that are able to regulate the phos-
phorylation status of Y530 have been identified [124], the proteins most often
associated with the regulation of Src are C-terminal Src kinase (CSK) [125]
and protein tyrosine phosphatase 1B (PTP1B) [126]. CSK has been shown to
phosphorylate Src Y530 and promote its interaction with the SH2 domain,
leading to the inactive conformation of the Src protein. PTP1B, on the other
hand, is able to de-phosphorylate Src at this site and promote dissociation of
the negative-regulatory tail from the SH2 domain, thus allowing the adoption
of an active conformation. Therefore, the regulation of Src activity may de-

pend on the balance between the intra-cellular levels of these two proteins.
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Schematic diagram describing the two most common mechanisms of Src activation in the cell.
phosphorylation by kinases (e.g. CSK) or phosphatases (e.g. PTP1B), which in turn controls the association between Y530 and the SH2-domain to dictate the
conformation of the Src protein. The second mechanism relies on the displacement of Y530 from the SH2-domain following direct physical interactions with a
phospho-tyrosine-containing protein for which the Src SH2-domain has high affinity (e.g. growth-factor receptors).
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Some studies, however, have shown that Src is able display full kinase activity
even in the presence of phosphorylated Y530 [127-129]. This may be due to
the phosphorylation of a conserved tyrosine residue in the SH2 domain (Y215)
[124], which can be mediated by growth-factor receptors such as PDGF-R or
c-erbB2 [120, 130]. Interestingly, while the phosphorylation of Y215 prevents
the interaction between Y530 and the SH2 domain to promote the open,
kinase-active conformation of Src, it does not affect the binding of Src
substrates such as EGFR or FAK; thus, Src is still able to regulate the activity
of these cell-signalling pathways [120].

1.5.3.2 Protein-protein interactions

A further mechanism of Src activation involves the displacement of the phos-
phorylated Y530 residue from the SH2 domain following interactions between
Src and another phospho-tyrosine containing protein for which Src has a

higher binding affinity (see figure 1.8) [96].

The intra-molecular interactions which maintain the inactive conformation of
Src are weak due to the relatively low affinity of the SH2 domain for the
phosphorylated Y530 in the negative-regulatory tail [119, 120]. This is
because the SH2 recognition sequence adjacent to Y530 (pYQPG) lacks an
isoleucine residue, or indeed any hydrophobic residue, in the +3 position
which would normally locate to the hydrophobic pocket of the SH2 domain to
ensure a tight association (see section 1.5.2). Moreover, the low affinity for
Y530 is compounded by the proline residue in the +2 position which results in
a sharp bend in the secondary structure of this sequence, thus hindering

binding further [120].

A number of well-established Src substrates which contain the optimal SH2
recognition sequence for Src have been identified [131], and these include
FAK (pYAEI) [96], EGFR (pYDGI) [120] and the ER (pYDLL) [40]. As
such, these proteins are able to bind to the SH2 domain of Src with high
affinity, thus displacing the phosphorylated Y530 residue and activating Src in
the process. Once the negative-regulatory tail has been displaced, the Y530

residue may undergo enzymatic de-phosphorylation to prevent re-association
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[96]. This mode of Src activation is particularly important as it enables Src to
directly associate with potential substrates [100]. Interestingly, interactions
between the SH3 domain of Src and the proline-rich sequences of its target
proteins may also induce a conformational change to promote Src activation,

but this mechanism is far less common [100].

1.5.3.3 Alternative mechanisms of Src regulation

A number of cancers are caused either by activating mutations in proto-
oncogenes, such as p21°**%, or by inactivating mutations in tumour suppressor
genes, such as p53 [132]. However, evidence of activating mutations in Src is
limited, with only one naturally occurring example reported [133]. This acti-
vating mutation, which was identified in a sub-set of colon cancer liver
metastases and advanced colon cancer primary lesions, resulted in a premature
stop codon at codon 531 which produced a truncated form of the Src protein
when expressed. This mutant Src lacks a functional C-terminal negative-
regulatory tail and results in the constitutive activation of the kinase domain,
thus accounting for the increased activity of Src in the tissues analysed.
However, attempts to confirm these findings have so far failed [134-137],

suggesting that activating mutations of Src in cancer are rare.

A number of additional mechanisms of Src regulation have also been
proposed. For example, on-going work at the Tenovus Centre for Cancer Re-
search has suggested Src may be aberrantly activated following increases in
intra-cellular levels of zinc, which can be caused by the over-expression of
zinc-transporter proteins found in the plasma-membrane of the cell [138]. One
possible explanation for this could involve the ability of zinc to act as an
inhibitor of phosphatase enzymes such as PTP1B [139]; thus, elevated levels
of zinc could lead to the accumulation of tyrosine-phosphorylated proteins in
the cell, some of which may be able to bind to Src via interactions with the
SH2 domain and promote Src activation. Data from our laboratory shows that
the zinc-dependent activation of Src may result in increased activation of
EGFR signalling pathways, (K.M. Taylor, unpublished), and this has also
been reported by others [140, 141].
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In some cancers, increased Src activity is associated with an increase in total
Src protein levels [105]. Therefore, a further mechanism for the up-regulation
of Src activity may involve aberrations in the degradation pathways responsi-
ble for the down-regulation of activated Src kinase. Reports demonstrate that
Src may be poly-ubiquitinated following activation of the kinase domain, thus
committing the protein to the proteosome-mediated degradation pathway
[142]. However, disruption of either the ubiquitination or degradation mecha-
nisms could result in an accumulation of both total and activated Src protein in
the cell. Therefore, these pathways may be of importance in the development

and/or progression of cancer.

1.5.4 The Role of Src in Cancer

The over-expression and/or up-regulated activity of Src has been reported in
many cancers compared to normal tissue [101-103], including breast [105],
colorectal [106], pancreatic [107] and ovarian [108]. The role of Src in
normal tissue is unclear at present, but Src activity has been linked to both
foetal development and wound healing. However, the de-regulation of Src
activity in cancer would appear to have more significant consequences, and

can correlate with disease progression and a poor patient prognosis [106, 109].

In cancer, Src is able to potentiate tumour cell growth by augmenting signal-
ling pathways that emanate from membrane-localised receptors, such as the
growth-factor [143-145] or steroid-hormone receptors [35, 146]. Furthermore,
Src has been shown to be important for cell-cycle progression from G1 to S-
phase via the simultaneous up-regulation of both cyclin D1 expression [147]
and p27"®' proteolysis [148]; and also, for the progression of the cell cycle
through M-phase following association with and phosphorylation of a nuclear
protein named SAM68 [100, 149]. Despite this evidence, however, a
consistent role for Src in tumour growth remains elusive; with some
investigators showing no effect on cell growth following the modulation of
Src activity [150, 151], whilst others have shown modest growth inhibition
following pharmacological and molecular abrogation of Src activity [152,

153]. Indeed, in vivo animal studies frequently demonstrate reduced tumour
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volume following treatment with Src inhibitors, thus supporting a role for Src
in cell proliferation [154-157]. Moreover, in addition to potentiating growth,
Src can also augment signalling pathways that promote cell survival. For
example, Src is able to phosphorylate the p85 subunit of PI3K to activate this
protein, leading to the downstream activation of Akt which can then initiate a

number of anti-apoptotic mechanisms to prevent cell death [158, 159].

However, the characteristic most often associated with elevated Src activity in
cancer is the progression to metastatic disease [160-162]. Src can increase the
metastatic potential of a tumour, and therefore increase the likelihood of tu-
mour spread, by de-regulating cell-cell and cell-matrix attachment to promote
cell motility and invasion [97]. The elucidation of the mechanisms which
underlie this is of vast importance, as approximately 90% of all cancer related

deaths can be attributed to tumour metastasis {132, 163].

Cell-cell attachment is mediated via adherens junctions, which are homotypic
calcium-dependent interactions that form between the extra-cellular domains
of cadherin molecules on adjoining cells [97]. In epithelia, these adhesions are
mediated by E-cadherin, which is linked to the actin cytoskeleton of the cell
via - and B-catenin [97]. The loss of cell-cell adhesions is a prerequisite for
the promotion of a motile and invasive phenotype, allowing the dissemination
of single cells from the tumour [164]; and this process can be regulated by Src
in a number of ways. For example, it has been suggested that the localisation
of B-catenin at adherens junctions is dependent on its phosphorylation status
[165]. As such, Src is able to phosphorylate B-catenin, causing its dissociation
from the E-cadherin complex and thus reducing the integrity of cell-cell
contacts in the process. Furthermore, Src can regulate cell-cell attachment by
controlling the number of available E-cadherin molecules on the cell surface.
Studies have shown that the phosphorylation of E-cadherin by Src leads to the
poly-ubiquitination and subsequent endocytic internalisation of E-cadherin,

and this can result in increased cell motility [166].

Cell-matrix attachment, on the other hand, is mediated through the formation

of focal contacts, which are large, integrin-dependent protein complexes that
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link the actin cytoskeleton of the cell to the extra-cellular matrix (ECM) [97].
Focal contacts can exist between the main body of the cell and the ECM (focal
adhesions), or in cellular protrusions known as lamellipodia and filopodia
(focal complexes); focal adhesions are usually larger, more stable structures,
while focal complexes can be fairly small in size and of a more transient
nature [167]. Focal adhesions are highly complex in both nature and regula-
tion, and can comprise over 50 different proteins [97]. Some of these proteins,
such as FAK, not only provide structural and mechanical support for the focal
adhesion, but can also facilitate integrin signalling to incite a number of

cellular responses including cell motility and invasion [168, 169].

Integrin mediated motility involves the formation of new focal contacts at the
leading edge of the cell, along with the simultaneous detachment of focal
contacts at the trailing edge; a process known as focal adhesion turnover
[170]. The regulation of focal adhesion turnover is mediated by a Src/FAK
signalling complex which forms following the auto-phosphorylation of FAK
at Y397, a high affinity Src SH2-binding site [167]. This enables the now
active Src to phosphorylate FAK on a number of additional sites (Y576, Y577,
Y861 and Y925) to further enhance the activity of the Src/FAK complex [171,
172]. Src/FAK localises to focal contacts, where it recruits and phosphory-

0°AS 1o

lates numerous additional cytosolic proteins, such as paxillin and p13
both strengthen the attachment and to initiate the various signalling cascades
involved in integrin signalling [97]. One such cascade leads to the activation
of the Rho-family of GTPase proteins which can regulate the production and
rearrangement of actin stress fibres [173, 174]. Rho-dependent re-modelling
of the actin cytoskeleton in this way not only enhances existing focal contacts
at the leading edge of the cell, but also generates the contractile forces

required for cell motility and spreading [168, 173].

The mechanisms of focal adhesion disassembly at the trailing edge of the
motile cell are less well known, but one possibility may involve the binding of
Grb2 to FAK following the Src-dependent phosphorylation of FAK at Y925
[175]. This binding initiates the sos-raf-MEK signalling pathway which cul-
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minates in the ERK 2-dependent activation of Calpain-2 [168, 176]; a protease
which has been shown to degrade a number of focal adhesion associated
proteins, including FAK and Talin, thus resulting in the disassembly of the
focal adhesion complex [170, 176]. This mechanism is particularly interesting

as it may potentially be augmented by EGFR signalling [170].

In addition to increased motility, the up-regulation of Src activity in cancer
also promotes an invasive phenotype [97]. As already discussed, the Src-
mediated disruption of cell-cell and cell-matrix attachments leads to enhanced
cell motility, which is a necessary requirement for cell invasion. In addition,
Src can promote invasion by up-regulating the expression of matrix-metallo-
proteases (MMP), enzymes that are able to digest components of the ECM.
The localisation of Src/FAK to focal adhesions leads to the subsequent
recruitment and phosphorylation of p130““S; this results in the increased
activation of JNK via the Crk-Dock180-Rac pathway, which then translocates
to the nucleus where it promotes the expression of MMP 2 and 9 [177]. The
increased expression and secretion of these MMP proteins results in the deg-
radation of the extracellular matrix, thus enabling the cell to pass through the

basal membrane and invade into the surrounding area [177].

Therefore, the evidence suggests that Src may play a crucial role in the regu-
lation of many cellular events important for the progression of cancer;
however, a complete understanding of the mechanisms which underlie the in-
volvement of Src in these events has not yet been achieved. Thus, Src remains
an important subject for continued investigation in order to fully appreciate its

potential as a future therapeutic target in the clinical management of cancer.
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1.6 Aims

Preliminary experiments conducted on our cell model of ER-positive
tamoxifen-resistant breast cancer (Tam-R) have suggested that these cells may
possess an aggressive cell-phenotype in vitro. The increased activation of
growth-factor receptors such as EGFR, which has been demonstrated in the
Tam-R cells [70], is associated with an aggressive cell-phenotype and a poor
prognosis in the clinic [178, 179]; however, inhibition of EGFR signalling in
the Tam-R cell-line using gefitinib (Iressa™) had only a modest effect on the
aggressive behaviour of these cells [180]. Thus, additional cell-signalling

mechanisms must be involved in mediating this phenotype.

Given that Src activity is often increased in aggressive tumours, in addition to
its established role as a promoter of cell migration and invasion, this thesis
therefore investigates the hypothesis that elevated Src kinase activity is
responsible for the increased aggressive cell-phenotype exhibited by the Tam-

R cells in vitro. In order to test this hypothesis, the present study aims to:

© fully characterise the MCF7wt and Tam-R cells with respect to their in
vitro aggressive behaviour, including an assessment of their morphology,
growth rate and affinity for extracellular-matrix components, in addition to

their migratory and invasive capabilities.

@ characterise MCF7wt and Tam-R cells for the expression and activation of
the non-receptor tyrosine kinase Src, in addition to the activation of

signalling pathways which Src is known to regulate.

© inhibit Src activity in Tam-R cells using a pharmacological agent and to
assess these cells for any phenotypic changes that occur as a result in order

to determine a role for Src in the regulation of their aggressive phenotype.

© use molecular-based techniques to generate a stably transfected cell-line
that expresses a constitutively-active Src mutant. The in vitro behaviour of
this stably transfected cell-line will then be characterised in order to
ascertain whether increased Src kinase activity is sufficient for the acqui-

sition and maintenance of an aggressive phenotype in these cells.
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“We vivisect the nightingale to probe the secret of his note.”

T.B. Aldrich (1836-1907). US Writer and Editor.
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2 Materials and Methods

2.1 Materials

A list of the materials used throughout this study, along with the companies

from which they were obtained, is given in Table 2.1.

Table 2.1 List of materials used in the study and their suppliers

Material

Company

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT)

Sigma-Aldrich, Poole, Dorset, UK

Acrylamide/bis-acrylamide (30% solution
(v/v), 29:1 ratio)

Sigma-Aldrich, Poole, Dorset, UK

Activated charcoal

Sigma-Aldrich, Poole, Dorset, UK

Agarose

Bioline Ltd, London, UK

Ammonium persulphate (APS)

Sigma-Aldrich, Poole, Dorset, UK

Amphotericin B (Fungizone)

Invitrogen, Paisley, UK

Ampicillin

Sigma-Aldrich, Poole, Dorset, UK

Antibiotics (penicillin/streptomycin)

Invitrogen, Paisley, UK

Anti-mouse horseradish-peroxidase-linked
IgG (source: sheep)

Amersham, Little Chalfont, UK

Anti-rabbit horseradish-peroxidase-linked
IgG (source: donkey)

Amersham, Little Chalfont, UK

Anti-rabbit/Anti-mouse EnVision™+
System, Peroxidase (DAB) kits

DAKO, Cambridgeshire, UK

Aprotinin

Sigma-Aldrich, Poole, Dorset, UK

Bio-Rad D¢ Protein Assay (Reagents A, B
and S)

Bio-Rad Laboratories Ltd, HERTS, UK

Bovine serum albumen (BSA)

Sigma-Aldrich, Poole, Dorset, UK

Bromophenol blue (BPB)

BDH Chemicals Ltd, Poole, UK

Cell culture medium: RPMI 1640 and
Phenol-red-free RPMI 1640

Invitrogen, Paisley, UK

Cell culture medium: Phenol-red-free DCCM

Biological Industries Ltd, Israel

Cell scrapers

Greiner Bio-One Ltd, Gloucestershire, UK

Chemilluminescent Supersignal® West HRP
Substrate (Pico, Dura and Femto)

Pierce and Warriner Ltd, Cheshire, UK

Corning Standard Transwell® inserts
(6.5mm diameter, 8um pore size)

Fisher Scientific, Leicestershire, UK

Coulter Counter counting cups and lids

Sarstedt AG and Co., Niimbrecht, Germany
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Cryotube™ vials (1.8ml, starfoot, round)

Nunc Int., Roskilde, Denmark

Crystal violet

Sigma-Aldrich, Poole, Dorset, UK

Dextran 70

Amersham, Little Chalfont, UK

Di-butylpthalatexylene (DPX)

Raymond A Lamb Ltd, Eastbourne, UK

Dimethyl sulphoxide (DMSO)

Sigma-Aldrich, Poole, Dorset, UK

Di-potassium hydrogen orthophosphate
anhydrous (K;HPO,)

Fisher Scientific UK Ltd, Loughborough, UK

Disposable Cuvettes

Fisher Scientific UK Ltd, Loughborough, UK

Di-thiothreitol (DTT)

Sigma-Aldrich, Poole, Dorset, UK

dNTPs (dGTP, dCTP, dATP, dTTP; 100mM)

Amersham, Little Chalfont, UK

DyNAmo qPCR kit

Finnzymes Oy, Espoo, Finland

EcoR] restriction enzyme (and buffer)

Promega, Southampton, UK

Ethidium bromide (EtBr)

Sigma-Aldrich, Poole, Dorset, UK

Ethylene diamine tetraacetic acid (EDTA)

Sigma-Aldrich, Poole, Dorset, UK

Ethylene glycol-bis(2-amino-ethylether)-
N,N,N’,N’-tetraacetic acid (EGTA)

Sigma-Aldrich, Poole, Dorset, UK

Fibronectin (from Human Plasma; 1mg/ml in
0.05M TBS; pH 7.5)

Sigma-Aldrich, Poole, Dorset, UK

Filter paper (Grade 3) Whatman, Maidstone, UK
Filter Paper (No. 4) Whatman, Maidstone, UK
Foetal calf serum (FCS) Invitrogen, Paisley, UK

Gelatine Sigma-Aldrich, Poole, UK

General laboratory glass- and plasticware

Fisher Scientific UK Ltd, Loughborough, UK

Geneticin (G418)

Sigma-Aldrich, Poole, UK

Glacial Acetic Acid

Fisher Scientific UK Ltd, Loughborough, UK

Glass coverslips (thickness no. 2, 22mm?)

BDH Chemicals Ltd, Poole, Dorset, UK

Glass slides Fisher Scientific UK Ltd, Loughborough, UK
Glycerol Fisher Scientific UK Ltd, Loughborough, UK
Glycine Sigma-Aldrich, Poole, Dorset, UK

Hydrochloric acid (HCI; 5M)

Fisher Scientific UK Ltd, Loughborough, UK

Hyperladder™ | and Hyperladder™ IV

Bioline Ltd, London, UK

Isoton® Il azide-free balanced electrolyte
solution (see section 8.1.6 for constitution)

Beckman Coulter Ltd, High Wycombe, UK

Kodak MXB Autoradiography film (blue
sensitive; 18 cm x 24 cm)

Genetic Research Instrumentation (GRI),
Rayne, UK

LB-Agar EZMix™ powder

Sigma-Aldrich, Poole, Dorset, UK

LB-Broth EZMix™ powder

Sigma-Aldrich, Poole, Dorset, UK

Leupeptin

Sigma-Aldrich, Poole, Dorset, UK
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L-glutamine

Invitrogen, Paisley, UK

Lipofectamine 2000™

Invitrogen, Paisley, UK

Liquid DAB' substrate chromogen system

DAKO, Cambridgeshire, UK

Lower buffer for SDS-PAGE Gels
(Tris 1.5M, pH 8.8)

Bio-Rad Laboratories Ltd, HERTS, UK

Magnesium chloride (MgCl,)

Sigma-Aldrich, Poole, Dorset, UK

Matrigel™ Basement Membrane Matrix

BD Biosciences, Oxford, UK

Methyl green

Sigma-Aldrich, Poole, Dorset, UK

Micro-centrifuge tubes (0.5ml and 1.5ml)

Elkay Laboratory Products, Basingstoke, UK

Molony-murine leukaemia virus (MMLYV)
reverse transcriptase

Invitrogen, Paisley, UK

N,N,N’,N’-tetramethylene-diamine
(TEMED)

Sigma-Aldrich, Poole, Dorset, UK

Nalgene® Supor® Mach V Bottle Top Filter
unit (0.2um)

Fisher Scientific UK Ltd, Loughborough, UK

Nitrocellulose transfer membrane (Protran®
BA8S; 0.45um pore size)

Schleicher and Schuell, Dassell, Germany

pH calibration buffer tablets (pH 4, 7 and 10)

Fisher Scientific UK Ltd, Loughborough, UK

Phenylarsine oxide

Sigma-Aldrich, Poole, Dorset, UK

Phenylmethylsulfonyl fluoride (PMSF)

Sigma-Aldrich, Poole, Dorset, UK

Pipette tips

Greiner Bio-One Ltd, Gloucestershire, UK

Polyoxyethylene-sorbitan monolaurate
(Tween 20)

Sigma-Aldrich, Poole, Dorset, UK

Ponceau S solution (0.1% [w/v] in 5% acetic
acid)

Sigma-Aldrich, Poole, Dorset, UK

Potassium chloride (KCI)

Sigma-Aldrich, Poole, Dorset, UK

Potassium di-hydrogen orthophosphate
(KH2POy)

Fisher Scientific UK Ltd, Loughborough, UK

Precision Plus Protein™ All Blue Standards
(10-250kDa)

Bio-Rad Laboratories Ltd, HERTS, UK

Random hexamers (RH)

Amersham, Little Chalfont, UK

RNase-free H,O

Sigma-Aldrich, Poole, Dorset, UK

RNasin® ribonuclease inhibitor

Promega, Southampton, UK

SOC Medium

Sigma-Aldrich, Poole, Dorset, UK

Sodium azide

Sigma-Aldrich, Poole, Dorset, UK

Sodium chloride (NaCl)

Sigma-Aldrich, Poole, Dorset, UK

Sodium dodecyl sulphate (SDS)

Sigma-Aldrich, Poole, Dorset, UK

Sodium fluoride (NaF)

Sigma-Aldrich, Poole, Dorset, UK

Sodium hydroxide (NaOH; 5M)

Fisher Scientific UK Ltd, Loughborough, UK
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Sodium molybdate (Na;MoQO,)

Sigma-Aldrich, Poole, Dorset, UK

Sodium orthovanadate (NaVO,)

Sigma-Aldrich, Poole, Dorset, UK

Solvents (acetone, chloroform, ethanol,
formaldehyde, isopropanol and methanol)

Fisher Scientific UK Ltd, Loughborough, UK

Sterile bijou vials (5ml)

Bibby Sterilin Ltd, Stone, UK

Sterile cell culture plasticware (i.e. flasks,
Petri-dishes, 12-, 24- and 96-well plates)

Nunc Int., Roskilde, Denmark

Sterile Falcon tubes (15ml and 50ml)

Sarstedt AG and Co., Nimbrecht, Germany

Sterile phosphate buffered saline (PBS)

Invitrogen, Paisley, UK

Sterile syringe filters (0.2pum)

Corning Inc., Corning, NY, USA

Sterile syringe needles (BD Microbalance™
3;25G x 5/87)

Becton Dickinson (BD) UK Ltd, Oxford, UK

Sterile syringe needles (Sherwood Medical
Monoject; 21G x 1'4™)

Sherwood - Davis & Geck, Gosport,
Hampshire, UK

Sterile syringes (BD Plastipak™; 1ml, 5ml
and 10ml)

Becton Dickinson (BD) UK Ltd, Oxford, UK

Sterile universal containers (30ml)

Greiner Bio-One Ltd, Gloucestershire, UK

Sterile, disposable serological pipettes (5ml,
10ml and 25ml)

Sarstedt AG and Co., Niilmbrecht, Germany

Sucrose

Fisher Scientific UK Ltd, Loughborough, UK

Taq DNA polymerase (BioTaq™; 5U/ul)

Bioline Ltd, London, UK

Tris HCI

Sigma-Aldrich, Poole, Dorset, UK

Triton X-100

Sigma-Aldrich, Poole, Dorset, UK

Trizma (Tris) base

Sigma-Aldrich, Poole, Dorset, UK

Trypsin/EDTA 10x Solution

Invitrogen, Paisley, UK

Upper buffer for SDS-PAGE Gels
(Tris 0.5M, pH 6.8)

Bio-Rad Laboratories Ltd, HERTS, UK

VectorShield® hard-set mounting medium
containing DAPI nuclear stain

Vector Laboratories, Inc., Peterborough, UK

Virkon

Antec International Ltd, Suffolk, UK

Vybrant® Apoptosis Assay Kit #4

Invitrogen, Paisley, UK

Western Blocking Reagent

Roche Diagnostics, Mannheim, Germany

X-ray film developer solution (X-O-dev)

X-0O-graph Imaging System, Tetbury, UK

X-ray film fixative solution (X-O-fix)

X-0O-graph Imaging System, Tetbury, UK

47



Chapter Two: Materials and Methods

2.2 Cell Culture

2.2.1 Cell-lines
The hormone-sensitive MCF7 wild-type cell-line (MCF7wt) was a kind gift

from AstraZeneca Pharmaceuticals (Macclesfield, Cheshire, UK), and was
originally obtained from the American Type Culture Collection (ATCC®
Number HTB-22™). These cells were routinely maintained in RPMI 1640
containing phenol-red pH indicator (rRPMI) supplemented with 5% (v/v)
foetal calf serum (FCS), antibiotics (penicillin 100units/ml and streptomycin
100pg/ml), and an antifungal agent (amphotericin B; 2.5ug/ml). This medium
will be referred to as R+5%.

Prior to any experimental work MCF7wt cells were washed three times with
Dulbecco’s phosphate-buffered saline (PBS) and cultured for 24 hours in
phenol-red-free RPMI 1640 (WRPMI) supplemented with 5% (v/v) charcoal-
stripped foetal calf serum (SFCS), L-glutamine (200mM) and antibiotic/anti-
fungal agents (as above). This was to remove any exogenous oestrogenic
effects from either the phenol-red pH indicator in the media or from steroidal
hormones present in the serum. This medium will be referred to as W+5%.
The charcoal-stripping procedure used to remove steroidal hormones from

FCS can be found in appendix 1 (section 8.1.2).

The tamoxifen-resistant MCF7 cell-line (Tam-R) was generated in-house
following the long-term culture of MCF7wt cells in W+5% supplemented with
4-hydroxytamoxifen (Tam; 100nM final concentration) [70]. After an initial
period of growth inhibition (approximately 2-3 months) outgrowths of
resistant cells occurred. These cells were maintained and, when necessary,
passaged for a further 3 months until the resistant cell-line was established and
could be characterised. Tam-R cells were routinely maintained in W+5%

supplemented with 4-hydroxytamoxifen (100nM).

2.2.2 Cell Culture Techniques

All cell-culture was carried out under sterile conditions in a MDH Class II

laminar-flow safety cabinet (BIOQUELL UK Ltd, Andover, UK). All
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equipment and consumables were either purchased sterile for single use or
were sterilized at 119°C using a Denley BA852 autoclave (Thermoquest Ltd,
Basingstoke, UK).

Cells were maintained in 75cm? flasks (T-75) and grown in a Sanyo MCO-
17AIC incubator (Sanyo E&E Europe BV, Loughborough, UK) at 37°C with a
humidified atmosphere containing 5% CO,. The culture medium was changed
every 3-4 days. Cells were visually assessed using a Nikon Eclipse TE200
phase-contrast microscope (Nikon UK Ltd, Kingston-upon-Thames, UK) and

passaged upon reaching 80-100% confluency (typically once a week).

For routine passaging, medium was removed and cell monolayers dispersed
following the addition of 10ml of trypsin (0.05%)/EDTA (0.02%) in PBS (see
appendix 1 [section 8.1.3]). The flasks were returned to the incubator for 3-5
minutes until the cells were in suspension. Trypsin/EDTA was neutralised
with an equal volume of serum-containing medium (R+5% or W+5%,
depending on cell-line) and the cells were pelleted by centrifugation (Jouan
C312 [Thermo Fisher Scientific Inc., MA, USA]; 1000rpm, 5 min). The cell
pellet was re-suspended in the appropriate medium (1ml) and mixed gently
using a pipette until no cell clumps were evident. A proportion of this cell
suspension was diluted in the appropriate medium and used to seed additional
T-75 flasks (typically 1/10™ of the cell suspension in 15ml of medium per
flask), which were then cultured as normal. Cell-lines were passaged up to a
maximum of 25 times or cultured for approximately 3 months, whichever was
sooner. To ensure an adequate supply of cellular material, stocks of estab-
lished cell-lines were generated by freezing down cells with a low passage
number in liquid nitrogen (see appendix 1 [section 8.1.4.1]). When required,

cells were raised from frozen using the method out-lined in section 8.1.4.2.

To seed cells for experimental analysis, cell monolayers were washed twice
with PBS prior to trypsin/EDTA dispersion, centrifugation and re-suspension
as above. The cells were then passed through a sterile 25G syringe needle to
obtain a single-cell suspension. A 50ul aliquot of this suspension was added

to Isoton® II solution (10ml) and cell number was determined using a
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Coulter™ Multisizer II (Beckman Coulter UK Ltd, High Wycombe, UK).
Cells were then seeded in the appropriate medium at a density dictated by the
experimental design. For a comprehensive list of cell seeding densities see

appendix 1 (section 8.1.5).

2.2.3 Treatments

During the course of this study cells were treated with various compounds
including anti-hormones, growth-factors and inhibitors (see Table 2.2). Where
stated, cells were serum starved in phenol-red-free DCCM containing L-
glutamine and antibiotic/anti-fungal agents (as above) for 24 hours prior to
treatment (WDCCM; see appendix 1 [section 8.1.1]). Detailed information
regarding the concentration and duration of treatments used for particular

experiments can be found in the relevant results chapters.

2.3 Gene Expression Analysis

Gene expression in MCF7wt and Tam-R cell-lines was investigated using both

semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR)
[181, 182] and Real-Time (quantitative) PCR (qPCR) [183]. For both
procedures, RNA and DNA were prepared as follows.

2.3.1 RNA Extraction
Cells in W+5% + Tam (100nM) were seeded into 100mm Petri-dishes at a

density of 1x10° cells per dish and cultured until they had reached log-phase
growth (~60% confluency). Total RNA was then extracted using a QIAGEN
RNeasy mini kit (QIAGEN Ltd, Crawley, UK) following the manufacturer’s

instructions and using buffers and solutions supplied with the kit.

Briefly, cell culture medium was removed and the cells lysed in RLT buffer
(600ul). Cellular material was then collected using a cell scraper and
transferred to a 1.5ml micro-centrifuge tube for subsequent homogenisation by
passing through a 21G syringe needle 5 times. Ethanol (70% v/v in HO; 1
volume) was added to the lysate and mixed thoroughly by pipetting. The

sample was then transferred to an RNeasy spin column fitted with a collection
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Table 2.2 Treatments used in cell culture experiments

Treatment Classification M. aMWMM Eﬁgmﬂﬂmﬁwmg Vehicle Company
4-hydroxytamoxifen Anti-hormone ER 100nM EtOH Sigma-Aldrich, Poole, Dorset, UK
AG1024 Inhibitor IGF-1R 5uM DMSO Calbiochem, Nottingham, UK
Amphiregulin Growth factor EGFR 10ng/ml PBS Sigma-Aldrich, Poole, Dorset, UK
AZM 555130 Inhibitor Src 1uM DMSO AstraZeneca Pharmaceuticals, Cheshire, UK
EGF Growth factor EGFR 10ng/ml PBS Sigma-Aldrich, Poole, Dorset, UK
Fulvestrant (Faslodex™) Anti-hormone ER 100nM EtOH AstraZeneca Pharmaceuticals, Cheshire, UK
Gefitinib (Iressa™) Inhibitor EGFR 1uM DMSO AstraZeneca Pharmaceuticals, Cheshire, UK
Herceptin Inhibitor c-erbB2 100nM H,0 Roche, Basel, Switzerland
Heregulin-p Growth factor c-erbB2 10ng/ml PBS Sigma-Aldrich, Poole, Dorset, UK
IGF 11 Growth Factor IGF-1IR 10ng/ml PBS Sigma-Aldrich, Poole, Dorset, UK
PD098059 Inhibitor MEK 50uM DMSO Alexis Corporation Ltd, Nottingham, UK
SU6656 Inhibitor Src 1-5uM DMSO Calbiochem, Nottingham, UK
TGFa Growth factor EGFR 10ng/ml PBS Sigma-Aldrich, Poole, Dorset, UK
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tube and centrifuged (Labofuge 400R; Heraeus, Hanau, Germany) at
10,000rpm for 15 seconds. Since the maximum volume of an RNeasy spin

column is 700ul the sample was passed through the column in two stages.

The flow-through was discarded and the column washed once with RW1
buffer (700ul) and once with RPE buffer (500ul). Following each wash the
columns were centrifuged as above and the flow-through discarded. The RPE
buffer wash was repeated and the column centrifuged at 10,000rpm for 2
minutes. The flow-through was discarded and the column re-centrifuged
(10,000rpm; 1 minute) to remove all traces of RPE buffer. The RNA was then
eluted from the column into a fresh RNase-free 1.5ml micro-centrifuge tube

with RNase-free H,O (2 x 30ul) and stored at -80°C.

2.3.2 RNA Quantitation

RNA concentration was determined by measuring the optical density (OD) of
a 1:100 dilution of the column eluate obtained above in RNase-free H,O at
wavelengths of 260nm and 280nm. The ratio between the two OD values
gives a measure of the purity of the RNA, with a ratio of 1.9-2.1 representing a

pure RNA solution. The ODyg( value is substituted into the following formula

to give the RNA concentration in pg/ml.

[RNA] = OD340 x 40 x Dilution Factor

2.3.3 Reverse Transcription (RT)
RNA was reverse transcribed to generate complementary DNA (cDNA) using

the Molony-murine leukaemia virus (MMLYV) reverse transcriptase enzyme.

The RT reaction mixture comprised (per sample) 1ug of total RNA (made up
to 7.5ul with RNase-free H,0), Sul dNTP mix (0.625mM each of dGTP,
dCTP, dATP and dTTP), 2ul PCR Buffer (10x; see section 8.2.1.1), 2ul di-
thiothreitol (DTT; 0.1M) and 2ul random hexamer oligonucleotides (100uM).
The reaction mix was heated in a PTC-100 thermocycler (MJ Research Ltd,
Massachusetts, USA) to 95°C for 5 minutes to denature the RNA, followed by

rapid cooling on ice.
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1pl MMLV-reverse transcriptase enzyme (200U/ul) and 0.5ul RNasin™
RNase inhibitor (40U/pul) were added to the reaction mixture to give a final
volume of 20ul. The reaction was run in the PTC-100 thermocycler using the
temperature cycling conditions detailed in table 2.3 and the resultant cDNA

was stored at -20°C.

Table 2.3 Thermocycler program conditions for the reverse transcription of RNA

Step Temperature Duration
1 (Annealing) 22°C 10 minutes
2 (Extension) 42°C 42 minutes
3 (Denaturing) 95°C 5 minutes

2.3.4 Polymerase Chain Reaction (PCR)

All PCR reaction mixes were set up in a Labconco Purifier PCR Enclosure
(GRI, Rayne, UK) using sterile pipette tips and reaction tubes. All equipment
and work surfaces were wiped with 70% ethanol and allowed to air-dry prior

to the commencement of work.

2.3.4.1 Reaction Mixtures and Thermocycling Conditions

Since the present study is concerned with Src expression PCR was optimised
for the detection of Src as follows. A reaction mixture for the amplification of
the Src gene consisted of 2.5ul PCR buffer (10x; see section 8.2.1.1), 2ul
dNTP mix (0.625mM each of dGTP, dCTP, dATP and dTTP), 0.6ul Src
forward primer (20mM), 0.6ul Src reverse primer (20mM), 0.1pl Taq
polymerase (5U/ul) and 0.5ul cDNA, with the final volume made up to 25ul
with sterile H,O. The sequences for the Src primers used can be found in table
2.4 [184]. A negative control in which cDNA was substituted with an equal

volume of sterile H,O was also run for each experiment.

The reaction tubes were mixed gently, pulsed in a micro-centrifuge (IEC

Micromax RF, Thermo Electron Corporation, Hampshire, UK) and placed in
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Table 2.4 Primer sequences used for the PCR amplification of Src and B-actin genes

Gene Primer Sequence Ar_np licon
Size (bp)
Forward 5’-CAGTGTCTGACTTCGACAAC-3’
Src 433
Reverse 3’-CTCCTCTGAAACCACAGCAT-5’
Forward 5’-GGAGCAATGATCTTGATCTT-3’
B-actin 204
Reverse 3’-CCTTCCTGGGCATGGAGTCCT-5’

a PTC-100 thermocycler with the heated lid set to 100°C. The PCR reaction

was then run using the temperature cycling conditions stated in table 2.5.

PCR data was normalised using amplification of the B-actin housekeeping
gene. The PCR reaction mix and thermocycling conditions for the amplifica-
tion of B-actin were similar to those for Src. However, due to the increased
abundance of B-actin the volume of the B-actin primers used was decreased to
0.3ul (with a corresponding increase in H>O of 0.6pl) to avoid premature

saturation of the PCR reaction system

Table 2.5 Thermocycler program conditions for PCR amplification of Src and B-actin

Step Temperature Duration Cycle Number
1  (Denaturing) 95°C 5 minutes x 1
(Denaturing) 95°C 60 seconds
x 33 (Src)
2 (Annealing) 55°C 30 seconds .
x 27 (B-actin)
(Extension) 72°C 90 seconds
3 (Final Extension) 72°C 10 minutes x 1
4  (Short-term storage) 4°C o0

2.3.4.2 Agarose Gel Electrophoresis

Samples were resolved using a 1% (w/v) agarose gel in Tris-Acetate-EDTA
buffer (TAE; see section 8.2.1.2) containing ethidium bromide (1pl of a

10mg/ml solution per 50ml gel solution). Gels were cast and run using the
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Sub-cell® Agarose Electrophoresis System connected to a Powerpac 1000
power pack (both Bio-Rad Laboratories Ltd, HERTS, UK) following the

manufacturer’s instructions.

PCR products for Src and B-actin (7.5ul of each) were added to sample
loading buffer (10ul; see section 8.2.1.3) and dispensed into the wells of the
gel, along with a DNA size marker (Hyperladder™ IV 100-1000bp; 5pul).
TAE buffer was added to the electrophoresis tank and the gel was run at 70V
constant voltage for approximately 45-60 minutes. Gels were visualised under
UV light using a FOTODYNE 3-3002 UV trans-illuminator and photographed
with a Polaroid GelCam camera (both GRI, Rayne, UK) for densitometry.
The images were scanned using a Bio-Rad GS-690 Imaging Densitometer
(Bio-Rad Laboratories Ltd, HERTS, UK) connected to a computer running
Molecular Analyst Version 1.5 (also Bio-Rad). Densitometry was measured
as ‘adjusted volume OD x mm?’.

2.3.4.3 Optimisation of PCR Thermocycling Conditions

The number of amplification cycles used in step 2 of the thermocycling
program was determined empirically for each gene to ensure the reaction did
not reach saturation before analysis. PCR amplifications of Src and B-actin
using basal MCF7wt cDNA were run using the cycling conditions stated in
table 2.5; with step 2 repeated 35 times for both genes. Following each cycle
between cycle 25 and 35 a sample tube was removed and put on ice. On com-
pletion of the program the samples were resolved on a 1% agarose/ethidium
bromide gel as described above. Cycle numbers of 33 and 27 were selected as
optimal for the amplification of Src and B-actin genes respectively in this
experimental system as there was sufficient amount of product for analysis,

but the reaction had not yet reached saturation (see figure 2.1).

2.3.5 Real-Time PCR (qPCR)
Real-time PCR, also known as quantitative PCR (qPCR), is a relatively new
technique that enables the accurate quantitation of gene expression levels

[183]. gPCR uses fluorescence to measure the amount of DNA material
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Figure 2.1 Optimisatiocn of PCR thermocycling conditions for Src and B-actin

RNA from MCF7wt cells grown under basal conditions was exiracted and reverse transcribed
to generate cDNA. The cDNA was subjected to PCR for Src (A) and B-actin (B) genes as
described in section 2.3.4.3. Following each amplification cycle between cycle 25 and 35 a
sample was removed from the thermocycler and placed on ice. On completion of the
thermocycling program the samples were resolved on a 1% agarose/ethidium bromide gel and
the bands obtained were analysed using densitometry.
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present in a PCR reaction after each temperature cycle and, thus, follows the
amplification of a gene in ‘real-time’ until the system becomes saturated.
Following the reaction, the amount of starting template material in an
unknown sample can be quantified by comparing its fluorescence at a suitable
cycle number to that of a pre-defined standard curve. The present study used
the DyNAmo™ qPCR kit (Finnzymes Oy, Espoo, Finland) to confirm the Src
gene expression levels obtained in MCF7wt and Tam-R cell-lines with RT-
PCR. The DyNAmo™ kit uses SYBR green — an intercalating DNA dye that
is only fluorescent when bound to double-stranded DNA. SYBR green is a
reliable source of fluorescence for use in qPCR analysis and is much more
cost effective than other techniques which utilize specific fluorescently-
labelled DNA probes. However, due to its inability to discriminate between
different double-stranded DNA fragments it is unsuitable for use in co-

amplifications.

The qPCR reaction mixture consisted of 10ul 2x DyNAmo PCR solution
(containing buffering solution, ANTP mix, Taq polymerase and SYBR green
dye), 0.375ul forward primer (20mM), 0.375ul reverse primer (20mM) and
0.5ul ¢cDNA, made up to a final volume of 20ul with sterile H;O. Primers
used were the same as those used for RT-PCR above. The qPCR reaction was
run on an Opticon 2™ real-time PCR machine (MJ Research Ltd,
Massachusetts, USA) using the same temperature cycling program as for RT-
PCR (table 2.5), but with an increased number of amplification cycles (35-40
cycles). The Opticon 2™ was programmed to read the levels of fluorescence
of the samples immediately after each cycle thus ensuring an accurate profile

of gene amplification was obtained.

For quantitation, a standard curve was generated in each run using starting
template material at a range of known concentrations. This template material
was the amplicon produced from an RT-PCR of either Src or B-actin (as
appropriate). The amplicon was purified using a QIAquick PCR purification
kit following the manufacturer’s instructions (QIAGEN Ltd, Crawley, UK)
and quantified using a GeneQuant RNA/DNA Calculator (Biochrom Ltd
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Cambridge, UK). The template material was serially diluted as required to

produce a range of concentrations, which were then run as normal samples.

Using a cycle threshold of 10x the standard deviation of baseline readings
between cycles 3-15, the concentrations of starting template material in the
unknown samples were extrapolated from the standard curve using Opticon
2™ computer software (OpticonMONITOR™ Version 2.01).

2.4 Analysis of Protein Expression/Activation

Changes in the basal expression and/or activation of proteins between
hormone-sensitive and hormone-insensitive cells and in response to various
treatments were assessed using SDS-PAGE [185] and Western blotting [186,
187], followed by subsequent immuno-probing of the blots using phospho-

specific antibodies where appropriate.

2.4.1 Cell Lysis

Cells were seeded into 60mm or 100mm Petri-dishes at an appropriate density
and cultured until they had reached log-phase growth; at which point any
treatments being used were added for the required duration. After this time
the cells were washed twice with ice-cold PBS and lysed into Triton-X100
lysis buffer containing a cocktail of protease and phosphatase inhibitors
(sodium orthovanadate 2mM, phenylmethylsulfonyl fluoride 1mM, sodium
fluoride 25mM, sodium molybdate 10mM, phenylarsine 20uM, leupeptin
10ug/ml and aprotinin 8ug/ml). The volume of lysis buffer used was
dependent on vessel size and cell confluency, and ranged from 50-250ul. See
appendix 2 for more information regarding the lysis buffer (section 8.2.2.1)

and inhibitors (section 8.2.2.2).

Cellular material was collected using a cell-scraper and transferred to a 1.5ml
micro-centrifuge tube. This lysate was homogenised briefly using a pipette
and left on ice for 20 minutes, with further occasional mixing. Cell lysates
were then clarified by centrifugation (IEC Micromax RF micro-centrifuge
[Thermo Electron Corporation, Hampshire, UK]; 13,000rpm, 15 minutes, 4°C)

and the supernatants stored at -20°C until required.
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2.4.2 Protein Concentration Assay

The concentration of total soluble protein in cell lysates was determined using
the Bio-Rad D¢ Protein Assay kit (Bio-Rad Laboratories Ltd, HERTS, UK), a
modified version of the Lowry protein assay [188].

The lysates were diluted 1:10 with lysis buffer (as above) to give a final
volume of 50ul. To this, 0.25ml of Reagent A (containing 5ul of Reagent S)
and 2ml of Reagent B were added. The solutions were vortexed, left for 15
minutes for full colour development and read on a Cecil CE2041
spectrophotometer (Cecil Instruments, Cambridge, UK) at 750nm. These
readings were compared with those of a BSA standard curve (0-1.45mg/ml;
see appendix 2 [section 8.2.2.3]) to give the concentration of total soluble

protein in the lysates.

2.4.3 SDS-PAGE Analysis

Sodium-Dodecyl-Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
was performed using the Bio-Rad Mini-Protean® III apparatus powered by a
Powerpac Basic™ power pack (both Bio-Rad Laboratories Ltd, HERTS, UK)
following the manufacturer’s instructions. The gel system used was discon-
tinuous, comprising of a 5% (w/v) acrylamide/bis-acrylamide stacking gel at
pH 6.8 and an 8-10% (w/v) acrylamide/bis-acrylamide resolving gel at pH 8.8.
The recipes for the stacking and resolving gels can be found in tables 2.6 and

2.7 respectively.

Table 2.6 Recipe for the Stacking Gel used in SDS-PAGE

5% (w/v) Final Concentration
For 10ml: in Gel
Acrylamide/bis-acrylamide solution* 1.65ml 5% (W/v)
H,O 5.7ml -
Tris (0.5M, pH 6.8) 2.5ml 125mM
SDS (10% solution in H,0) 100l 0.1% (W/v)
APS (10% solution in H,0) 50ul 0.05% (w/v)
TEMED 20pul 0.2% (v/v)

* Acrylamide used was a 30% solution with an acrylamide:bis-acrylamide ratio of 29:1
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Table 2.7 Recipe for the Resolving gel used in SDS-PAGE

8% Gel (W/v) 10% Gel (W/v) b
(70-200 kDa) (20-100 kDa) Concentration
For 10mi: For 10ml: in Gel
sAo(;z:gnm’: de/bis-acrylamide 2.7ml 3.3ml % as required
H,;O 4.6ml 4.0ml -
Tris (1.5M, pH 8.8) 2.5ml 2.5ml 375mM
SDS (10% solution in H,0) 100! 100! 0.1% (W/v)
APS (10% solution in H,0) 100l 100pl 0.1% (w/v)
TEMED 40ul 40yl 0.4% (v/v)

* Acrylamide used was a 30% solution with an acrylamide:bis-acrylamide ratio of 29:1

A set of glass plates were cleaned with ethanol and assembled in the gel
casting apparatus. The constituents of the resolving gel, with the exception of
TEMED, were added to a universal container and mixed thoroughly (see table
2.7). TEMED was added to the gel solution immediately before pouring as it
catalyses the polymerisation and cross-linking of the acrylamide/bis-
acrylamide, causing the gel to set. The gel solution was carefully dispensed
between the glass plates until the level reached was approximately 1.5cm
below the top of the smaller plate (to allow room for the stacking gel). The
gel solution was then overlaid with 0.05% (w/v) SDS in H;O and allowed to

set for approximately 30 minutes at room temperature.

Once set, the SDS solution was discarded and the gel was rinsed with distilled
water. The plates were then left to drain; with any excess water remaining
between the plates carefully removed using a strip of filter paper. The
stacking gel solution was prepared as described in table 2.6 and poured
between the glass plates on to the resolving gel. A 10-well comb was inserted
into the stacking gel solution and the gel was allowed to set for 45-60 minutes
at room temperature. The gel was then placed in the electrophoresis apparatus

and SDS-PAGE running buffer (see appendix 2 [section 8.2.2.4]) added to the
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inner and outer reservoirs of the tank. The comb was removed from the

stacking gel and the resultant wells were washed gently with running buffer.

Cell lysates containing a known amount of total soluble protein (20-150ug)
were diluted as appropriate with 3x or 5x Laemmli sample loading buffer
[185] (see appendix 2 [section 8.2.2.5]) and heated to 100°C for 5-10 minutes
to denature and reduce the proteins in the sample. The cell lysates, along with
a protein molecular weight marker (Precision Plus Protein™ All Blue
Standards 10-250kDa; Sul), were loaded into the wells of the stacking gel.
Electrophoresis was then performed at 80mA constant current until the sample

buffer dye had run the length of the gel (approximately 1 hour).

2.4.4 Western Blotting

Proteins were transferred from SDS-PAGE gels to a nitrocellulose membrane
using the Bio-Rad Mini-Protean® III apparatus powered by a Powerpac
Basic™ power pack (both Bio-Rad Laboratories Ltd, HERTS, UK).

For each gel to be transferred, two pieces of grade 3 filter paper and one piece
of Protran B85 nitrocellulose membrane (0.45um pore size) were cut to the
same size as the gel and pre-soaked, along with two Teflon sponge pads, for at
least 30 minutes in Western blot transfer buffer (see appendix 2 [section
8.2.2.6]). Following electrophoresis the gel plates were separated, the
stacking gel gently removed and discarded, and the resolving gel carefully

transferred to a tray containing distilled H,O to wash off any excess SDS.

The Western blot transfer cassette was assembled following the
manufacturer’s instructions as shown in figure 2.2. A serological pipette was
drawn across the surface of the assembled ‘sandwich’ with gentle pressure to
ease out any air bubbles that formed between the layers as they can disrupt the
transfer of proteins from gel to membrane. The cassette was then placed into
the transfer apparatus with the gel (black side of cassette) nearest the negative
(black) electrode and the membrane (clear side of cassette) positioned nearest
the positive (red) electrode. This ensures the proteins, which are negatively

charged after being boiled in the presence of SDS, migrate in the correct
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Figure 2.2 Assembly of Western blot transfer cassette

A pre-soaked Teflon sponge pad was put onto the black wall of the transfer cassette, followed
by a piece of pre-soaked grade 3 filter paper. The gel was then carefuliy placed, in the correct
orientation, onto the filter paper, avoiding the formation of air bubbles. The gel was covered
with transfer buffer to prevent it drying out and the nitrocellulose membrane laid on top, again
avoiding air bubbles. Finally, another piece of filter paper and a Teflon sponge pad were put
in place before the cassette was closed and inserted into the transfer apparatus.
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direction (i.e. from gel to membrane). The transfer apparatus was placed into
a tank along with an ice-block to prevent over-heating of the gel during
transfer. The tank was then filled with chilled Western blot transfer buffer and

the transfer run at 100V constant voltage for 1 hour.

2.4.5 Immunoprobing of Western Blots

The membrane was removed from the transfer cassette and washed twice in
Tris buffered saline (TBS; see appendix 2 [section 8.2.2.7]), each time for 5
minutes. The available protein binding sites on the membrane were then
blocked for a minimum of 1 hour with a 5% (v/v) solution of Western
Blocking Reagent in TBS containing 0.05% (v/v) Tween 20 (TBS-T; see
appendix 2 [section 8.2.2.8]).

After blocking, the membrane was washed in TBS-T (2 x 5 minutes) and
incubated in a primary antibody (1°Ab) specific for the protein of interest.
Primary antibodies were diluted in TBS-T containing 5% (v/v) Western
Blocking Reagent and 0.05% (w/v) sodium azide. The 1°Ab dilution and
incubation conditions used varied from protein to protein and had to be
optimised empirically. A list of the primary antibodies used in this study,
along with their corresponding dilutions and incubation conditions, can be

found in Table 2.8.

Following 1°Ab incubation the membrane was washed with TBS-T (3 x 10
minutes) and incubated with the appropriate horseradish-peroxidase-linked
secondary antibody (2°Ab) diluted in TBS-T containing 5% (v/v) Western
blocking reagent. The 2°Ab used was dependent on the source of the 1°Ab,
with all 1°Abs used in this study being either rabbit or mouse (see table 2.8).
Secondary antibodies were typically used at a dilution of 1:10,000 (or in the
case of B-actin, 1:20,000), and incubation was for 1 hour at room temperature.
Further washes in TBS-T (4 x 10 minutes) and TBS (2 x 10 minutes)
followed, before antibodies bound to the protein of interest were visualised

using chemiluminescence [189].
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Table 2.8 Antibodies used in the immunoprobing of Western blots

. I Incubation Catalogue
Epitope Source  Dilution Conditions Company number
Src Y418 Rabbit 1:1000 2 hrs RT Biosource 44-660G
Src Y527  Rabbit  1:1000 O/N4°C +2hrs RT GOl Signalling #2105

Technologies
T-Src Rabbit 1:1000  O/N 4°C + 2hrs RT Biosource 44-656G
FAK Y397 Rabbit 1:1000 2 hrs RT Biosource 44-624G
FAK Y576 Rabbit 1:1000  O/N 4°C + 2hrs RT Upstate 07-157
FAK Y861 Rabbit 1:1000 2 hrsRT Biosource 44-626G
FAK Y925 Rabbit  1:1000 O/N4°C + 2hrs RT  Coll Signalling #3284
: Technologies
T-FAK Rabbit 1:1000 2 hrs RT Biosource AHO0502
Pax Y31 Rabbit 1:1000  O/N 4°C + 2hrs RT Biosource 44-720G
T-Pax Mouse 1:500 O/N 4°C + 2hrs RT Biosource AHO0492
fgzg‘ Rabbit  1:1000  O/N 4°C + 2hrs RT Biosource 44-784G
EGFR . . o Cell Signalling
Y1068 Rabbit 1:1000  O/N 4°C + 2hrs RT Technologies #2234
. Cell Signalling
T-EGFR Rabbit 1:1000  O/N 4°C + 2hrs RT . #2232
Technologies
c-erbB2 . . .
Y1248 Rabbit 1:2000 2 hrs RT Biosource 44-904
T-c-erbB2  Rabbit  1:2000 2 hrs RT Cell Signalling #2242
Technologies
ERK 1/2 . . Cell Signalling
T202/Y204 Rabbit 1:1000 2 hrs RT Technologies #9101
. . Cell Signalling
T-ERK 1/2  Rabbit 1:1000 2 hrs RT Technologies #9102
: . o Santa Cruz )
T-CSK Rabbit 1:1000  O/N 4°C + 2hrs RT Biotechnology SC-13074
T-PTPIB Rabbit 1:1000  O/N 4°C + 2hrs RT Upstate 07-088
. . Cell Signalling
AKT S473  Rabbit 1:1000  O/N 4°C + 2hrs RT Technologies #9271
. . o Cell Signalling
T-AKT Rabbit 1:1000 O/N 4°C + 2hrs RT Technologies #9272
B-actin Mouse  1:20,000 2 hrs RT Sigma A2228

N.B. T = Total protein; RT = Room Temperature; O/N = Over Night
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Chemiluminescence was performed using a luminol/peroxide based enhanced
chemiluminescence (ECL) reagent (Supersignal™ West Pico, Supersignal™
West Dura or Supersignal™ West Femto) [190]. The ECL reagent (500pul)
was made following the manufacturer’s instructions and added to the blot for 5
minutes. Luminol (in the ECL reagent) is oxidised by HRP in the presence of
peroxide to produce an excited state product, which then decays to a lower
energy state by releasing photons of light. This light is captured on x-ray film,
with exposures ranging from seconds to a few hours depending on signal
strength. X-ray films were developed using an X-O-graph Compact X2 x-ray
developer (X-O-graph Imaging System, Tetbury, UK) and the bands obtained
were scanned and analysed using a Bio-Rad GS-690 Imaging Densitometer as

mentioned in section 2.3.4.2.

2.5 Immunocytochemistry (ICC)

2.5.1 Fixation of Cells

Cells (1x10°) were seeded onto TESPA-coated coverslips and grown to
approximately 70% confluency, at which time they were treated as required.
The cells were then fixed using either ER-ICA (for Src Y419/T-Src assays) or
formal-saline (for Ki67 assay) fixes prior to immunocytochemical staining.
The assays for Src and Ki67 are standard assays in our laboratory and the
decision to use these fixatives was based upon the expert advice of members
of our ICC department. PBS used in these experiments was made in-house

using the recipe shown in appendix 2 (section 8.2.3.1).

2.5.1.1 ER-ICA

The (o)estrogen-receptor immunocytochemical assay, or ER-ICA, fix was
originally developed for the detection of the oestrogen receptor, but has now

been found to be effective for a number of proteins, including Src.

Coverslips were placed in a rack and sub-merged in a bath containing 3.7%
(v/v) formaldehyde in PBS (see appendix 2 [section 8.2.3.2]) for 15 minutes.
Following a PBS wash (>5 minutes) the coverslips were sequentially placed

into baths containing methanol (between -10°C and -30°C; 5 minutes) and
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acetone (between -10°C and -30°C; 3 minutes). After a final PBS wash (>5
minutes) the coverslips were either used immediately or stored at -20°C in

sucrose storage medium (SSM; see appendix 2 [section 8.2.3.3)).

2.5.1.2 Formal-saline

Medium was removed from the coverslips and replaced with formal-saline
solution (1 ml per coverslip) for 10 minutes. Formal-saline solution was made
as described in appendix 2 (section 8.2.3.2). The cells were then washed with
100% ethanol (5 minutes, followed by a quick ethanol rinse) and PBS (5
minutes, followed by a quick PBS rinse). The coverslips were stored for at

least 24 hrs in SSM at -20°C before use.

2.5.2 Immunocytochemical Staining of Fixed Cells

The SSM in which the fixed cells were stored was discarded and the
coverslips washed gently, but thoroughly, with PBS (2 x 5 minutes). The
coverslips were then rinsed with PBS containing 0.02% (v/v) Tween-20 for
approximately 30 seconds to reduce surface tension and help the 1°Ab spread
evenly over the cells. Primary antibody, diluted in PBS containing 0.5% (w/v)
BSA, was added to each coverslip (50ul) and incubated in a humidified
atmosphere overnight at 23°C. As with immunoprobing of Western blots,
1°Ab dilution varied from protein to protein and had to be determined

empirically. The 1°Ab dilutions used in this study can be found in Table 2.9.

Table 2.9 Antibodies used in immunocytochemistry

Epitope Source Dilution Company
Src Y419 Rabbit 1:50 - 1:100 Biosource
T-Src Rabbit 1:300 — 1:600 Biosource

Ki67 (clone MIB 1) Mouse 1:100 DAKOcytomation

Following 1°Ab incubation the coverslips were washed with PBS (2 x 5 min-

utes) and incubated with an HRP-labelled polymer conjugated to either goat
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anti-rabbit or goat anti-mouse immunoglobulins (supplied with the DAKO
EnVision™+ system, peroxidase [DAB] kit) for 2 hours at 23°C. Following
two further washes with PBS (5 minutes each) the cellular location of the
protein of interest was visualised by the addition of 3,3’-diaminobenzidine
(DAB), a chromogenic HRP substrate. Colour development typically took 6-

10 minutes depending on signal strength.

Cells were counter-stained with methyl-green (0.5% [w/v] in H,0) for up to 2
minutes. After thorough rinsing with distilled H,O to remove excess methyl-
green the coverslips were dried at 40°C for 1 hour and mounted onto glass
slides using di-butylpthalatexylene (DPX), a xylene-based mounting medium.
DPX was allowed to set overnight at room temperature and the slides were
assessed on an Olympus BH-2 phase contrast microscope fitted with an

Olympus DP-12 digital camera system (both Olympus, Oxford, UK).

2.6 Assessment of Cell Morphology

Representative images of live cells were obtained using a Leica DM-IRE2
inverted microscope (Leica Microsystems Imaging Solutions Ltd, Cambridge,
UK) fitted with a Hoffman condenser and a Hamamatsu C4742-96 digital
camera (Hamamatsu Photonics UK Ltd, HERTS, UK). The microscope was
attached to a PowerMAC G5 computer (Apple Computer Inc., CA, USA)
running Improvision® OpenLab V4.04 software (Improvision®, Coventry,

UK). Unless stated otherwise, all images were captured at 20x magnification.

2.7 Growth Assays
Two methods were utilised to assess cell growth: the MTT-based cell prolif-

eration assay and cell counting experiments using a Coulter™ Multisizer II.
The MTT-based cell proliferation assay was sufficiently sensitive to detect
small changes in the growth of our cell-lines and was much less labour-
intensive than manual counting. However, the design of the assay limits cell
growth experiments to 5 days. Therefore, for longer growth experiments (7

days or more) cell counting was used.
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2.7.1 MTT Cell Proliferation Assay

The MTT cell proliferation assay involves the metabolism of a soluble yellow
compound, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT), by mitochondrial dehydrogenase enzymes in the cell to produce
insoluble purple formazan crystals. When the cells are lysed the formazan
crystals can dissolve and the absorbance of the resultant solution is

proportional to cell number [191, 192].

Cells were harvested using trypsin/EDTA as described in section 2.2.2, and
seeded in W+5% + Tam (100nM) into a 96-well plate at a density of 5x10°
cells/well (day 1). The cells were allowed to settle for 24 hours before treat-
ments were added as required (day 2). The plate was incubated at 37°C in a
humidified atmosphere containing 5% CO, for 5 days. On day 7 the medium
was removed and the cells washed gently with PBS. Sterile-filtered MTT in
wRPMI (0.5mg/ml; 150ul) was added to the cells and left to incubate at 37°C
for 4 hours. The MTT solution was then aspirated and the cells lysed in 10%
(v/v) Trition-X100 in PBS (150ul/well) overnight at 4°C. The following day
the plate was brought to room temperature, tapped gently to mix the samples
and read on a Multiskan® MCC/340 plate-reader (Titertek, USA) at 540nm.

2.7.2 Cell Counting

Cells were harvested using trypsin/EDTA as previously described and seeded
in W+5% + Tam (100nM) into a 24-well plate at a density of 4x10* cells/well.
The cells were allowed to settle for 24 hours prior to the addition of
treatments. The plate was then incubated at 37°C in a humidified atmosphere
containing 5% CO; for the required length of time. Typically, growth assays

were run for 7, 10, 12 or 14 days, with medium changed every 3-4 days.

Once the experiment had run its course the medium was removed and replaced
with trypsin/EDTA (1ml/well). The plate was returned to the incubator for
approximately S minutes until the cells were in suspension. Cells were drawn
up into a Sml syringe through a 25G needle three times to obtain a single-cell

suspension. The wells were then washed with fresh Isoton II solution (1ml)
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which was also taken up into the syringe; this was repeated twice more to give
a final volume in the syringe of 4ml. The cells were added to a counting cup

containing 6 ml of Isoton II solution to give a total volume of 10ml.

The dilute cell suspension was counted using a Coulter™ Multisizer II
following the manufacturer’s instructions. The Coulter™ Multisizer Il was set
to count the number of cells in a fixed volume of 500ul. Therefore, the counts
obtained were multiplied by 20 to give the total number of cells per well. A

minimum of two counts were taken from each well.

2.8 Fluorescence Assisted Cell Sorting (FACS)

Apoptosis, the mechanism of programmed cell death used to remove damaged
or unwanted cells, was measured using the Vybrant® Apoptosis Assay Kit #4
(Invitrogen, Paisley, UK) which utilises YO-PRO®-1 (green) and propidium
iodide (PI; red) fluorescent dyes to assess the viability of cells. Cells under-
going apoptosis have many defining characteristics, one of which is increased
cell-membrane permeability. YO-PRO®-1 is able to permeate the membrane
of apoptotic cells, but not healthy cells; whilst PI is excluded from both due to
its larger size. PI can, however, be taken up by necrotic cells. This means that
any cells containing only the YO-PRO®-1 dye will be apoptotic, whereas any
cells containing both YO-PRO®-1 and PI will be necrotic. Thus, a distinction
can be made between healthy, apoptotic and necrotic cells by measuring the

fluorescence of individual cells using a FACS machine.

For FACS, MCF7wt and Tam-R cells were harvested as previously described
and seeded into 100mm Petri-dishes in W+5%. The cells were then left to
attach for approximately 48-72 hrs before being treated as required. On the
day of the assay, 1 dish of each cell-line was treated with N,N,N',N'-tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN; 12.5uM) for 4 hrs to act as a positive
control. TPEN is an intra-cellular chelator of heavy metals, with a particular
affinity for zinc ions, and is a potent inducer of apoptosis in the MCF7 cell-
line [193]. Following treatments, cells were harvested into suspension using

trypsi/EDTA and washed twice with ice-cold PBS, with each wash followed
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by centrifugation (1000rpm, Smin). The cells were then re-suspended in PBS
(Iml) and counted. An aliquot containing 1x10° cells was transferred to a
sterile 1.5ml centrifuge tube and pelleted by centrifugation (1000rpm, 3min).
After carefully removing the supernatant, the cells were re-suspended in PBS
(100ul) containing YO-PRO®-1 (0.1ul) and propidium iodide (0.1pul)

fluorescent dyes and left on ice for 20 minutes prior to analysis.

FACS analysis was carried out using a FACSCalibur FACS machine (Becton
Dickinson (BD) UK Ltd, Oxford, UK) connected to a Power Macintosh G3
computer (Apple Computer Inc., CA, USA) running CellQuest™ Version 3.3
software (also Becton Dickinson). Positive and negative controls for the
apoptosis assay were used to calibrate the FACS machine and associated

software for optimal data collection.

2.9 Cell Attachment Assays

Cell attachment assays were used to measure the affinity of the cell-lines for

either uncoated tissue culture plastic or matrix components (e.g. fibronectin)
coated surfaces. All cell attachment assays were carried out in 96-well plates
under sterile conditions. To assess cell attachment to plastic the plates were
used as supplied. However, for attachment to fibronectin-coated surfaces the
plates required pre-treatment. Fibronectin, diluted to 10ug/ml in wRPMI
containing no supplements, was added to the wells of a 96-well plate
(50ul/well). The plate was gently tapped to ensure even coating and placed at
37°C for 2 hours. The fibronectin solution was then aspirated and the wells

washed with PBS. The plate was left to air-dry at room temperature.

Cells were harvested using trypsin/EDTA as previously described and seeded
into the wells of untreated or fibronectin-coated 96-well plates at a density of
4x10* cells/well (in 100ul). Cells were seeded in W+5% + TAM (100nM)
containing the required treatments, with 8 replicates per treatment. The plate
was incubated at 37°C for 50 minutes, after which the medium (containing
unattached cells) was removed and the wells gently washed with PBS. The

PBS was removed and the number of attached cells measured using the MTT
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assay as described in section 2.7.1. In the case of time course experiments the
medium containing unattached cells was removed at given time points,
typically 10, 20, 30, 40 and 50 minutes after seeding, and replaced with PBS.
The cells were kept in PBS until the end of the experiment when the MTT

assay was carried out as usual.

When cell attachment is presented as a percentage of the total number of cells
seeded, the cells in one well per treatment were not removed after the required
time; instead 10pl of MTT solution (5.5mg/ml in wRPMI) was added directly
to the cells (in 100pul medium) to give a final MTT concentration of 0.5mg/ml
(as standard). After 4 hours at 37°C the cells were lysed by the addition of
40ul of a 37.5% (v/v) Triton-X100 solution in PBS, to give a final volume of
150pl and a final Triton-X100 concentration of 10%. The absorbance of these

wells was read at 540nm as normal.

2.10 Cell Migration Assays

Cell migration assays were carried out using Corning Standard Transwell®
inserts with a 6.5mm diameter and an 8um membrane pore size (figure 2.3).
The undersides of the Transwell® insert membranes were first coated with
fibronectin as follows. Fibronectin (10pug/ml in wRPMI containing no
supplements; 200ul) was added to the wells of a 24-well plate (supplied with
the inserts) and the Transwell® insert placed such that the membrane was just
submerged in the fibronectin solution. The plate was incubated at 37°C for 2

hours after which the inserts were washed with PBS and allowed to air-dry.

Cells were harvested using trypsin/EDTA as previously described and seeded
into the upper compartment of the Transwell® inserts at a density of 5x10*
cells/insert in W+5% = TAM (100nM) = treatments (200ul). Each treatment
condition was run in duplicate. W+5% £+ TAM (100nM) + treatments (650ul)
was added to the lower compartment of the insert and the experiment allowed

to proceed for 24 hours at 37°C.
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Transwell® insert

Upper compartment

Microporous membrane

Lower compartment

Figure 2.3 Schematic diagram of a Corning Standard Transwell® insert

A schematic diagram of a Corning Standard Transwell® insert in a well of a 24-well
plate as used in cell migration (section 2.10) and cell invasion (section 2.11) assays.
Figure acquired from

http://www.corning. com/lifesciences/ technical_information/techdocs/transwell_guide.pdf
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After this time the medium in the upper compartment of the Transwell®
inserts was aspirated and the non-migratory cells (i.e. those still on top of the
membrane) removed using a cotton swab. The remaining migratory cells were
fixed in 3.7% (v/v) formaldehyde in PBS for 10 minutes. The fixed cells were
then washed with PBS and stained with crystal violet (0.5% [w/v] in H,0) for
15-30 minutes. Following thorough washing in PBS to remove excess crystal

violet stain the inserts were air-dried at room temperature.

Cells were counted in 5 random fields of view at 10x magnification using an
Olympus BH-2 phase contrast microscope (see section 2.5.2), and the data

presented as mean cell count/field.

2.11 Cell Invasion Assay

As with cell migration assays, invasion assays were carried out using Corning

Standard Transwell® inserts with a 6.5mm diameter and an 8um membrane
pore size (figure 2.3). However, for invasion assays the top of the porous
membrane of the Transwell® insert was coated with Matrigel™ - a
biologically active synthetic basement membrane comprised of a number of
extra-cellular matrix (ECM) proteins, primarily laminin and collagen IV. A
stock solution of Matrigel™ (~12mg/ml but can vary) was diluted 1 in 3 with
ice-cold wRPMI (no supplements) and dispensed (50ul) into the upper
compartment of the Transwell® inserts. The inserts, in a 24-well plate, were

then placed at 37°C for 2 hours to allow the Matrigel™ to set.

Cells were harvested using trypsin/EDTA as previously described and seeded
into the upper compartment of the Transwell® inserts at a density of 5x10*
cells/insert in W+5% + TAM (100nM) + treatments (200ul). Each treatment
condition was run in duplicate. W+5% + TAM (100nM) % treatments (650ul)
was added to the lower compartment of the inserts and the plate was incubated
at 37°C for 72 hours. After this time the medium in the upper compartment of
the Transwell® inserts was aspirated and the non-invasive cells (i.e. those still

on top of the membrane) removed using a cotton swab.
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Cells which had invaded through the matrigel and passed through the
membrane were fixed in 3.7% (v/v) formaldehyde in PBS for 10 minutes,
washed with PBS and allowed to air-dry for 3-4 minutes at room temperature.
The membranes containing the fixed cells were excised from the inserts with a
scalpel blade and mounted, cell-side up, onto glass slides using VectorShield®
hard-set mounting medium containing DAPI nuclear stain. Slides were stored

at 4°C in the dark.

The number of invading cells was assessed by counting the DAPI stained
nuclei on each membrane using a Leica DM-IRE?2 fluorescent microscope and

the data presented as the mean cell count/membrane.

2.12 Expression of a constitutively-active Src Mutant in
MCF7wt Cells

2.12.1 Plasmids
The mutant Src Y529F gene construct in a pUSEamp eukaryotic expression

vector (figure 2.4A) was purchased from Upstate Biotechnology (Lake Placid,
NY, USA). The pUSEamp expression vector is controlled by a CMV
promoter and also contains genes that confer resistance to ampicillin and
neomycin, antibiotics used for the selection of positively transformed bacteria
and positively transfected eukaryotic cells respectively. The pUSEamp empty
vector was also purchased for use as a control in the transfection experiments

(figure 2.4B).

Expression of the Src Y529F gene results in a constitutively active form of the
Src protein. This is due to a mutation in the gene sequence which leads to a
tyrosine-phenylalanine substitution at position 529 of the protein (see
appendix 2 [sections 8.3.4.1 and 8.3.4.2]). This substitution prevents the
negative-regulatory tail of Src from interacting with the SH2 domain, enabling
Src to maintain an open conformation and promoting full activation of the
kinase domain via the phosphorylation of Y419. It is important to note that
the position of the negative-regulatory tyrosine mutated in the Src Y529F

construct differs to the position given in chapter 1. This is due to slight
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SIC (Y529F)
in pUSEamMp(-)

pUSEamMp(-)

and the pUSEamp empty vector

(A) Plasmid map for the mutant Src Y529F gene construct in a pUSEamp eukaryotic
expression vecior under the control of a CMV promoter. Also shown are the genes for
ampicillin and neomycin resistance used in the selection of positively transformed bacteria
and positively transfected eukaryotic cells respectively. (B) Plasmid map, showing the
multiple cloning site (MCS), for the pUSEamp empty vector control.

Images obtained from http://www.upstate.com/browse/productdetail.g.ProductlD.e.2 1-
115/%3CI1%3ESrc%3C%2F1%3 E+cDNA ++activated ++in+pUSEamp# (figure 2.4A) and
http:/www.upstate.com/browse/productdetail.a.ProducilD.e.21-148/pUSEamp++++# (figure
2.48).
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variations in the amino acid sequence of the ‘unique’ region of Src between
species of origin, which leads to differences in the numbering of residues in
the protein. As such the Y529 in the constitutively-active Src construct, which

is a mouse/chicken chimera, corresponds to Y530 in human Src.

As Src is an oncogene the transfection of mammalian cells with a constitu-
tively-active Src mutant constitutes a class II genetic manipulation project and
so all work with this plasmid involving mammalian cell culture was conducted
in a specialised containment Il genetic manipulation suite fitted with a Faster
BHAA48 Laminar-Flow Safety Cabinet (Faster SRL, Ferrara, Italy).

2.12.2 Transformation of Competent Bacteria

Transformation of competent E.coli bacteria was performed to obtain stocks of
Src Y529F and pUSEamp empty vector plasmids used in the transfection
experiments. The transformation protocol was identical for both plasmids.
All bacterial transformation work was conducted under sterile conditions in an
MDH Class Il laminar-flow safety cabinet (BIOQUELL UK Ltd, Andover,

UK) housed in a specialised Containment I genetic manipulation suite.

The plasmid stock was diluted in sterile H>O to give a concentration of Sng/pl.
The diluted plasmid (2ul) was added to a tube containing 20ul of One Shot®
TOP10 Chemically Competent E.coli (Invitrogen Ltd, Paisley, UK) and the
solution mixed by gentle inversion. The tube was placed on ice for 20 minutes
after which the E.coli were heat-shocked at 42°C for 30 seconds and placed
immediately back on ice. SOC medium (250ul; see section 8.3.1) was added
to the tube prior to incubation at 37°C for 1 hour with vigorous shaking. The
tube was then pulse centrifuged and 25ul of the transformed bacteria spread
on a selective Luria-Bertani (LB) agar plate (see section 8.3.2) containing
ampicillin (100pg/ml). Cultures were grown overnight at 37°C. A single
E.coli colony was picked from the plate and used to inoculate a starter culture
in LB-broth (3ml; see section 8.3.3) containing ampicillin (100pg/ml), which

was grown at 37°C for approximately 8 hours with vigorous shaking. The
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starter culture was then diluted 1:750 with LB-ampicillin broth (100ml) and
grown for a further 14-16 hours at 37°C with vigorous shaking.

2.12.3 Plasmid Purification and Isolation

Plasmid DNA was extracted from the transformed bacteria using a QIAGEN
Endofree Plasmid Purification Maxi Kit (QUIAGEN Ltd, Crawley, UK)
following the manufacturer’s instructions. Plasmid isolation and purification
was carried out under sterile conditions, and all buffers and solutions used

were supplied with the kit.

Briefly, the transformed F.coli (100ml) were harvested by centrifugation at
6500rpm for 15 minutes (Sorvall® RC5B Plus fitted with a SLA-1500 rotor;
Thermo Fisher Scientific Inc., MA, USA). The bacteria were then lysed using
buffers supplied with the kit, and the lysate passed through a QIAfilter MAXI
cartridge to remove contaminants such as proteins and genomic DNA.
Following the addition of the endotoxin removal buffer the lysate was passed
through a QIAGEN-tip 500 column which binds the plasmid DNA. The
column was then washed twice with QC buffer and the plasmid DNA eluted
with QN buffer. Plasmid DNA was then precipitated using isopropanol,
pelleted by centrifugation (Sorvall® RCS5B Plus fitted with a SLA-600TC
rotor, 10,000rpm, 30 minutes), washed with 70% ethanol and allowed to air-
dry. The plasmid DNA pellet was dissolved in sterile H,O (500ul; pH 8.0),
aliquotted and stored at -20°C.

To ensure the quality and purity of the plasmid obtained, samples were taken
at various points throughout the isolation/purification procedure for analysis
(as described in the manufacturer’s instructions). These points were:
following filtration of the lysate (FL), from the flow-through following
addition of the lysate to a QIAGEN-tip 500 column (FT), from 2 washes (W1
and W2) and from the eluted plasmid DNA (E). The aliquots taken were
precipitated with isopropanol and washed with 100% ethanol as described

above, and the resultant DNA pellet dissolved in Tris-EDTA buffer (10pl;
supplied with kit). The samples (10ul sample in 6pl of sample loading buffer)
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were then analysed on a 0.6% (w/v) agarose/ethidium bromide gel running at

70V for approximately 60-75 minutes and viewed under UV light.

The gels show that Src Y529F (figure 2.5A) and empty vector (figure 2.5B)
plasmid DNA, which can be seen in the filtered lysate (FL), has been retained
by the QIAGEN-tip 500 column - as demonstrated by the near complete
absence of bands in the flow-through (FT) or wash (W1 and W2) lanes.
Following elution (E) and isopropanol precipitation/ethanol washing, the
position of the bands for the purified plasmid (PP) compare with those of the
plasmid stock (PS) supplied by Upstate Biotechnology.

The two bands seen in each lane of the gels represent the coiled (upper band)
and super-coiled (lower band) forms of the plasmid DNA. However, in figure
2.5B additional bands can be seen in lanes FL, E and PP which are outside the
range of the DNA size marker (i.e. greater than 10,000 bp in size). These
bands are not contamination with bacterial genomic DNA, which can
sometimes occur due to errors in the plasmid purification process; rather they
are multimeric forms of the pUSEamp empty vector plasmid being purified.
The two can be distinguished following a restriction digest assay using the
EcoR|1 restriction enzyme: digestion of multimeric plasmids will result in
distinct bands on an agarose gel, whereas digestion of genomic DNA will

produce smearing (see figure 2.7A).

2.12.4 Plasmid Quantitation

The concentrations of the purified plasmids were determined by measuring the
optical density (OD) of a 1:200 dilution in sterile H;O at wavelengths of
260nm and 280nm. The ratio of these two values gives a measure of the
purity of the DNA, with a ratio of 1.8 representing a pure DNA solution. The
value for ODy6o was substituted into the following formula to give the DNA

concentration in pg/ml:

[Plasmid] = ODy¢ x 50 x Dilution Factor
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Src Y529F (A) and pUSEamp empty vector (B) plasmids were isolated and purified from
transformed E.coli using the QIAGEN Endofree Plasmid Purification MAXI kit. To ensure
the quality and purity of the plasmid obtained a number of aliquots were taken at various
points throughout the purification procedure and analysed on a 0.6% agarose/ethidium
bromide gel. The points sampled were following filtration of the lysate (FL), the flow-
through from the QIAGEN-tip 500 column following addition of the filtered lysate (FT), the 2
washes (W1 and W2) and from the eluted plasmid DNA (E). For comparison, the final
purified plasmid (PP) and the plasmid stocks obtained from Upstate Biotechnology (PS) were
also run. The gels show that, for both plasmids, the isoiation/purification process proceeded
without any problems.
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2.12.5 Verification of Purified Plasmids
Following quantitation, the identities of the purified Src Y529F and pUSEamp
empty vector plasmids were verified using restriction digestion assays and

PCR (with primers specific for the Src gene as detailed in section 2.3.4).

2.12.5.1 Confirmation of the Size of the Src Y529F and pUSEamp Empty
Vector Plasmids Using an EcoR1 Restriction Digest Assay

Due to their non-linear nature, plasmids do not run at the correct size relative
to a molecular weight marker (Hyperladder™ I) when resolved using agarose
gel electrophoresis. Therefore, to verify the size of a plasmid accurately it
must first be linearized using a restriction enzyme. The EcoR! restriction
enzyme was used to linearize both Src Y529F and pUSEamp empty vector
plasmids as they each contain only a single EcoRI recognition site (see

appendix 3 [section 8.3.4.3 and section 8.3.5.2]).

The EcoRI digestion mix consisted of 10x buffer (Sul; supplied with
restriction enzyme), Src Y529F or pUSEamp empty vector plasmid DNA
(1pg) and the EcoRI restriction enzyme (1.2U), made up to 50ul with sterile
H;O. The reactions were overlaid with mineral oil and incubated at 37°C
overnight. The digested DNA products were then resolved using 0.6%
agarose/ethidium bromide gel electrophoresis and visualised under UV light as
described in section 2.12.3. Digestion of the Src Y529F plasmid by EcoRI
resulted in a single band which ran at between 6000 and 8000bp (figure 2.6A);
whereas digestion of the pUSEamp empty vector produced a single band
which ran between 5000 and 6000bp (figure 2.7A). These sizes are consistent
with those of 7200bp for Src YS529F and 5400bp for the pUSEamp empty

vector which were obtained from the manufacturer.

2.12.5.2 PCR of Src Y529F Plasmid for Src Gene

To ensure the mutated Src gene had been retained in the Src Y529F plasmid
following transformation of bacteria and plasmid isolation/purification the
purified plasmid was subjected to PCR analysis for Src as previously

described in section 2.3.4. As a positive control, the Src Y529F plasmid stock
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Figure 2.6 Verification of the Src Y529F plasmid by restriction digestion and PCR

The size of the Src Y529F plasmid obtained following transformation of bacteria and
subsequent isolation/purification was verified as 7200bp using an EcoR/ restriction digest
assay (A). Furthermore, the presence of the Src gene in the plasmid both before and after
bacterial transformation and plasmid isolation/purification was confirmed with PCR analysis
using primers specific for the Src gene (B).
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Figure 2.7 Verification of the pUSEamp Empty Vector plasmid by restriction digestion
and PCR
The size of the pUSEamp empty vector plasmid obtained following transformation of bacteria

and subsequent isolation/purification was verified as 5400bp using an EcoR/ restriction digest
assay (A). Furthermore, the presence of a distinct band at 5400bp following digestion
confirms that the additional bands seen during the isolation/purification procedure (figure
2.5B) were multimeric forms of the plasmid, as opposed to bacterial genomic DNA
contamination. The absence of the Src gene in the empty vector plasmid stock and isolated/
purified plasmid was confirmed with PCR anaiysis using primers specific for the Src gene (B).
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purchased from Upstate Biotechnology (diluted 1:20 with sterile H,0) was
also run. The PCR showed that the Src gene was present in both the stock
plasmid and the purified plasmid (figure 2.6B).

2.12.5.3 PCR of pUSEamp Empty Vector Plasmid for Src Gene

To confirm the absence of the Src gene in the pUSEamp empty vector the
purified plasmid was subjected to PCR analysis for Src as above. As a
positive control, the pUSEamp empty vector plasmid stock purchased from
Upstate Biotechnology (diluted 1:20 with sterile H;O) was also run. The PCR
showed that the Src gene was not present in either the stock plasmid or the

purified plasmid (figure 2.7B).

2.12.6 Transfection of MCF 7wt cells with Mutated Src Gene
Construct (Src Y529F)

Lipofectamine™ 2000 (Invitrogen Ltd, Paisley, UK) was used to transfect
MCF7wt cells with Src Y529F and pUSEamp empty-vector plasmid
constructs. Initially. the cells were transiently transfected in order to optimise
conditions for maximum transfection efficiency (i.e. amount of plasmid DNA
used and the ratio of DNA to lipid). Once determined, these conditions were
then used in the generation of a stably transfected cell-line. Further details of

the optimisation procedure can be found in chapter 5.

2.12.6.1 Transfection Protocol

The protocol described below pertains to cells grown in 35mm Petri-dishes; if
cells are grown in smnaller or larger vessels then the volumes used must be
altered proportionally. based on the relative surface area of the vessel used

compared to that of a 3Smm Petri-dish.

MCF7wt cells were grown in R+5% to approximately 60-70% confluency and
changed into W+5% 24 hours prior to transfection. On the day of transfection
the medium was removed and replaced with antibiotic-free wRPMI (2ml)
containing 5% SFCS and L-glutamine (200mM). The optimal amount of
plasmid DNA for tramsfection, as determined in chapter 5, was added to a

250ul aliquot of antibiotic- and serum-free WRPMI containing L-glutamine;
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while a corresponding volume of Lipofectamine™ 2000, dependent on the
DNA:lipid ratio selected, was added to another. The DNA and
Lipofectamine™ 2000 solutions were then combined and left for 20 minutes

at room temperature to allow the formation of DNA-lipid complexes.

The DNA-lipid mixture was added drop-wise, with gentle agitation, to the
dishes and the cells were placed at 37°C in a humidified atmosphere
containing 5% CO; for 6 hours. The DNA/lipid-containing medium was then
replaced with fresh antibiotic-free medium, and the cells were left for a further
48-72 hours before being either characterised using Western blotting and ICC

or used in the generation of stably transfected cell-lines.

2.12.7 Generation of Stably Transfected Src Y529F (MCF7-S)
and pUSEamp Empty Vector (MCF7-EV) Cell-lines

Geneticin, or G418, is an analogue of the antibiotic neomycin and is used for
the selection of mammalian cells positively transfected with plasmids
containing the neomycin resistance gene, such as pUSEamp, in order to
generate stably transfected cell-lines. However, the toxicity of G418 varies
from cell-line to cell-line, and so ‘kill-curves’ were used to elucidate the
concentration of G418 that was optimal for the selection of stably transfected

cells derived from the MCF7wt cell-line (see chapter 5).

To generate cell-lines stably transfected with either Src Y529F (MCF7-S) or
pUSEamp empty vector (MCF7-EV) MCF7wt cells were transfected with the
appropriate plasmid using the protocol described above. Approximately 60
hours post-transfection the transfected cells were changed into medium
containing G418 at the concentration deemed optimal for the selection of
MCF7-derived cell-lines (800ug/ml; see chapter 5). Cells were then assessed
on a daily basis using phase-contrast microscopy, with the selection medium

changed every 2-3 days.

When the confluency of the cells had been reduced to 5-10% (approximately 7
days), G418 in the culture medium was decreased to a concentration more

suitable for routine maintenance - i.e. a concentration sufficiently high to kill
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any remaining non-transfected cells, but not high enough to be toxic to the
transfected cells (400pg/ml; see chapter 5). From this point onwards the
stably transfected cells were cultured as normal in medium containing G418
(400pg/ml) and passaged when necessary. Following 3-4 passages, the cell-
lines were characterised, and stocks frozen down using the method described
in appendix 2 (section 8.1.4.1). For more information regarding the

generation of the stably transfected cell-lines see chapter 5.

2.13 Statistical Analysis

Where data allowed, the statistical significance of the results obtained when
comparing between cell-lines or when comparing treated cells versus controls
was analysed using independent, two-tailed Student’s t-test. The software
used for these analyses was Microsoft® Excel 2002 containing the ‘Data

Analysis’ add-in (Microsoft Corporation, USA).

Where multiple data points were present (e.g. dose response experiments),
data were analysed using ANOVA with post-hoc tests (Dunnett’s t-test and
Tamhane’s T2 test). These analyses were conducted using the statistical

analysis program, SPSS v12.0.2 (SPSS Inc., Illinois, USA).
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Chapter Three: Results

Acquired Tamoxifen Resistance in MCF7
Cells is Accompanied by Increased Aggressive

Behaviour and Elevated Src Kinase Activity

“A disease known is half cured.”

Proverb
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3 Acquired Tamoxifen Resistance in MCF7
Cells is Accompanied by Increased Aggressive
Behaviour and Elevated Src Kinase Activity

3.1 Introduction and Aims
Tamoxifen is currently the gold standard therapy for the treatment of ER-

positive breast cancer in post-menopausal women, with approximately 50% of
these patients benefiting from this treatment. However, despite its effective-
ness as an anti-hormone therapy, resistance to tamoxifen can develop in a high
proportion of initially responsive patients, leading to disease recurrence and
increased mortality. This represents a major obstacle in the treatment of breast
cancer in the clinic. To help overcome this problem, the Tenovus Centre for
Cancer Research has developed an in vitro model of tamoxifen resistance
using the ER-positive MCF7 breast cancer cell-line in order to elucidate the

changes that occur within the cell to bring about a drug-resistant state.

MCEF7 cells are epithelial in nature and were derived from the pleural effusion
of a 69 year old Caucasian female with mammary adenocarcinoma [194].
They display many characteristics of differentiated mammary epithelium
including the expression of oestrogen and progesterone receptors and the
ability to synthesize and process oestradiol for growth [195], making them a
good cell-model for the study of ER-positive breast cancer in vitro. The
tamoxifen resistant MCF7 cell-line (Tam-R) was developed following the
long-term culture of MCF7 cells in the presence of 4-hydroxytamoxifen as
described in materials and methods (chapter 2). Characterisation of this cell-
line has shown that, unlike the parental MCF7 cells, Tam-R cells are
unresponsive to either the growth-stimulatory effects of E; or to the growth-
inhibitory effects of tamoxifen. However, despite being insensitive to
hormone manipulation Tam-R cells were found to be ER-positive, with ER
expression levels similar to those seen in MCF7 cells [69]. Moreover, the ER

in Tam-R cells appears to have retained a partial role in the regulation of cell
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growth, as evidenced by the observation that Tam-R cells are sensitive to

further challenge with the pure anti-oestrogen, fulvestrant (Faslodex™) [69].

Studies have also revealed a fundamental role for growth-factor receptor sig-
nalling in tamoxifen-resistant breast cancer, with both EGFR and erbB2 being
over-expressed and demonstrating increased activity in Tam-R cells compared
to MCF7wt [70]. The data suggest that Tam-R cells are dependent on these
growth-factor signalling pathways to drive proliferation, and that this process
may be augmented by cross-talk mechanisms that exist between growth-factor
and steroid-hormone signalling pathways [69, 73] and also, between different
growth-factor signalling pathways, such as the EGFR and IGF-1R pathways
[196]. Furthermore, Tam-R cells demonstrate increased phosphorylation of
PKB/Akt which appears to be regulated by EGFR/c-erbB2 signalling and may

be important for survival and proliferation in this cell-line [76].

The majority of research into the mechanisms of tamoxifen resistance has,
thus far, been focussed on the modifications to cell signalling pathways that
enable Tam-R cells to circumvent the growth-inhibitory effects of tamoxifen
treatment. However, the aim of this chapter was to shift that focus onto how
the acquisition of tamoxifen resistance can affect the behaviour of cancer cells.
Failure of tamoxifen in the clinic is evidenced by disease relapse, with
recurring tumours being more aggressive in nature and correlating with a poor
prognosis [197]. Preliminary studies on Tam-R cells in vitro have suggested
that they too may exhibit enhanced aggressive behaviour in comparison to
their wild-type counterparts. With this in mind, the Tam-R cells are further
characterised in this chapter with respect to their in vitro aggressive behaviour
by assessing their morphology, growth, cell-matrix attachment, and migra-
tional and invasive capabilities under basal conditions. Possible cause(s) of
these phenotypic changes are also considered. Given the established asso-
ciation between increased Src activity and an aggressive cell-phenotype, the
hypothesis that increased Src expression/activation in the Tam-R cells might

be responsible for their aggressive in vitro behaviour is investigated.
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3.2 Results

3.2.1 Tam-R cells display an aggressive in vitro phenotype
compared to MCF7wt cells

The morphology of MCF7wt and Tam-R cells was assessed by phase contrast
microscopy using a Leica DM-IRE2 inverted microscope fitted with a
Hoffman condenser. Representative images of live cells are shown in figure
3.1. Tam-R cells were seen to have a spiky, more angular appearance than
that of the MCF7wt cells and demonstrated membrane ruffling with increased
lamellipodia and filopodia formation. Furthermore, MCF7wt cells grew in
distinct, tightly packed colonies, whereas Tam-R cells had a predilection for
growth in a much looser fashion lacking cell-cell contacts, with identifiable

colonies only seen as the cells approached confluency.

The growth rates of MCF7wt and Tam-R cell-lines were measured using cell
counting experiments as described in section 2.7.2. Figure 3.2 shows that the
Tam-R cell-line possessed a markedly higher rate of growth compared to basal
MCF7wt cells when measured over a period of 12-14 days, with Tam-R cell
number increasing 34-fold within this time-frame compared to a 12.6-fold
increase observed for MCF7wt cells. Furthermore, this figure demonstrates
that, while the Tam-R cells were able to grow in the presence of tamoxifen,

the growth of MCF7wt cells was significantly inhibited by this anti-hormone.

Acquired tamoxifen resistance is associated with disease relapse, frequently at
distant sites, leading to a poor prognosis. As such, the intrinsic metastatic
potential (i.e. the migrational and invasive capacity) of Tam-R cells in com-
parison to the parental MCF7wt cell-line was investigated using in vitro

migration and invasion assays (sections 2.10 and 2.11 respectively).

Representative images of the Transwell® insert membranes following a mi-
gration assay are shown in figure 3.3A, with both the pores in the membrane
for the cells to pass through (white) and the crystal-violet stained cells (purple)
clearly visible. From these images it is evident that an increased number of
Tam-R cells had migrated through the fibronectin-coated membrane compared

to MCF7wt. These observations were confirmed following quantitation of the
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A MCF7wt

B Tam-R

Figure 3.1 Basal morphology of MCF7wt and Tam-R cell-lines.

MCF7wt (A) and Tam-R (B) cells were grown in 100mm Petri-dishes under basal conditions
(W+5% + Tam [100nM]). When the cells had reached log-phase growth, representative
images of the live cells were captured at 20x magnification using a Leica DM-IRE2 inverted
microscope fitted with a Hoffman condenser and a Hamamatsu C4742-96 digital camera.
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Figure 3.2 Growth rates of MCF7wt and Tam-R cell-lines.

MCF7wt and Tam-R cells were seeded in W+5% + Tam (100nM) into a 24-well plate at a
density of 30,000 cells/well. The cells were cultured as normal and cell number was
determined on days 3, 5/6, 7/8, 10 and 13 using a Beckman Coulter™ Multisizer 1I. Each time
point was counted in triplicate and the experiment was repeated at least 3 times. Shown is a
representative experiment displaying mean cell count as % of Day 0 + S.D.
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Figure 3.3 Basal migration of MCF7wt and Tam-R cell-lines.

The migrational capabilities of the MCF7wt and Tam-R cell-lines were assessed using iz vitro
migration assays as described in materials and methods (section 2.10). Representative images
an increased number of Tam-R cells had migrated through the fibronectin-coated membrane of
the Transwell™ insert compared to MCF7wt (A). To quantify the migration assays, the
number of migratory cells in 5 random fields of view were counted using light microscopy and
the data (mean cells/field of view) presenied as % of MCF7wt + S.D. (* p<0.01 vs. MCF7wt;

SN

n=3) (B).

Nl
()



Chapter Three: Basal Characterisation of Cell-lines

migration assays, which was done by counting the number of migratory cells
present in five random fields of view at 20x magnification for each insert.
Data obtained from three independent experiments confirmed that basal
migration of the Tam-R cells was approximately 6.75-fold higher than that of
MCEF7wt cells, as shown in figure 3.3B. Similar results were also seen for the
invasive capabilities of these cell-lines. Representative images, this time
captured using fluorescent microscopy to visualise the DAPI-stained cell
nuclei, show that an increased number of Tam-R cells had invaded through the
Matrigel™-coated membrane of the Transwell® insert compared to MCF7wt
cells (figure 3.4A). Quantitation of the invasion assays was carried out by
counting the number of invasive cells present on each membrane. Results
from three independent experiments showed that basal Tam-R cell invasion
was 4.5-fold greater than that of MCF7wt cells (figure 3.4B).

Increased migratory and invasive activity is associated with altered cell-matrix
attachment. To examine whether this was also true in the Tam-R cell-line, the
affinities of MCF7wt and Tam-R cells for uncoated and fibronectin-coated
surfaces were assessed using cell attachment assays (section 2.9). These
assays were quantified using the MTT assay which produces a coloured
solution, the ODs4¢ of which is proportional to cell number. Figure 3.5 shows
that the attachment of Tam-R cells to an uncoated plastic surface was
significantly higher than for MCF7wt cells (ODss49 of 333 compared to 51
respectively). Likewise, the number of adherent Tam-R cells on a fibronectin-
coated surface after 50 minutes was greater than the number of adherent
MCF7wt cells (ODsso of 595 compared to 399). Interestingly, attachment of

both cell-lines was augmented in the presence of a fibronectin matrix.

These data demonstrate that Tam-R cells possess an enhanced aggressive cell-
phenotype in vitro, displaying an altered morphology, increased growth rate,
increased migration and invasion, and a greater degree of adherence to plastic

and matrix-coated surfaces compared to endocrine-sensitive MCF7wt cells.
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Figure 3.4 Basal invasion of MCF7wt and Tam-R cell-lines.

The invasive capabilities of the MCF7wt and Tam-R cell-lines were assessed using in vitro
invasion assays as described in materials and methods (section 2.11). Representative images
captured using fluorescent microscopy (20x magnification) to visualise DAPI-stained cell
nuclei show that an increased number of Tam-R cells had invaded through the Matrigel™.-
coated membrane of the Transwell™ insert compared to MCF7wt (A). To quantify the
invasion assays, the number of invasive celis on each membrane were counted using
fluorescent microscopy and the data {(mean cells/membrane) presented as % of MCF7wt + S.D.

\

(* p<0.01 vs. MCF7wt; n=3) (B).

O
E



Chapter Three: Basai Characterisation of Celi-lines

700
| MCF7wt *
® Tam-R 285

=
]
=
E
£ 500
=T
wy
]
S 400 -
£ 333
=
- S
£ 300
<
3
g 200
L
=

100

0 L

Plastic Fibronectin

Figure 3.5 Affinity of MCF7wt and Tam-R cells for uncoated and matrix-coated
surfaces.

The affinity of MCF7wt and Tam-R cells for uncoated or fibronectin-coated surfaces was
measured using cell attachment assays. Cells (4x10%) were seeded in W+5% + Tam (100nM)
into the wells of a 96-well plate which were either uncoated or had been pre-coated with

a0

fibronectin. Ceils were leit to attach for 50 minuies at 37°C after which the wells were washed
with PBS and the number of attached celis assessed using the MTT assay. Each condition was
run 6 times per experiment, with each experiment repeated at least 3 times, Data is presented

as Mean Cell Attachment (ODg,,) = S.D. (* p<0.001 vs. MCF7wt; n > 3).
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3.2.2 Analysis of Src expression and activation in Tam-R cells

3.2.2.1 Src mRNA

Increased Src expression and activation is often associated with the acquisition
of an aggressive cell-phenotype. In the previous section, Tam-R cells were
shown to exhibit an aggressive cell-phenotype in vitro, and so it was important
to investigate whether aberrant Src expression and/or activity in these cells
might be involved. Src mRNA levels in both cell-lines were determined by
semi-quantitative RT-PCR using total RNA extracted from cells grown under
basal conditions. PCR products were resolved using agarose/ethidium
bromide gel electrophoresis, and the bands obtained were analysed by densi-
tometry (figure 3.6). No significant difference in Src expression at the mRNA
level was observed between the two cell-lines. Subsequent quantitative analy-
sis of Src gene expression was performed using ‘real-time’ qPCR. These
studies confirmed the RT-PCR data, again showing no significant change in

Src expression between the MCF7wt and Tam-R cells (figure 3.7).

Affymetrix cDNA array technology is currently being used within our group
to profile gene expression patterns in cell-models of resistance to a number of
breast cancer therapies, including anti-hormones (tamoxifen and fulvestrant),
anti-growth-factor therapies (gefitinib) and oestrogen deprivation. To take ad-
vantage of this on-going process, the expression of Src in the MCF7wt and
Tam-R cell-lines was also assessed using the Affymetrix array database. Gene
expression profiles for Src in MCF7wt and Tam-R cells were obtained from
median-normalised, log-transformed data using an on-line software package
(www.genesifter.net) and are shown in figure 3.8. The profiles were
consistent with the data obtained using RT-PCR and qPCR, and showed no
significant difference in Src mRNA levels between the two cell-lines. This

data was provided courtesy of Dr Julia Gee and Mr Richard McClelland.

3.2.2.2 Src Protein (Phosphorylated and Total)

Levels of total and activated Src kinase were assessed in MCF7wt and Tam-R

cells by Western blotting. The extent of Src activation was determined using a
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Figure 3.6 Basal Src mRNA levels in MCF7wt and Tam-R cells as measured by semi-
quantitative RT-PCR.

MCF7wt and Tam-R cells were cultured under basal conditions until log-phase growth was
reached. Total RNA was then extracted from these cells using the QIAGEN RNeasy mini-kit
following the manufacturer’s instructions. Src expression levels were determined by RT-PCR
using primers specific for Src, and the PCR products were resolved using agarose/ethidium
bromide gel electrophoresis. Bands were analysed using densitometry and the data, corrected

for loading with B-actin, presented as Mean % of MCF7wt + S.D. (n=4).
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Figure 3.7 Basal Src mRNA levels in MCF7wt and Tam-R cells as measured by
quantitative ‘real-time’ qPCR.

Total RNA was extracted from MCF7wt and Tam-R cells cultured under basal conditions as
described in figure 3.6. Confirmation of Src expression levels in these cell-lines was obtained
by qPCR using the DyNAmo™ SYBR-green qPCR kit and primers specific for Src. The
fluorescence of the unknown samples was measured after each temperature cycle an
compared, at an appropriaie cycle threshold number, wiih the fluorescence of a define
standard curve in order to extrapolate amounts of starting template material present. The data,
corrected for loading with B-actin, is presented as Mean % of MCF7wt + S.D. (n=4).
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Figure 3.8 Expression profile of Src in MCF7wt and Tam-R cell-lines using the
Affymetrix HG-U133A cDNA array.

point they were harvested for total RNA using TriReagent (Sigma) following the protocol
supplied. RNA samples were DNasel treated to remove any genomic DNA contamination and
purified using the QIAGEN RNeasy mini kit. RNA samples were then quantified and tested
for RNA integrity before being used for Affymetrix HG-U133A Genechip analysis (Central
Biotechnology Services, Cardiff University, Cardiff, UK). The Genechip arrays were scanned
and analysed using Microarray Suite 5.0 software (Affymetrix) and the quality of ithe data was
verified through analyses of internal control gene expression. The gene expression profiles for
Src shown above (presented as mean signal intensity for each transcript) were generated from
median-normalised, log-transformed data for three independent probe sets using an on-line
software package (www.genesifter.net). Data was provided courtesy of Dr. Julia Gee and Mr
Richard McClelland.
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phospho-specific antibody which recognises the phosphorylation of Src at
Y419, an auto-phosphorylation site found in the activation loop of the kinase
domain of Src and the phosphorylation of which is required for full kinase
activity [123]. Densitometric analysis of the bands obtained revealed that
phosphorylation of Src at Y419, and hence Src activation, was markedly
higher in Tam-R cells, showing a highly significant 14.2-fold increase over
MCF7wt cells (figure 3.9). A small, but non-significant, increase (1.4-fold)

was seen for total Src protein in Tam-R cells versus MCF7wt (figure 3.9).

The increase in Src pY419 in Tam-R cells compared to MCF7wt was also
evident with immunocytochemistry (figure 3.10). Using this technique it was
also possible to observe the localisation of activated Src kinase within the
cells. The small amount of Src detected in MCF7wt cells appeared to be
predominantly cytoplasmic (figure 3.10A). In the Tam-R cells, however, Src
pY419 was found both in the cytoplasm and at the plasma-membrane, and was
particularly noticeable in membrane protrusions such as filopodia (figure
3.10B). The plasma-membrane localisation of Src pY419 in Tam-R cells was
more evident when the cells were approaching confluency and thus forced to

grow in closer proximity to neighbouring cells (figure 3.10C).

3.2.2.3 Src Substrates (Surrogate Markers of Src Activation)

If the activity of Src is increased in Tam-R cells then a corresponding increase
in the activation of downstream components of Src signalling pathways might
also be expected. To ascertain whether this was the case, the phosphorylation
status of FAK and paxillin was examined in MCF7wt and Tam-R cells. These
proteins were selected for two reasons: firstly, the Src-dependent
phosphorylation of FAK and paxillin on specific tyrosine residues has been
well established, and secondly, both of these proteins are known to be
involved in the mechanisms that control cell attachment, motility and invasion,

all of which are altered in the Tam-R cell-line.

SDS-PAGE/Western blotting was performed using phospho-specific anti-
bodies to determine total and phosphorylated levels of FAK (Y397 and Y861)
and paxillin (Y31) in MCF7wt and Tam-R cells. Figure 3.11 shows a modest,
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Figure 3.9 Basal levels of total and activated Src tyrosine kinase in MCF7wt and Tam-R
cells as determined by Western blotting.

MCF7wt and Tam-R cells were cultured until they reached log-phase growth and then lysed
for proteins as described in materials and methods (section 2.4.1). Total soluble protein (40pg)
was subjected to SDS-PAGE/Western blot analysis and the membranes probed with antibodies
specific for Src pY419 and total Src (A). Densitometry was conducted on the bands obtained
and the data, corrected for loading with B-actin, presented as Mean % of MCF7wt + S.D.
(* p<0.001 vs. MCF7wt; n=3) (B).
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C Tam-R (x40)

Figure 3.10 Levels and localisation of activated Src tyrosine kinase in basal MCF7wt and
Tam-R cells as determined by immunocytochemistry.

MCF7wt and Tam-R cells were cultured on coverslips until they reached log-phase growth and
then fixed using the ERICA technique as described in materials and methods (section 2.5.1.1).
The fixed cells were assayed for Src pY419 using a phospho-specific antibody and the protein
localisation was visualised using the DAKO EnVision™+ system peroxidase [DAB] kit as
described in section 2.5.2. Representative images of MCF7wt (A) and Tam-R (B & C) cells
were captured at x20 or x40 magnification using an Olympus BH-2 phase contrast microscope
fitted with an Olympus DP-12 digital camera system.
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Figure 3.11 Basal levels of total and phosphorylated (Y397 & Y861) FAK in MCEF7wt
and Tam-R cell-lines as determined by Western blotting.

MCF7wt and Tam-R cells were cultured until they reached log-phase growth and then lysed
for proteins as described in materials and methods {section 2.4.1). Total soluble protein {40pg)
was subjected te SDS-PAGE/Western blot analysis and the membranes probed with antibodies
specific for FAK pY397, pY861 and total FAK (A). Densitometry was conducted on the
bands obtained and the data, corrected for loading with B-actin, presented as Mean % of

MCF7wt + 8.D. (n=3) (B).
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but non-significant, 1.5-fold increase in the phosphorylation of FAK at the
Src-specific Y861 site in Tam-R cells compared to MCF7wt. Furthermore,
measurement of paxillin phosphorylation at Y31 revealed a corresponding 1.6-
fold increase in the Tam-R cells (figure 3.12). However, no differences were
seen in either the phosphorylation of FAK at its auto-phosphorylation site
(Y397), or in the total levels of either FAK or paxillin.

Focal adhesions are integrin-mediated sites of cell attachment whereby large
protein complexes at the plasma-membrane link the cytoskeleton of the cell to
the extra-cellular matrix. FAK phosphorylation and activation is important in
cell-matrix attachment, motility and invasion due to its involvement in the
regulation of focal adhesion formation and turnover. FAK is auto-
phosphorylated on Y397 following integrin engagement and subsequent
clustering on the plasma-membrane, which creates a docking site for the SH2
domain of Src. Src is then able to bind to FAK, being activated in the process,
and goes on to phosphorylate additional residues on FAK. As this process is
initiated by integrins, the auto-phosphorylation and Src-dependent phos-
phorylation of FAK in MCF7wt and Tam-R cells grown on a fibronectin
matrix was examined. Two time-points were used in order to look at both the

immediate and longer-term effects of integrin stimulation with fibronectin.

MCF7wt and Tam-R cells were seeded onto fibronectin-coated dishes and left
to attach for 30 minutes or cultured to log-phase growth (5 days) at 37°C
before being lysed for total soluble proteins as described previously. SDS-
PAGE/Western blot analysis revealed that phosphorylation of FAK Y397 and
Y861 were both significantly increased (by 1.6-fold and 2.2-fold respectively)
in Tam-R cells compared to MCF7wt following seeding on fibronectin for 30
minutes (figure 3.13). However, the differences in FAK phosphorylation at
both sites between the two cell-lines were diminished after 5 days growth on
fibronectin, with no significant difference in the levels of FAK Y397 or Y861
observed at this time point. No change in total FAK protein was seen between

the two cell-lines at either time point.
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Figure 3.12 Basal levels of total and phosphorylated (Y31) paxillin in MCF7wt and Tam-
R cell-lines as determined by Western blotting.

MCF7wt and Tam-R cells were cultured until they reached log-phase growth and then lysed
for proteins as described in materials and methods (section 2.4.1). Total soluble protein (40pg)
was subjected to SDS-PAGE/Western blot analysis and the membranes probed with antibodies
specific for Paxillin pY31 and total Paxiilin {A). Densitometry was conducted on the bands

obtained and the data, corrected for loading with B-actin, presented as Mean % of MCF7wt £
S.D. {* p<0.05 vs. MCF7wt; n=3) (B).
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Figure 3.13 Levels of total and phosphorylated {Y397 and Y861) FAK in MCF7wt and
Tam-R cell-lines exposed to a fibronectin matrix for either 30 minutes or S days.
MCF7wt and Tam-R cells were seeded onto 60mm fibronectin-coated Petri—dishes and left to
either attach to the matrix for 30 minutes or to grow on the matrix for 5 days before being
lysed for proteins as normal. Total soluble protein (40pg) was subjected to SDS-PAGE/
Western blot analysis and the membranes probed with antibodies

FAK pY861 and total FAK (A). Densitoi i
data, corrected for l oading with B-actin, presented as Mean %
MCF7wt values (100%) are not represented on the graph (B\
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Phosphorylation of FAK by Src leads to the recruitment of additional proteins,
such as paxillin and talin, to promote the formation of focal adhesion com-
plexes. Moreover, FAK phosphorylation can also lead to the subsequent ERK
1/2-dependent activation of Calpain 2 which can result in proteolytic cleavage
of FAK and focal adhesion disassembly. Thus, Src is able to regulate the rate
at which focal adhesions are both formed and disassembled, a process known

as focal adhesion turnover [170].

To examine the extent to which FAK is phosphorylated in response to
fibronectin, the levels of pY397 and pY861 in MCF7wt and Tam-R cells that
were either kept in suspension or seeded onto a fibronectin matrix for 30
minutes were compared. Figure 3.14 shows that the phosphorylation of FAK
Y397 was increased in both MCF7wt and, to a greater extent, Tam-R cells
following seeding onto a fibronectin matrix in comparison with the cells
maintained in suspension. Additionally, a marked increase in the phosphory-
lation of FAK at the Src-specific Y861 site was also seen in Tam-R cells
(375% of cells in suspension); however, the corresponding increase observed
in MCF7wt cells was more modest (159% of cells in suspension). Further-
more, a small increase in Src activation was evident in both cell-lines
following seeding onto a fibronectin matrix, possibly due to the increased
FAK Y397 phosphorylation reported above. Once again, the levels of total

FAK and Src in either cell-line were unchanged.

These results suggest that the extent of FAK phosphorylation, and hence the
rate of focal adhesion formation/turnover, might be increased in Tam-R cells.
An increase in the rate of focal adhesion formation might affect the rate of cell
attachment, and so this was investigated in the Tam-R cell-line using a cell
attachment time-course assay. These assays are similar to the normal cell
attachment assay in that cells were seeded into a 96-well plate and left to
attach for 50 minutes at 37°C. However, during the time-course assay,
medium containing unattached cells was removed at given time-points,
namely 10, 20, 30 40 and 50 minutes, and replaced with PBS. The cells were

kept in PBS until the end of the experiment when the number of attached cells
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Figure 3.14 Induction of FAK phosphorylation (Y397 and Y861) in MCF7wt and Tam-R
cells either in suspension or seeded onto a fibronectin matrix (30 minutes).

Following Trypsin/EDTA dispersion, MCF7wt and Tam-R cells were either kept in suspension
{S) or seeded cnto 60mm fibronectin-coated Petri-dishes (Fn) for 30 minutes before being
lysed for proteins as normal. Total soluble protein (40pg) was subjected to SDS-PAGE/
Western blot analysis and the membranes probed with antibodies specific for Src pY419, total
Src, FAK pY397, FAK pY861 and total FAK (A). Densitometry was conducted on the bands
obtained for pY397, pY861 and total FAK and the data, corrected for loading with total FAK,
presented as Mean % of Protein Levels in Cells in Suspension + S.D. {(n=3) (B). N.B. Values

Y e

for protein levels in cells in suspension (100%) are not represented on the graph.
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was quantified using the MTT assay as normal. Figure 3.15 shows the rate of
cell-attachment for MCF7wt and Tam-R cells on uncoated (A) or fibronectin-
coated (B) surfaces. In both cases, the rate of cell-attachment in the Tam-R
cells was greater than that of MCF7wt cells, with the largest difference seen

within the initial 20 minute period.

To expand upon these findings, the rate of cell-spreading in MCF7wt and
Tam-R cells following attachment was also examined. Cells were seeded onto
either uncoated or fibronectin-coated 60mm dishes and placed at 37°C. Then,
to monitor the progress of the cells as they attached and spread, representative
images of the live cells were captured 1-, 3-, 6- and 24-hours after seeding

using a Leica DM-IRE2 inverted microscope fitted with a Hoffman condenser.

Figure 3.16 shows that the MCF7wt cells had attached to the uncoated surface
after 1-3 hours, but were yet to show any signs of spreading and still displayed
a rounded appearance. After 6 hours, however, it was evident that the cells
were in the early stages of spreading as they appeared larger and changes in
their morphology were more noticeable. After 24 hours, attachment and
spreading of the MCF7wt cells was complete. In contrast, cell-spreading in
Tam-R cells was observed just 1 hour after seeding, with a high number of
cells appearing to be fully attached and displaying characteristic morphologi-
cal traits such as filopodia after just 3 hours. Similar patterns were seen for
both cell-lines when seeded onto a fibronectin-coated surface (figure 3.17);
however, attachment and spreading of the Tam-R cells on fibronectin seemed
to occur at a faster rate, with the proportion of spread cells after just 1 hour

being much higher than that seen on the uncoated surface.

3.2.3 Regulation of Src Kinase Activity in Tam-R Cells

Src activity can be regulated in a number of different ways as discussed in
chapter one. The most well studied mechanisms of Src regulation, however,
involve either the modulation of the phosphorylation status of conserved
tyrosine residues found in the protein, such as Y530, or direct protein-protein
interactions via the SH2 and SH3 protein binding domains. As such, these are

the two mechanisms that are examined in this thesis.
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Figure 3.15 Rate of MCF7wt and Tam-R cell-attachment on uncoated and matrix-coated
surfaces as measuired using a cell attachment time-course assay.

The rate of MCF7wt and Tam-R cell attachment to uncoated {A) or fibronectin-coated (B)
surfaces was measured using a cell attachment time-course assay. Cells (4x10%) were seeded
in W+5% + Tam (1060nM) into the wells of a 96-well plate which were either uncoated or had
been pre-treated with fibronectin. Ceils were left to aitach for up to 50 minutes at 37°C.
During the course of the assay, medium containing unattached cells was removed at the given
time points and replaced with PBS. The attached cells were kept in PBS until the end of the
experiment when the MTT assay was carried out as normal. Data is presented as Mean Cell
Attachment (ODs,,) = S.D. (n = 3).
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Figure 3.16 MCF7wt and Tam-R cell-spreading on an uncoated plastic surface.

MCF7wt and Tam-R cells were seeded onto an uncoated 60mm dish and placed at 37°C.
Representative images of the live cells at 20x magnification were captured 1-, 3-, 6- and 24-
hours after seeding using a Leica DM-IRE2 inverted microscope fitted with a Hoffman

condenser and a Hamamatsu C4742-96 digital camera.
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Figure 3.17 MCF7wt and Tam-R cell-spreading on a fibronectin-coated surface.

MCF7wt and Tam-R cells were seeded onto a fibronectin-coated 60mm dish and placed at
37°C. Representative images of the live cells at 20x magnification were captured 1-, 3-, 6- and
24-hours after seeding using a Leica DM-IRE2 inverted microscope fitted with a Hoffman

condenser and a Hamamatsu C4742-96 digital camera.
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3.2.3.1 Modulation of Src Y530 phosphorylation is unlikely to play a role
in the regulation of Src activity in Tam-R cells.

Y530 is a conserved amino acid found in the negative-regulatory tail of Src
which, when phosphorylated, is able to interact with the SH2 domain of Src
and induce a conformational change in the protein structure that blocks the
active site of the kinase domain, thus inactivating the kinase. There are a
number of kinase and phosphatase enzymes known to regulate Y530 phos-
phorylation; two major contributors are CSK, which phosphorylates Y530 to
inactivate Src, and PTP1B, which can de-phosphorylate Y530 leading to Src

kinase activation.

To determine whether this mechanism might play a role in the regulation of
Src activity in MCF7wt and Tam-R cells, levels of CSK and PTP1B were
measured using SDS-PAGE/Western blotting. The results revealed no
significant differences in the levels of CSK or PTP1B between the two cell-
lines, suggesting that the differences in Src activity observed are not a result of
the aberrant activity of these two proteins (figure 3.18). In support of this,
measurement of basal Src Y530 phosphorylation in MCF7wt and Tam-R cells
also showed no significant difference between the two cell-lines (figure 3.19).
This result, therefore, serves to preclude the involvement of other kinase and

phosphatase enzymes that may also regulate Src kinase activity in this manner.

3.2.3.2 Growth-factor-receptor signalling may contribute to the up-
regulation of Src activity in Tam-R cells.

Another mechanism of Src activation is via the direct interaction of Src with
other proteins, including receptor tyrosine kinases such as EGFR and c-erbB2.
Over-expression and/or up-regulation of EGFR is associated with increased
Src activity both in vitro and in the clinic [131, 198, 199], and can lead to a
synergistic relationship between the two proteins in the cell [131, 145, 200,
201]. Increased EGFR activity has also been linked to tumour progression and
metastasis [178, 202], possibly via increased MAP kinase activation [203,
204] or through interactions with FAK [205], and can lead to a poor prognosis

[179]. Furthermore, increased expression and activation of EGFR is
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Figure 3.i8 Basal levels of CSK and PTPIB in MCF7wt and Tam-R cells as determined
by Western blotting.

MCF7wt and Tam-R cells were cultured until they reached log-phase growth and then fysed
for proteins as described in materials and methods {section 2.4.1}. Total scluble protein (40ug)
was subjected to SDS-PAGE/Western blot analysis and the membranes probed with antibodies
specific for CSK and PTPIB (A). Densitomeiry was conducted on the bands obtained and the
data, corrected for loading with B-actin, presented as Mean % of MCF7wt + S.D. (n=3) (B).
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Figure 3.19 Basal levels of Src tyrosine kinase phosphorylated at Y530 in MCF7wt and
Tam-R cells as determined by Western blotting.

MCF7wt and Tam-R cells were cultured until they reached log-phase growth and then lysed
for proteins as described in materials and methods (section 2.4.1). Total soluble protein (40pg)
was subjected to SDS-PAGE/Western blot analysis and the membranes probed with an
antibody specific for Src pY530 (A). Densitometry was conducted on the bands obtained and
the data, corrected for loading with B-actin, presented as mean % of MCF7wt + S.D. (n=3) (B).
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associated with resistance to both tamoxifen and the pure anti-oestrogen,
fulvestrant [23, 206, 207]. Since our laboratory has previously shown EGFR
activation and signalling to be important for the proliferation of Tam-R cells in
vitro [66, 70, 75], its potential role in the aberrant activation of Src kinase in

these cells was also investigated.

To study the relationship which may exist between Src and EGFR in Tam-R
cells, verification of the published reports that demonstrate increased EGFR
activity in these cells was first required. For this, SDS-PAGE/Western
blotting was used to measure the levels of phosphorylated and total EGFR
protein in both cell-lines (figure 3.20). The phosphorylation sites selected as
markers for EGFR activity were Y845, as this is a known Src-specific
phosphorylation site, and Y1068, which is important for the EGFR-MAP
kinase mitogenic signalling pathway shown to be up-regulated in Tam-R cells.
Densitometric analysis of the bands obtained showed a 3.1- and 8.8-fold
increase in EGFR phosphorylation at Y845 and Y1068 respectively in the
Tam-R cells. Furthermore, these experiments confirmed increased EGFR
expression in the Tam-R cells, which demonstrated total EGFR protein levels
8.3-fold higher than those in the MCF7wt cell-line.

EGFR activity was modulated in Tam-R cells in order to ascertain any conse-
quential effects on the activation of Src. TGFa was used to stimulate EGFR
signalling in the Tam-R cells as Knowlden et al. have previously shown it to
be expressed by these cells as part of an autocrine regulatory mechanism [70].
To down-regulate EGFR activity, the small molecule tyrosine-kinase-inhibitor
gefitinib (Iressa™; TKI), which is an effective inhibitor of the intrinsic kinase
activity of EGFR [70], was used. Tam-R cells were serum starved in wDCCM
for 24 hours before being treated with TGFa (10ng/ml; 30 minutes) or
gefitinib (1uM; 24 hours), with the appropriate vehicle added to the control
cells for the same duration. SDS-PAGE/Western blotting analysis confirmed
that TGFa increased phosphorylation of EGFR on Y1068 (figure 3.21A).
Conversely, phosphorylation of EGFR at this site was virtually undetectable

following treatment with gefitinib. Further analysis of these samples for Src
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Figure 3.20 Basal! levels of total and phosphorylated (Y845 & Y1068) EGFR in MCF7wt
and Tam-R cell-lines as determined by Western blotting.

MCF7wt and Tam-R cells were cultured until they reached log-phase growth and then lysed
for proteins as described in materials and methods (section 2.4.1). Total soluble protein (40pg)
was subjected to SDS-PAGE/Western blot analysis and the membranes probed with antibodies
specific for EGFR pY84S5, pY 1068 and total EGFR (A). Densitometry was conducted on the
bands obtained and the data, corrected for loading with B-actin, presented as Mean % of
MCF7wt £ S.D. (* p<0.01 vs. MCF7wt ** p<0.001 vs. MCF7wt; n=3) (B).
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Figure 3.21 Sre kinase activity in Tam-R cells following modulation of EGFR signalling
as determined by Western blotting.

Tam-R cells were cultured to log-phase growth. Following a period of serum starvation
(wDCCM; 24hrs) cells were treated with TGFa (10ng/ml; 30 mins), gefitinib (Iressa™ [TKI];
1tM; 24 hrs) or vehicle only. Cells were lysed and total soluble protein (40ug) subjected to
SDS-PAGE/Western blot analysis. Membranes were then probed with antibodies specific for
EGFR pY845, pY1068 and total EGFR (A), and for Src pY419 and total Src (B).
Densitometry was conducted on the bands obtained for Src and the data, corrected for loading
with B-actin, presented as Mean % of Centrol + S.D. (* p<0.0]1 vs. Control ** p<0.001 vs.
Control; n=4) (C).
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Chapter Three: Basal Characterisation of Cell-lines

revealed a corresponding 2.5-fold increase in Src activation following
stimulation of these cells with TGFa, whereas treatment with gefitinib
reduced Src activity by over 50%. In both cases, no significant change in total

Src protein levels was seen (figure 3.21B and figure 3.21C).

Tam-R cells express additional receptor tyrosine kinases, such as c-erbB2 and
IGF-1R, which, as well as promoting cell growth, may also affect Src kinase
activity. Therefore, the contribution of these receptor tyrosine kinases to Src
activation in Tam-R cells was investigated by using the appropriate ligands to
stimulate receptor activation. On reaching log-phase growth, Tam-R cells
were serum starved in wDCCM for 24 hours and treated with EGF, TGFa,
amphiregulin, heregulin-f1 or IGF II. All growth-factors were used at
10ng/ml and treatment duration was 30 minutes. SDS-PAGE/Western blotting
of the cell lysates showed increases in Src activity of between 2.7- and 4.5-
fold compared to control following treatment with erb B receptor ligands, with
amphiregulin and heregulin-B1 eliciting the greatest effects (figure 3.22). A

modest 2-fold increase was also seen with stimulation of IGF-1R with IGF 1L

To further elucidate a role for these receptor tyrosine kinases in the activation
of Src in Tam-R cells, a panel of specific pharmacological inhibitors was used
to reduce their activity. Tam-R cells were serum starved in wDCCM for 24
hours and then treated with gefitinib (Iressa™ [TKI]; 1pM), trastuzumab
(Herceptin® [HRC]; 100nM), AG1024 (5uM), PD098059 (25uM) or vehicle
only. AZMS555130 (1uM), a potent inhibitor of Src activity (see chapter 4),
was also used in these experiments as a positive control for Src inhibition. All
treatments were for 24 hours, after which the cells were lysed and subjected to
SDS-PAGE/Western blot analysis for Src pY419 and total Src protein levels
(figure 3.23). As already seen in figure 3.21, treatment of Tam-R cells with
gefitinib reduced Src activation by approximately 50%; however, inhibition of
c-erbB2 with trastuzumab did not appear to have any effect on Src activation.
Inhibition of MAP kinase with the MEK inhibitor PD098059 did not alter Src
activation levels, which suggests that regulation of Src by EGFR is not a

down-stream effect of this signalling pathway. Furthermore, inhibition of
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Figure 3.22 Effect of growth factor treatment on Src activation in Tam-R cells as
determined by Western blotting.

Tam-R cells were cultured until they reached log-phase growth. Following a period of serum
starvation (WDCCM; 24hrs) cells were treated with EGF (10ng/ml), TGFa (10ng/ml),
amphiregulin (10ng/ml), heregulin-B1 (10ng/ml), IGF-11 (10ng/ml) or vehicle only. All
treatments were for 30 minutes, after which the cells were lysed for proteins. Total soluble
protein (40pg) was subjected to SDS-PAGE/Western blot analysis and the membranes probed
with antibodies specific for Src pY419 and total Src (A). Densitometry was conducted on the
bands obtained and the data, corrected for loading with B-actin, presented as % of Control (B).
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described in materials and methods (section 2.4.1). Total soluble protein (40ng) was
sub_]ected to SDS-PAGE/Western blot analysis and the membranes probed with antibodies
specific for Src pY419 and total Src (A). Densitometry was conducted on the bands obtained
and the data, corrected for loading with (-actin, presented as % of Control (B).
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Chapter Three: Basal Characterisation of Cell-lines

IGF-1R with AG1024 had only a modest effect on Src activation. Thus, while
IGF-1R signalling in the Tam-R cell-line is obviously able to modulate Src
activation, it is unlikely to be the predominant mechanism responsible for the

increased Src activity seen in these cells.

3.3 Discussion

3.3.1 Characterisation of the tamoxifen-resistant cell-phenotype

Resistance to anti-hormone therapies is a major obstacle in the successful
treatment of hormone-dependent breast cancer and so interest in the delinea-
tion of the mechanisms responsible is high. Using an in vitro model for
tamoxifen resistance (Tam-R), our laboratory has previously demonstrated one
such mechanism to involve elevated EGFR expression and activity [70].
Aberrant growth-factor signalling is associated with resistance to both
tamoxifen and fulvestrant [23, 206, 207], and can lead to the development of
an aggressive cell phenotype [178, 208-210]. Thus, this chapter investigates
whether Tam-R cells display characteristics of an aggressive cell-phenotype

which can lead to the enhanced metastatic potential of tumours in vivo.

Measurement of cell proliferation showed that Tam-R cells have a signifi-
cantly enhanced rate of growth compared to MCF7wt cells under basal
conditions. This is consistent with previously published data reporting similar
increases following the acquisition of tamoxifen resistance, and which propose
that the increased growth rate is due to enhanced activation of erb B-receptor
signalling pathways in these cells [70]. Indeed, increased EGFR activity has
been positively correlated to staining of Ki67, a marker for cell proliferation,
in immuno-histochemical analysis of hormone-insensitive breast cancers [23].
More recently, however, it is becoming clear that these signalling pathways do
not act independently and may cross-talk with additional pathways, such as the

ER and IGF-1R pathways, to augment the effects on cell growth [69, 73, 196].

Tam-R cells also display an altered morphology compared to MCF7wt cells,
with increased membrane ruffling and filopodia formation evident, giving the

cells a more angular appearance. Differences were also seen in the way in
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which the two cell-lines grow under basal conditions; with MCF7wt cells
consistently growing in neat, tightly-packed colonies while Tam-R cells were
seen to grow in a looser, more disorganised fashion. These observations
suggest that the regulatory mechanisms for focal adhesions and adherens
junctions, which control cell-matrix and cell-cell attachment respectively, are
altered in the Tam-R cell-line. Indeed, figure 3.5 demonstrated that cell-
matrix attachment in Tam-R cells was significantly enhanced over that of the
MCEF7wt cells on both plastic and fibronectin-coated surfaces, and similar
results have been seen with laminin, collagen and vitronectin matrices [211].
Additionally, Hiscox ef al. have previously shown that EGFR driven tyrosine
phosphorylation of B-catenin and its subsequent dissociation from E-cadherin
is increased in Tam-R cells, resulting in the loss of cell-cell contacts [165].
Furthermore, antibody-mediated neutralisation of E-cadherin in MCF7wt cells
discouraged the formation of tightly-packed colonies and promoted invasion
in this cell-line [165].

De-regulation of cell-cell and cell-matrix adhesion is important in the promo-
tion of cell migration, which can then lead to an invasive phenotype [117].
Investigation of the migratory nature of the MCF7wt and Tam-R cell-lines
across a fibronectin coated surface revealed that the Tam-R cells were
significantly more motile than the parental MCF7wt cells. Parallel studies
within our laboratory have also revealed that not only are the Tam-R cells able
to migrate a greater distance than their MCF7wt counterparts, but that the
migration was directional in nature [180], a process that may be influenced by
growth-factor receptor signalling [212]. Furthermore, increased migration in
the Tam-R cells was accompanied by a concomitant increase in their ability to

invade through an artificial basement membrane (Matrigel™).

The increases observed in the migration and invasion of Tam-R cells in
comparison to MCF7wt were not due to differences in the growth rates of the
two cell-lines as figure 3.2 shows no difference in cell number after 1-3 days,
the time over which the migration and invasion assays were performed.

Furthermore, blockade of the cell cycle using aphidicholin has been shown to
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have no significant effect on Tam-R cell invasion [180]. These results are
consistent with observations in the clinic in which recurring tumours following
tamoxifen resistance are often more aggressive, leading to increased tumour

metastasis and a poor prognosis [197].

3.3.2 Investigations into the mechanisms involved in regulating
the aggressive cell-phenotype of Tam-R cells

The mechanisms involved in the acquisition of an aggressive cell-phenotype
are complex in nature due to the potentially high number of signalling
pathways that may play a role. Whilst the identity and precise regulation of
such pathways are still not fully understood, great progress has been made in

identifying possible candidates.

Increased expression and activation of members of the erb B receptor family is
often associated with tumour progression and increased metastatic potential
[178, 202, 213]. EGFR up-regulation in particular frequently correlates with
increased migration and invasion [178, 202, 209], and is thought to act by
altering cell-matrix attachment either directly (via interactions with
FAK/integrins to increase focal adhesion formation and turnover [205, 214])
or indirectly (via the down-stream activation of ERK 1/2 MAP kinases [203,
204]). EGFR has also been implicated in the regulation of intestinal epithelial
cell migration via the Src-dependent activation of p38 [215], a mechanism
which is distinct from that which controls EGFR-driven proliferation in these
cells [216]. It is clear from the literature that an association between EGFR
and an aggressive phenotype does exist; however, inhibition of EGFR in Tam-
R cells using the small molecule tyrosine-kinase inhibitor, gefitinib, had only a
modest effect on their aggressive cell phenotype, with only an approximate
50% reduction seen in levels of migration and invasion [180]. This implies
that additional mechanisms must be involved which augment this behaviour in

the Tam-R cells.

Altered integrin expression and signalling is another potential explanation for
the changes seen in cell behaviour following the acquisition of tamoxifen

resistance, as they are fundamental in the formation and degradation of cell-
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matrix attachments which facilitate cell motility and invasion [217]. The large
number of integrin receptor sub-units identified, in combination with their
ability to form multiple heterodimers with other sub-units, prevented charac-
terisation of the MCF7wt and Tam-R cell-lines for integrin expression within
the time frame of this project. However, early work has suggested that
iintegrin expression is increased in Tam-R cells, particularly ayps (S Hiscox,
unpublished observations) which is able to bind to a number of different
matrices such as fibronectin, vitronectin, collagen and laminin [217] and
which has been shown to promote spontaneous metastasis of breast tumours to
bone [218]. Increased expression of integrins in Tam-R cells may partially
explain the increased attachment seen in these cells. Therefore, further
profiling of integrin expression in MCF7wt and Tam-R cells is an obvious
area for future work in order to fully assess the role that they may play in the

progression of tamoxifen resistant breast cancer.

Attention then turned to the non-receptor tyrosine kinase, Src, since it is
‘widely associated with the acquisition of an aggressive cell-phenotype. The
over-expression and up-regulation of Src has been reported in a number of
human cancers [101, 103], including colorectal [106], breast [105], pancreatic
[107], ovarian [108], and liver [219]. Furthermore, Src has been implicated in
the regulation of a number of diverse cellular functions [95, 97, 220], and is
known to play an important role in the mediation of both EGFR [145, 200,
201, 221] and integrin [95, 222] signalling to enhance aggressive cell
behaviour. For example, Gonzélez et al. have shown that the expression of a
dominant-negative form of Src in MCF7 cells resulted in decreased cell
attachment, spreading and migration, and was able to reduce both serum- and

EGF-induced cell proliferation [152].

Profiling of Src gene expression using multiple approaches (RT-PCR, qPCR
and Affymetrix cDNA arrays) revealed no significant difference in Src mRNA
levels between the MCF7wt and Tam-R cell-lines. This was also apparent at
the protein level, with SDS-PAGE/Western blotting showing no significant

difference in total Src protein levels. However, when the activation of Src was
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investigated there was a striking difference between the two cell-lines, with
Src Y419 phosphorylation increased by approximately 14-fold in Tam-R cells.
Whilst elevated Src activity has previously been linked to an aggressive cell-
phenotype and increased metastatic potential [199], an association between
up-regulated Src activity and tamoxifen resistance had not been reported prior
to this work. However, in agreement with this data, Planas-Silva ef al. have
recently demonstrated similar increases in their model of tamoxifen resistance

which was also derived from the MCF7 breast cancer cell-line [160].

Early studies have suggested that increased Src activity in breast cancer is a
result of increased Src protein levels [105]. Biscardi et al. reviewed a number
of studies that showed increased Src activity in over 70% of the tumour
samples and cell-lines analysed, but found that this increase was due solely to
increased levels of Src protein [145]. The data presented in this chapter,
however, reflect the work of others who have reported increased Src activity
independent of total protein levels [102]. It has recently been suggested that
both situations might be true depending on how advanced the cancer is; in
colorectal cancer, for example, increases in both protein level and activation
are seen in the early stages of tumour development, with up-regulation of Src

activity alone seen as the cancer continues to progress [97].

Src is known to mediate integrin signalling via interactions with FAK to
regulate cell-matrix attachment, motility and invasion (reviewed in [167, 169,
176]). Since the Tam-R cells have been shown to display augmented cell-
matrix attachment, motility and invasion, the possibility that Src may regulate
these phenotypic changes through increased FAK phosphorylation was
investigated. While no change was observed in basal levels of pY397, there
was a modest increase in the Src-specific phosphorylation of Y861 in Tam-R
cells compared to MCF7wt. This was accompanied by a corresponding
increase in paxillin phosphorylation at Y31. The recruitment of FAK to focal
adhesions and the subsequent phosphorylation of paxillin have been shown to
be important for cell migration [223, 224]. Also, Src specific phosphorylation
of FAK Y861 is crucial for ras transformation of fibroblasts, with Y861F-
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mutant expressing cells demonstrating reduced association of FAK with
p130“*® and decreased migration and invasion [225]. This suggests, therefore,
that the elevated Src activity in Tam-R cells may contribute to their migratory

and invasive nature by enhancing FAK-dependent integrin signalling.

As FAK auto-phosphorylation and the subsequent binding of Src is thought to
be initiated primarily by integrin engagement, the effect of attachment to a
fibronectin matrix on FAK phosphorylation was assessed. To determine both
immediate and longer term effects two time points were used (30 minutes and
5 days). Interestingly, FAK Y397 auto-phosphorylation and the subsequent
Src-specific phosphorylation of Y861 were both increased in Tam-R cells
compared to MCF7wt following seeding onto a fibronectin matrix for 30
minutes. However, these increases diminished over time, with only small
increases observed after 5 days. This may suggest that increased Src activity
in the Tam-R cells promotes initial cell attachment through the phosphoryla-
tion of FAK and the formation of focal adhesions. However, as Src is also
required for the subsequent disassembly of focal adhesions necessary for cell
motility [117], the promotion of focal adhesion formation and attachment is
likely to be transient. Eventually, an equilibrium between focal adhesion
formation and disassembly is reached, leading to the steady state of FAK

phosphorylation seen after 5 days.

To support this hypothesis, the extent to which FAK was phosphorylated in
MCF7wt and Tam-R cells seeded onto a fibronectin matrix was assessed in
comparison to cells in suspension. FAK phosphorylation on Y397 and Y861
was increased in both cell-lines following seeding onto fibronectin compared
to the cells maintained in suspension. However, the level of FAK phosphory-
lation at both sites was markedly higher in Tam-R cells than in MCF7wt cells
at the same time-point, suggesting an increased rate of FAK phosphorylation
in these cells. Interestingly, attachment time-course assays revealed a corre-
sponding increase in the initial rate of Tam-R cell attachment to a fibronectin
matrix compared to MCF7wt cells. Moreover, the difference between the

number of MCF7wt and Tam-R cells attached to fibronectin after 30 minutes

127



Chapter Three: Basal Characterisation of Cell-lines

(figure 3.15) correlates with the difference in FAK phosphorylation seen
following the seeding of these cells onto a fibronectin matrix for the same

duration (figure 3.13).

Early work suggests that integrin expression in Tam-R cells might be
increased compared to their wild-type counterparts (S. Hiscox, unpublished
observations), which may account for the increase in Y397 phosphorylation
seen. However, as Y861 is Src-specific, the increase in phosphorylation at
this site might indicate an increase in the formation of Src/FAK signalling
complexes which could then go on to promote initial focal adhesion formation
and cell attachment. It is also interesting to note that the levels of FAK Y397
and Y861 phosphorylation were higher in Tam-R cells compared to MCF7wt
cells when both cell-lines were kept in suspension. This may be a result of the
increased Src activity in Tam-R cells, and might act to prime the cells ready
for attachment to matrix components. Together, these data further suggest a

role for Src in the regulation of cell-matrix attachment in Tam-R cells.

Surprisingly, differential rates of attachment were also observed on uncoated
plastic. The apparent absence of matrix components might suggest that these
observations are integrin (and hence FAK) independent and, therefore, do not
involve Src. However, attachment assays were conducted in the presence of
serum which, although charcoal-stripped, may still contain fibronectin at
levels sufficient to enhance cell attachment. Alternatively, gene expression
profiling using Affymetrix cDNA arrays has shown that fibronectin expression
is increased in Tam-R cells (S Hiscox, unpublished observations). Thus, it is
possible that the Tam-R cells themselves are able to express and lay-down a

fibronectin matrix to provide an attachment advantage over MCF7wt.

In conclusion, the data presented suggest that increased Src kinase activity in
Tam-R cells promotes increased FAK phosphorylation, which may in turn
alter cell-matrix attachment and lead to the increased motility and invasion

seen in these cells.
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3.3.3 Regulation of Src kinase activity in Tam-R cells

As discussed earlier, the increase in Src activation observed in Tam-R cells
cannot be accredited to an increase in Src gene expression; therefore, other
changes that have occurred within the cell following the acquisition of
tamoxifen resistance must be responsible. Src can be activated in a number of
ways, the most widely reported of which involve either the de-phosphorylation
of the negative-regulatory tail at Y530 or the formation of protein-protein
interactions with SH2- and SH3-binding proteins. Additional mechanisms
identified may also include activating mutations of the Src gene sequence.
However, these are rare and the only reported incidence of a naturally occur-
ring mutation was found in a sub-set of colon cancer liver metastases and
advanced colon cancer primary lesions [133]. The mutation, identified in
codon 531 of the Src sequence, led to the expression of a truncated form of
Src, resulting in activation of its kinase domain. However, attempts to repeat

these findings since have not been forthcoming [134-137].

Another potential mechanism of Src activation involves the regulation of Src
protein levels. Increases in Src protein levels are seen early in the develop-
ment of some colon cancers, and may be responsible for the concomitant
increase in Src activity also seen [97]. In addition to altered gene expression,
protein levels may also be modified by protein degradation mechanisms.
Ubiquitination of certain proteins by ubiquitin-protein ligases results in their
degradation via a proteosome-dependent pathway. It has been proposed that,
following activation, Src can be ubiquitinated and subsequently degraded in
this manner [226], and that this may require the function of CSK [142].
Therefore, aberrations in the ubiquitination or proteosome degradation
pathways may allow activated Src to accumulate in the cell. However, as this
would also result in increased levels of total Src protein [142], which were not
observed in the Tam-R cells, it is doubtful that this mechanism is responsible

for the increased Src activation seen.

A novel mechanism of Src activation may involve the activity of proteins

called N-myristoyltransferases (NMT), which can myristoylate certain pro-
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teins, including Src, and thus modify their cellular location by facilitating
membrane association. Ducker er al. showed that siRNA knock-down of
NMT proteins, which are over-expressed in colon cancer cells, resulted in
decreased Src activity and down-regulation of FAK phosphorylation [111].
However, alterations in the activity of these proteins would also appear to
result in changes in Src mRNA and protein levels. Again, as no such changes

were observed, it is unlikely that this is occurring in our cell-lines.

Whilst these possible mechanisms are interesting, the infrequency in which
they are reported suggests that their incidence is low and their relevance is

limited. As such, they will not be discussed further in this thesis.

One of the primary mechanisms of Src regulation involves the phosphoryla-
tion status of the conserved Y530 amino acid residue found in the negative-
regulatory tail of Src. Phosphorylation of Y530 allows the formation of intra-
molecular interactions between the negative-regulatory tail and the SH2
domain of Src, resulting in a closed conformation of the protein and inacti-
vation of the kinase domain. It is said that approximately 90-95% of Src is

phosphorylated at Y530 in vivo [124].

The level of Src phosphorylation at Y530 is governed by the balance of kinase
and phosphatase activity within the cell [100, 124]. While a number of
proteins that can facilitate this have been identified, two in particular stand out
as key components. The first is CSK, a protein tyrosine kinase able to phos-
phorylate Src on Y530 resulting in the down-regulation of its activity [125].
Phosphorylation of Y530 by CSK in a cell-free system has previously been
shown to reduce Src activity to 0.2% of initial levels [129]. The second key
component in Src Y530 regulation is the phosphatase PTP1B, which can de-
phosphorylate Src at Y530 and thus promote kinase activation. PTP1B has
been shown to be the primary tyrosine phosphatase responsible for the
increased activation of Src in a number of human breast cancer cell-lines
[126]. Furthermore, inhibition of PTP1B using selective small molecule

inhibitors resulted in an increase in Src Y530 phosphorylation, accompanied
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by equivalent decreases in cell-spreading, migration and the phosphorylation
of FAK, p130“*® and ERK 1/2 [127].

With this in mind, the aberrant modulation of Src Y530 phosphorylation was
investigated as a potential explanation for the increased Src activity seen in
Tam-R cells. However, no significant differences were observed in the levels
of CSK and PTP1B between the MCF7wt and Tam-R cell-lines. To confirm
this, and to preclude the possibility of other kinase/phosphatase proteins being
involved, Src Y530 phosphorylation was also measured. Again, no significant
differences were observed between the MCF7wt and Tam-R cells. Taken
together, these data suggest that the increased Src activity in Tam-R cells is

not a result of altered Src Y530 phosphorylation in these cells.

The conventional paradigm of Src regulation is that when Src is active Y419
and Y530 are phosphorylated and de-phosphorylated respectively; with the
reverse being true with the inactivation of Src. Therefore, in view of the
considerable increase in Src Y419 phosphorylation seen in the Tam-R cells,
one might expect to see a corresponding decrease in the levels of Src

phosphorylation at Y530. However, the data do not show such a decrease.

Interestingly, while some studies have demonstrated a direct correlation
between CSK expression and Src activation [219], others have suggested that
this is not always the case [107]. Furthermore, it has also been reported that
Src can possess kinase activity even if Y530 is phosphorylated [120, 127-129].
A possible explanation for this may involve the platelet-derived growth-factor
receptor (PDGF-R) [120] and/or c-erbB2 [130], which are able to selectively
phosphorylate Src on a conserved tyrosine residue found at position 215 in the
SH2 binding domain. Phosphorylation of Y215 has been shown to alter the
binding specificity of the SH2 domain such that interactions with Y530 are
prevented regardless of phosphorylation status, whereas binding to other SH2
docking sites is unaffected [120]. Therefore, it is possible that the increased
Src phosphorylation at Y419 seen in the Tam-R cells in the absence of a
corresponding decrease in phosphorylation at Y530 is a result of the

phosphorylation of Src at Y215 by c-erbB2, which is up-regulated in these
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cells [70]. This would prevent interactions between the negative-regulatory
tail and the SH2 domain and promote full kinase activation of Src, even in the
presence of phosphorylated Y530. Further work to characterise these cell-

lines for Src Y215 phosphorylation is, therefore, required to test this theory.

The other key mechanism of Src activation is through protein-protein
interactions. Src has been called a “promiscuous” tyrosine kinase due to its
ability to directly interact with many different proteins. Src contains one SH2
and one SH3 protein binding domain which work to facilitate interactions
between Src and other proteins in a highly specific manner; the SH2 domain
recognises phosphorylated tyrosine residues flanked by specific sequences of
amino acids, whereas the SH3 domain binds to proteins containing proline-
rich sequences that fold in a left-handed helix [114]. The interaction between
Src and other proteins via these domains results in Src adopting an open
conformation, thus promoting the auto-phosphorylation and activation of its
kinase domain [100]. SH2- and SH3-protein binding domains, along with the
target sites they recognise, are found in a wide variety of proteins, and so
elucidating the aetiology of Src activation by this mechanism is complicated

by the vast number of proteins that may contribute to it [131].

FAK is a favoured binding partner of Src and their association has been well
documented [131, 167, 169, 175, 176]. Phosphorylation of FAK at Y397,
which is usually initiated by integrin engagement and clustering, creates an
SH2-binding site to which Src can bind, becoming activated in the process.
However, Western blot analysis of basal MCF7wt and Tam-R cells showed no
significant differences in FAK phosphorylation at Y397 between the two cell-
lines. Furthermore, immunoprecipitation experiments indicate that there is no
difference in the levels of Src/FAK association between basal MCF7wt and
Tam-R cells (S Hiscox, personal communication). Taken together, these ob-
servations would suggest that increased association of Src with FAK is not

responsible for the increased Src activation seen in the Tam-R cells.

Src can also be activated through interactions with receptor tyrosine kinases

[143], such as the erb B family of growth-factor receptors [227]. The most
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well-studied of these interactions occurs between Src and EGFR [145, 228]. It
has been suggested that Src and EGFR share a synergistic relationship, with
the activities of both proteins being greater when they are co-over-expressed
than when either protein is over-expressed on its own [200, 201]. Our labora-
tory has previously reported that EGFR signalling is important for driving
hormone-independent growth in Tam-R cells [70] and may also contribute to
the regulation of their enhanced aggressive cell-phenotype [180]. Therefore,
whether the increased expression of EGFR in Tam-R cells might also be

responsible for the increased Src activation seen was investigated.

Figure 3.20 confirmed that basal levels of total and phosphorylated EGFR
were increased in the Tam-R cell-line, with both phosphorylation at Y1068 (an
important site for the EGFR-Grb2-MAPK mitogenic signalling pathway) and
total protein levels increased 8-fold over MCF7wt. Interestingly, a 3-fold
increase in the phosphorylation of EGFR at Y845, a Src specific phosphoryla-

tion site [229], was also observed.

Next, EGFR activation and signalling were modulated using growth-factor
(TGFa) stimulation and pharmacological inhibition (gefitinib) in order to
observe any subsequent effects on Src activation. As expected, TGFa
stimulation resulted in increased phosphorylation of EGFR at both Y845 and
Y1068. However, a 2.5-fold increase in Src activation was also observed.
Correspondingly, gefitinib inhibited EGFR phosphorylation at Y1068 and
reduced Src activation by over 50%. The effect of gefitinib on Src activation
positively correlates with the effect seen on Tam-R cell migration and
invasion [180]. The modulation of Src activity following ligand-stimulation
or pharmacological inhibition of EGFR has been reported previously [198,
199, 230]. Furthermore, Osherov and Levitzki have proposed that the
activation of Src by EGFR is dependent on the level of EGFR expression
[198]. As EGFR expression is increased 8-fold in Tam-R cells compared to
MCF7wt, these data suggest that up-regulated EGFR expression may be at
least partially responsible for the concomitant increase in Src activation seen

in these cells.
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Interestingly, increases were observed in both EGFR pY845 and total protein
levels following gefitinib treatment. This may be because Src is thought to be
involved in the internalisation of EGFR following ligand binding, which
commits the receptor to the degradation or recycling pathways [231, 232].
Thus, if Src activity is reduced by gefitinib then these mechanisms might be
disrupted, resulting in the accumulation of EGFR on the plasma-membrane.
Residual active Src may be sufficient to phosphorylate this EGFR on Y845,
which is not dependent on the intrinsic kinase activity of EGFR, thus

accounting for the increase in phosphorylated Y845 also seen.

The effect of alternative EGFR ligands, in addition to the stimulation of other
receptor tyrosine kinases, on the activation of Src in Tam-R cells was investi-
gated next. The receptors chosen were c-erbB2 and IGF-1R, as both have
previously been shown to be active in Tam-R cells [70, 196]. Treatment of
Tam-R cells with EGF, TGFa and amphiregulin all resulted in increased
activation of Src, with amphiregulin eliciting a greater response than either
EGF or TGFa. Interestingly, recent work in our laboratory has demonstrated
that cross-talk between ER and EGFR signalling pathways in Tam-R cells
promotes the expression of amphiregulin as part of an autocrine growth
mechanism [73], and thus these cross-talk mechanisms may also indirectly

stimulate Src activation.

Furthermore, the MEK inhibitor PD098059, which inhibits the EGFR-
stimulated activation of ERK 1/2, had no effect on Src activity in Tam-R cells.
This suggests that the activation of Src by EGFR is direct, rather than a
downstream effect of the EGFR signalling pathway. Indeed, Luttrell et al.
have shown that Src is able to directly associate with phosphorylated EGFR in
breast cancer cells via its SH2-binding domain [144], which could then lead to
the subsequent activation of its kinase domain. However, immuno-
precipitation experiments are required in order to confirm whether this is

occurring in the Tam-R cells.

Heregulin is a ligand for the c-erbB3 and c-erbB4 members of the erb B

family of receptor tyrosine kinases which, upon ligand binding, are able to
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form hetero-dimers with other family members. Treatment of Tam-R cells
with heregulin produced the greatest increase in Src activity, with Src pY419
levels increased 4.6-fold over control. Knowlden er al. have previously
reported that, while c-erbB4 is not present in the Tam-R cells, c-erbB3 is
expressed and is able to form homo-dimers or undergo hetero-dimerisation
with EGFR under basal conditions [70]. Furthermore, it is possible that c-
erbB2/c-erbB3 hetero-dimers, which were not detectable under basal

conditions in Tam-R cells, may also form following ligand binding to c-erbB3.

Whilst data on direct interactions between Src and c-erbB3 homo-dimers is
limited, heregulin may still activate Src in two additional ways. The first is
following hetero-dimer formation between c-erbB3 and either EGFR or c-
erbB2, which would result in the trans-activation of EGFR or c-erbB2,
facilitating interactions with, and thus activation of, Src in the classical
manner. Secondly, increased c-erbB2 activation following c-erbB3 hetero-
dimer formation may, as already discussed, result in the phosphorylation of
Src Y215 in the SH2 domain, thus preventing intra-molecular interactions
between the SH2 domain and negative-regulatory tail and promoting Src
activation via auto-phosphorylation of Y419 [120, 130]. However, treatment
of Tam-R cells with the c-erbB2 inhibitor trastuzumab (Herceptin™) appeared
to have no effect on Src activation. Therefore, if c-erbB2 is able to potentiate
Src activation in the Tam-R cells via the phosphorylation of Y215 then this
mechanism would seem to be cooperative rather than essential. Thus, the data
suggests that stimulation of Tam-R cells with heregulin could potentially
initiate two mechanisms of Src activation, which may account for the high

levels of activation seen.

Tam-R cells were also either stimulated with IGF-II or inhibited with
AG1024, a specific IGF-1R inhibitor, in order to modulate IGF-1R activity.
IGF-II was used to stimulate IGF-1R in the Tam-R cells as it has previously
been demonstrated that these cells do not express IGF-1 [196]. The effects
seen on Src activation were modest, with Src activation at 211% and 79% of

control following IGF-1R stimulation and inhibition respectively. Therefore,
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while IGF-1R activity is able to modulate the activation of Src in Tam-R cells,
it is unlikely to contribute greatly to the increase in Src activation seen
following the acquisition of tamoxifen resistance. However, work is currently
on-going in our laboratory to look at the role of Src in cross-talk mechanisms
between EGFR and IGF-1R signalling pathways that may ultimately aid the

development of resistance to anti-growth-factor therapies [196].

Taken together, this evidence may suggest a role for protein-protein
interactions, particularly those between Src and EGFR, as a contributory factor
for the increased activation of Src tyrosine kinase in tamoxifen resistant MCF7
breast cancer cells. Furthermore, formation of a Src/EGFR complex may be
facilitated by the phosphorylation of Src Y215 by c-erbB2 to prevent com-
petitive binding of the phosphorylated negative-regulatory tail.
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3.4 Chapter Summary

e Tam-R cells possess an enhanced aggressive cell phenotype compared to
MCF7wt cells, displaying altered morphology, increased growth rates, in-

creased motile and invasive capabilities, and altered cell-matrix attachment.

» Src activity is significantly increased in Tam-R cells, an effect independent

of changes in Src gene expression or total protein levels.

e Increased Src activation in Tam-R cells leads to an increase in the Src-
dependent phosphorylation of FAK and paxillin, proteins which are impor-

tant in the regulation of cell attachment, migration and invasion.

o While the mechanisms that underlie the increase in Src activation following
the acquisition of tamoxifen resistance are still unclear, aberrant modula-
tion of Src phosphorylation at Y530 is unlikely to be a causative factor.
However, protein-protein interactions, particularly those between Src and

EGFR, may have an important role to play.

o Therefore, this chapter provides circumstantial evidence for a role for Src
in mediating the aggressive phenotype of tamoxifen-resistant MCF7 breast

cancer cells in vitro.
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Chapter Four: Results

Src Kinase is Central to the Regulation of the

Aggressive in vitro Phenotype of Tam-R Cells

“There are no such things as incurable, there are only things for which

man has not yet found a cure.”

Bernard Baruch (1870-1965). US Financier and Statesman.
Speech, 30" April 1954; quoting his father, the surgeon Simon Baruch.
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4 Src Kinase is Central to the Regulation of the
Aggressive in vitro Phenotype of Tam-R Cells

4.1 Introduction and Aims

Src is a 60kDa non-receptor tyrosine kinase which was first discovered as the

product of a viral oncogene (v-src) following studies on the transforming Rous
sarcoma virus in the 1970s [83], with a cellular homologue of v-Src, named c-
Src, identified in uninfected cells soon after [87]. Further work revealed that
both v-Src and c-Src demonstrated protein kinase activity [90] which was later
found to be tyrosine specific [94]. Src was the first tyrosine specific kinase to

be discovered and, as such, is the most well studied [95-100].

Src activity is tightly regulated in a normal cellular environment; however,
both Src expression and activation have been shown to be increased in many
types of cancer, such as colon, breast and pancreatic [105-107]. Furthermore,
Src has been implicated in the regulation of a diverse number of cellular
processes which can promote tumour progression, including cell growth,
survival, attachment, motility and invasion [95-97]. Thus, Src presents a
promising therapeutic target in cancer, and this is reflected by the emergence

of several Src inhibitors which are now entering clinical trials [233].

The previous chapter showed that Tam-R cells possess an increased aggressive
cell-phenotype compared to their wild-type counterparts, demonstrating
enhanced growth, attachment, motility and invasion. Furthermore, these cells
also had significantly elevated levels of Src kinase activation. Thus, the aim
of this chapter was to establish whether Src plays a role in the regulation of the
aggressive cell-phenotype exhibited by Tam-R cells, and to do this, a
pharmacological inhibitor (AZM555130) was employed to reduce Src kinase
activity in the MCF7wt and Tam-R cell-lines.

AZMS555130 is one of a new series of 4-anilinoquinazoline based Src-family-
kinase inhibitors that have been recently developed by AstraZeneca [234-236].

AZMS555130 is a probe compound arising from studies which have since led
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to the development of AZD0530, a highly selective and potent inhibitor of
Src-family-kinases currently being assessed in phase I clinical trials [236].
The anilinoquinazoline-based structure common to both AZMS555130 and
AZDO0530 is shown in figure 4.1.

Although AZDO0530 was the lead compound in the development of this series
of Src-family-kinase inhibitors it was unavailable for use on commencement
of this study. Thus, the work presented in this thesis was conducted using
AZMS555130 to reduce Src activation in MCF7wt and Tam-R cells. For
experimental use, AZMS555130 was dissolved in DMSO at a stock concentra-
tion of 10mM and then diluted as appropriate in cell culture medium
immediately before use. Vehicle alone (DMSO) was used to treat control cells
in each experiment and had no effect on the parameters analysed in compari-

son with culture medium alone.

4.2 Results

4.2.1 AZM555130 decreases activation of Src kinase

AZM555130 is a novel compound which had not been used in the MCF7wt
and Tam-R cell-lines prior to this work. Thus, the first priority was to deter-
mine its efficacy as an inhibitor of Src kinase activity in these cells using dose
response and time course experiments. The effect of the compound on Src
activation was assessed by measuring the level of Src phosphorylation at Y419

in the cells following treatment [123].

For dose response experiments, MCF7wt and Tam-R cells were cultured in
W+5% + Tam (100nM) until they had reached log-phase growth. The cells
were then treated with AZMS555130 at a range of concentrations (0-1uM) for
24 hours prior to lysis and immunoprobing for levels of phosphorylated
(Y419) and total Src protein. Representative blots and subsequent densi-
tometric analysis for Src in the MCF7wt and Tam-R cell-lines are shown in

figures 4.2 and 4.3 respectively.

The data show AZMS555130 to be an effective inhibitor of Src activation in

both cell-lines at concentrations of 0.1uM and 1uM; with the phosphorylation
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Figure 4.1 Structure of AZMS555130, one of a new series of 4-anilinoquinazoline based
Src-family-kinase inhibitors developed by AstraZeneca.

The novel Src-family-kinase inhibitor AZMS555130 was developed and supplied by
AstraZeneca (Macclesfield, UK). It is one of a new series of 4-anilinoquinazoline based Src-
family-kinase inhibitors and works by competitively binding to the ATP-binding site of the
kinase domain. A very similar compound also developed by AstraZeneca, AZD0530, is
currently undergoing phase I/I1 clinical trials.
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Figure 4.2 Dose-dependent effect of AZM555130 Src-family-kinase inhibitor on Src
activation in MCF7wt cells as determined by Western blotting.

MCF7wt cells were cultured to log-phase growth and then treated with AZM555130 at the
the same duration. The cells were then lysed for proteins as described in materials and
methods (section 2.4.1). Total soluble protein (40ug) was subjected to SDS-PAGE/Western
blot analysis and the membranes probed with antibodies specific for Src pY419 and total Src
{A). Densitometry was conducted on the bands obtained and the data, corrected for loading
with B-actin, presented as Mean % of Control £+ S.D. (* p<0.001 vs. Control; n=3) (B).
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Figure 4.3 Dose-dependent effect of AZMS55130 Src-family-kinase inhibitor on Src
activation in Tam-R cells as determined by Western blotting.

Tam-R cells were cultured to log-phase growth and then treated with AZMS55130 at the stated
concentrations for 24 hours. Control cells were treated with vehicle (DMSQ) only for the
same duration. The cells were then lysed for proteins as described in materials and methods
(section 2.4.1). Total soluble protein (4Gug) was subjected to SDS-PAGE/Western blot

Densitometry was conducted on the bands obtained and the data, corrected for loading with B-

s

actin, presented as Mean % of Control + S.D. (* p<0.01 vs. Control; n=3) (B).
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of Src Y419 reduced by 54% and 92% (MCF7wt) and by 65% and 89% (Tam-
R) at these concentrations respectively. The reductions in Y419 phosphoryla-
tion observed were not a result of decreased Src protein as levels of total Src
were unaffected by AZM555130 treatment. The ICso values for the inhibition
of Src in MCF7wt and Tam-R cells by AZM555130 were calculated as
0.07uM and 0.02uM respectively.

The effect of AZMS555130 on Src activation in these cell-lines was also
examined by immunocytochemistry. MCF7wt and Tam-R cells were cultured
on coverslips to log-phase growth and treated with either AZM555130 (1uM)
or vehicle (DMSO) for 24 hours. The cells were then fixed using the ERICA
technique and immuno-probed for Src pY419 using phospho-specific anti-
bodies as previously described (section 2.5). Representative images captured
using light microscopy are shown in figure 4.4 and demonstrate a reduction in
Src pY419 staining in both cell-lines following treatment with AZM555130,
thus confirming the results obtained with SDS-PAGE/Western blotting.

In addition to establishing the optimum concentration of AZM555130 for the
treatment of MCF7wt and Tam-R cells, various treatment durations were also
profiled to ensure that the inhibitor was effective within the time frame of the
experiments in which it was used. For this, MCF7wt and Tam-R cells were
cultured to log-phase growth and then treated with AZMS555130 at 1uM for
increasing durations (1 min, 10 min, 30 min, 60 min, 4 hrs, 24 hrs and 4 days)
prior to lysis and immunoprobing for phosphorylated and total Src as above.
Controls were treated with vehicle only (DMSO) for 24 hrs or 4 days as
appropriate. Figures 4.5 (MCF7wt) and 4.6 (Tam-R) show that AZM555130
at 1uM drastically reduced the level of Src Y419 phosphorylation after just 1
minute, and almost completely eradicated Y419 phosphorylation after 30
minutes, in both cell-lines. Total Src protein levels were unaffected by short-
term treatment with AZM555130; however, a reduction in total Src was seen

in MCF7wt cells after 4 day treatment with AZMS555130.
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Figure 4.4 Effect of AZMS55130 Src-family-kinase inhibitor (1uM, 24 hrs) on Sre
activation in MCF7wt and Tam-R cells as determined by immunocytochemistry.

MCF7wt and Tam-R cells were cultured on glass coverslips to log-phase growth and then
treated with AZMS555130 (1uM) for 24 hours. Control cells were treated with vehicle
(DMSQ) only for the same duration. The cells were then fixed using the ERICA technique as
described in materials and methods (section 2.5.1.1). Fixed cells were assayed for Src pY419
using a phospho-specific antibody and the protein localisation was visuaiised using the DAKO
EnVision™+ system peroxidase [DAB] kit as described in section 2.5.2. Representative
images of MCF7wt (A) and Tam-R (B) cells + AZMS55130 were captured using an Olympus
BH-2 phase contrast microscope at 20x magnification.
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Figure 4.5 Time-course experimeni to demonstrate efficacy of AZMS55130 (1pM) as an
inhibitor of Src activation in MCF7wi cells.

MCF7wt cells were cultured to log-phase growth and treated with AZM555130 (1uM) for 1
minute, 10 minutes, 30 minutes, 60 minutes, 4hrs, 24hrs and 4 days. Control cells were treated
with vehicle (DMSO) only for 24 hrs or 4 days as appropriate. Following treatment, cells were
lysed for proteins as described in materials and methods (section 2.4.1). Total soluble protein
(40pg) was subjected to SDS-PAGE/Western biot analysis and the membranes probed with
antibodies specific for Src pY419 and total Src (A). Densitometry was conducted on the bands
obtained and the data, corrected for loading with B-actin, presented as % of Control (B).
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Figure 4.6 Time-course experiment to demonstrate efficacy of AZMS555130 (1uM) as an
inhibitor of Src activation in Tam-R cells.

Tam-R cells were culiured io log-phase growth and treated with AZM555130 (1uM) for !
minute, 10 minutes, 30 minutes, 60 minutes, 4hrs, 24hrs and 4 days. Control cells were treated
with vehicle (DMSO) only for 24 hrs or 4 days as appropriate. Following treatmert, cells were
lysed for proteins as described in materials and methods (section 2.4.1). Total soiuble protein
(40pg) was subjected to SDS-PAGE/Western blot analysis and the membranes probed with
antibodies specific for Src pY4 19 and total Src (A). Densitometry was conducted on the bands
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One of the most prevalent inhibitors currently used for in vitro and in vivo
analysis of Src activity is the proprietary compound, SU6656 (Calbiochem).
As such, the efficacy of AZMS555130 as an inhibitor of Src kinase activity was
compared to that of SU6656. Tam-R cells were cultured to log-phase growth
and then treated with SU6656 at a range of concentrations (0-10uM) for 24
hours, while control cells were treated with vehicle (DMSO) only for the same
duration. SDS-PAGE/Western blot analysis revealed that, while SU6656
reduced Src Y419 phosphorylation in a dose-dependent manner, it was not as
potent an inhibitor of Src activation as AZMS555130 in the Tam-R cell-line
(Figure 4.7). The ICsy for SU6656 in Tam-R cells calculated from these
experiments was 1.7uM, compared to 0.02uM for AZM555130. Furthermore,
phosphorylation of Src at Y419 was still evident with SU6656 at 10uM.

4.2.2 Src inhibition in Tam-R cells alters cell morphology and
decreases matrix-attachment, migration and invasion

The data obtained above confirms that the novel Src-family-kinase inhibitor,
AZMS555130, is an effective inhibitor of Src kinase activation in the MCF7wt
and Tam-R cell-lines. As such, pharmacological inhibition of Src was used as
a tool with which to elucidate a role for Src in the regulation and maintenance

of the aggressive Tam-R cell phenotype.

The effect of Src inhibition on cell morphology was investigated. MCF7wt
and Tam-R cells were cultured to log-phase growth and then treated with
either AZM555130 (1uM) or vehicle (DMSO) for 24 hours. The effect of
AZMS555130 on the morphology of these cells was then assessed using a Leica
DM-IRE2 inverted microscope fitted with a Hoffman condenser as described
in section 2.6. Representative images of the control and treated cells captured
at 20x magnification are shown in figure 4.8. Under basal conditions Tam-R
cells are seen to grow in diffuse colonies and possess an angular appearance
due to increased membrane activity. However, inhibition of Src activity
caused significant loss of membrane structures such as filopodia and lamelli-

podia in the Tam-R cells, and resulted in a morphology more akin to that of
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Figure 4.7 Dose-dependent effect of the proprietary Src-family-kinase inhibitor SU6656
on Src activation in Tam-R cells as determined by Western blotting.

Tam-R cells were cultured to log-phase growth and then treated with SU6656 at the stated
concenirations for 24 hours. Control cells were ireaied with vehicle (DMSG) only for the
same duration. The cells were then lysed for proteins as described in materials and methods
(section 2.4.1). Total soluble protein (40ug) was subjected to SDS-PAGE/Western blot
analysis and the membranes probed with antibodies specific for Src pY419 and total Src (A).
Densitometry was conducted on the bands obtained and the data, corrected for loading with B-
actin, presented as Mean % of Control + S.D. {n=2) (B).
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Figure 4.8 Effect of Src inhibition using AZMS555130 on the morphology of MCF7wt and
Tam-R cells.

MCF7wt and Tam-R cells were cultured to log-phase growth and then treated with
AZMS555130 (1uM) for 24 hours. Control cells were treated with vehicle (DMSO) only for the
same duration. Representative images of MCF7wt (A) and Tam-R (B) cells + AZM555130
treatment were captured at 20x magnification using a Leica DM-IRE2 inverted microscope
fitted with a Hoffman condenser and a Hamamatsu C4742-96 digital camera.
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the wild-type cell-line. Furthermore, treatment with AZMS555130 resulted in
the Tam-R cells growing in tightly-packed colonies in a manner similar to that
seen with MCF7wt cells. In contrast, the morphology of the MCF7wt cells
did not appear to be affected by treatment with AZM555130.

Previously, Tam-R cells have been shown to demonstrate both increased
migratory and invasive capabilities and elevated Src activation compared to
MCF7wt cells. Increased Src activity is often associated with increased cell
migration and invasion, and so the AZM555130 Src-family-kinase inhibitor
was used in order to elucidate a role for Src in the increased migratory and

invasive phenotype of the Tam-R cells.

The effect of AZMS555130-induced Src inhibition on the migratory and
invasive capabilities of Tam-R cells was assessed using in vitro migration and
invasion assays (see sections 2.10 and 2.11). The weakly migratory and
invasive MCF7wt cells were also included for comparative purposes. Cells
were seeded into the pre-coated Transwell® inserts in medium containing
AZMS555130 (0-1uM), while control cells were seeded in medium containing
vehicle (DMSO) only. Inhibition of Src by AZMS555130 resulted in signifi-
cant reductions in the migration and invasion of Tam-R cells in a dose
dependent manner. AZMS555130 at 0.1uM and 1uM decreased Tam-R cell
migration to 56% and 23% of control respectively (figure 4.9). Similarly,
invasion in this cell-line was reduced to 17% and 6% of control at these
concentrations (figure 4.10). Interestingly, the effect of AZMS555130 at
0.1uM on Tam-R cell invasion was more pronounced than the effect seen on
cell migration, which may suggest that the events involved in cell invasion are

particularly reliant on higher levels of Src activity.

In the previous chapter it was proposed that the increased migration and inva-
sion of Tam-R cells is a consequence of de-regulated cell-matrix attachment
caused by increased Src-dependent FAK phosphorylation. To further test this
hypothesis, the effect of Src inhibition on cell-matrix attachment was exam-

ined next.
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m-R cell invasion was assessed using invasion assays as
described in section 2.11. MCF7wt and Tam-R cells (5x10%) in W+5% + Tam containing
AZM555130 at the concentrations stated above were seeded into Transwell™ inserts which
had been pre-coated with Matrigel™. Control cells were seeded in W+5% £ Tam containing
vehicle (DMSQ) only. Celis were left for 72 hours before invasive cells were fixed and
quantified as previously described. Daia (mean ceils/membrane) is presented as % of Control
+ S.D. (* p<0.001 vs. Centrol; n=3) (A). A representative experiment including MCF7wt cells
for comparison is also shown (B).
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The affinities of MCF7wt and Tam-R cells for uncoated or fibronectin-coated
surfaces following treatment with AZMS55130 were measured using cell
attachments assays (see section 2.9). The data obtained revealed that treat-
ment with AZM555130 significantly inhibited the attachment of both cell-
lines to either an uncoated or fibronectin-coated surface in a dose dependent
manner (figure 4.11). Attachment of MCF7wt cells in the presence of
AZMS555130 (1uM) was reduced to approximately 25% and 22% of control
on uncoated and fibronectin-coated surfaces respectively. The effect of
AZM555130 at 1uM on Tam-R cell attachment was more modest, with the
number of attached cells on an uncoated and fibronectin-coated surface

reduced to approximately 69% and 59% of control respectively.

To expand upon these results, the rate of MCF7wt and Tam-R cell attachment
in the absence and presence of AZM555130 was assessed using the attach-
ment time-course assays described in section 2.9. Figure 4.12 shows that the
rate of cell attachment to uncoated and fibronectin-coated surfaces was
markedly reduced by AZM555130 at 1uM in both cell-lines. Interestingly, the
effect of Src inhibition on the rate of cell attachment was greatest when the
cells were seeded onto a fibronectin-coated surface, suggesting that treatment
of cells with AZM555130 may disrupt integrin-dependent attachment which is
regulated via FAK phosphorylation.

Indeed, SDS-PAGE/Western blot analysis of MCF7wt and Tam-R cells
treated with AZMS555130 at various concentrations (0-1uM) revealed that
inhibition of Src kinase resulted in the decreased phosphorylation of FAK in a
dose dependent manner. Figure 4.13 shows that phosphorylation of FAK at
the Src specific Y861 site was significantly reduced by AZM555130 at both
0.1uM and 1pM. Furthermore, treatment with AZMS555130 at these
concentrations also resulted in a smaller reduction in the phosphorylation of
FAK Y397. This is of particular interest as FAK Y397 is widely believed to
be an auto-phosphorylation site. Levels of total FAK protein in these cells

were unaffected by treatment with AZM555130.
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Figure 4.i1 Effect of Src inhibition using AZMS3555130 on the affinity of MCF7wi and
Tam-R cells for uncoated and fibronectin-coated surfaces.

The effect of Src inhibition on the affinity of MCFE7wt and Tam-R cells for uncoated (A) or
fibronectin-coated (B) surfaces was measured using a cell attachment assay. Celis (4x10%)
were seeded inte the wells of either uncoated or fibronectin-coated 96-well plates in W+5% +
Tam (100nM) coniaining AZM555130 ai the concenirations staied above. Conirol cells were

for 50 minutes at 37°C after which the wells were washed with PBS and the number of
attached cells assessed using the MTT assay as described in materials and metheds (section
2.7.1). Each condition was run 6 times per experiment. Data is presented as Mean Cell
Attachment (ODs,) = S.D. (* p<0.05 vs. Control ** p<0.01 vs. Control; n > 2).
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Figure 4.12 Effect of Src inhibition using AZM555130 or the rate of MCF7wt and Tam-
R cell-attachment to uncoated and fibronectin-coated surfaces.

The effect of Src inhibition on the rate of MCF7wt and Tam-R cell attachmerit to uncoated {A)
or fibronectin-coated (B) surfaces was measured using a cell attachment time-course assay.
Cells (4x10%) were seeded into the wells of either uncoated or fibronectin-coated 96-well
plates in W+5% + Tam (100nM) containing AZMS555130 (1uM). Control cells were seeded in
W+5% + Tam (100nM) containing vehicle (DMSO) only. Cells were left to attach for up to
50 minutes at 37°C. During the course of the assay, medium containing unattached cells was
removed at the given time points and replaced with PBS. The attached cells were kept in PBS
uritil the end of the experiment when the MTT assay was cairied out as normal. Data is
presented as Mean Cell Attachment (OD,,,) £ S.D. (n=3).
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Figure 4.13 Effect of Src inhibition using AZM555130 on FAK phosphorylation (pY397
and pYR61) in MCF7wt and Tam-R cells.
MCF7wt and Tam-R cells were cultured to log-phase growth and then treated with
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’DMSO) only for the same duratlon The cells were then lysed for proteins as described in
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the bands obtained and the data, corrected for loading with B-actin, presented as Mean % of
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4.2.3 Src inhibition with AZM 555130 in MCF7wt and Tam-R
cells decreases cell proliferation

Tam-R cells have previously been shown to possess an increased growth rate
in comparison to their wild-type counterparts, and this increased growth is re-
portedly driven by enhanced EGFR and c-erbB2 signalling in these cells [70].
The synergistic association between increased Src activation and enhanced
EGFR signalling is well established [131, 145, 200, 201, 237]. However, a
role for Src in cell proliferation is more controversial, with published reports
providing evidence for both sides of the argument [150, 152, 153, 237, 238].
As such, AZM555130 was utilised to investigate the role of Src in the

increased growth rate of Tam-R cells.

The effect of Src inhibition on the growth of MCF7wt and Tam-R cells was
assessed using cell counting experiments (see section 2.7.2). The data ob-
tained from three independent experiments is presented in figure 4.14 and
shows that the growth of both MCF7wt and Tam-R cell-lines was significantly
inhibited by AZM555130 at a concentration of 1uM only. Src has been linked
to the augmentation of multiple signalling pathways that are able to promote
both cell proliferation and cell survival. The cell counting experiments
presented here show that the inhibition of Src with AZMS555130 reduced cell
number; however, it is not clear whether this reduction is a result of decreased
proliferation or decreased cell survival. Therefore, whether the reduction in
cell number following AZMS555130 treatment was a result of the disruption of

either, or both, of these cellular processes was investigated next.

The induction of apoptosis in the MCF7wt and Tam-R cell-lines following
treatment with AZMS555130 was measured using FACS analysis as described
in section 2.8. Cells were seeded in W+5% + Tam (100nM) and allowed to
attach for 48-72 hours before being treated with either AZM555130 (0.01-
1uM) or vehicle (DMSO) for a further 72 hours. Apoptosis in these cells was
then assessed using the Vybrant® Apoptosis Assay Kit #4 (Invitrogen). The
Vybrant® Apoptosis Assay uses Yo-Pro®-1 (green) and propidium iodide (PI;

red) fluorescent dyes to assess the viability of cells. Yo-Pro®-1 is able to

»
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Figure 4.14 Dose-dependent effect of AZMS55130 Sic-family-kinase inhibitor on cell
growth in MCF7wt and Tam-R cells as determined by cell counting.

MCF7wt (A) and Tam-R (B) cells were seeded in W+5% + Tam (100nM) into a 24-well plate
at a density of 40,000 cells/well. After 24hrs, the medium was replaced with W+5% + Tam
(100nM) containing AZM555130 at the stated concentrations. Control cells were cultured ini
the presence of vehicle (DMSO) only. The cells were cultured as normal and cell number
determined on days 8 (Tam-R) and 11 (MCF7wt) using a Beckman Coulter™ Multisizer [I.
Each concentration was counted in triplicate per experiment and the experiment was repeated
3 times. Data is presented as Mean % of Control + S.D (* p<0.05 vs. Control; n=3).




Chapter Four: Pharmacological Inhibition of Src

permeate the membrane of apoptotic cells, but not healthy cells; whilst PI is
excluded from both due to its larger size. PI can, however, be taken up by
necrotic cells. Therefore, any cells containing only Yo-Pro®-1 will be
apoptotic, whereas any cells containing both Yo-Pro®-1 and PI will be
necrotic. Thus, a distinction can be made between healthy, apoptotic and

necrotic cells by measuring the fluorescence of individual cells using FACS.

Cell populations were analysed using CellQuest™ Version 3.3 software based
on the fluorescence profile obtained. For quantitation, the number of cells in
each gated population was expressed as a percentage of the total number of
events counted. Figures 4.15 and 4.16 show that there was no significant
increase in the levels of either apoptosis (Yo-Prol® +ve/PI —ve) or necrosis
(Yo-Prol® +ve/PI +ve) in MCF7wt and Tam-R cells respectively following
treatment with AZMS555130.

The effect of Src inhibition on cell proliferation was assessed by measuring
the levels of the Ki67 nuclear antigen in MCF7wt and Tam-R cells following
treatment with AZMS555130. The Ki67 monoclonal antibody recognises an
antigen present in the nucleus of cells at all stages of the cell cycle apart from
GO [239]. Cells in GO are said to be dormant, or quiescent, and demonstrate
no growth or replication of cellular components. Thus, the presence of the

Ki67 antigen is a reliable marker of cell proliferation.

Cells were seeded onto coverslips in W+5% + Tam (100nM) and allowed to
attach for 48-72 hours before being treated with either AZM555130 (0.01-
1uM) or vehicle (DMSO) for a further 72hrs. The cells were then fixed using
formal-saline as described in section 2.5.1.2, and assayed for the Ki67 nuclear
antigen using the MIB I monoclonal antibody following the protocol outlined
in section 2.5.2. The Ki67 antigen was visualised in the cells using the DAKO
EnVision™+ system peroxidase [DAB] kit. Representative images of Ki67
antigen staining in MCF7wt and Tam-R cells at each concentration of
AZMS555130 were captured at 10x and 20x magnification, and are presented in
figures 4.17 and 4.18 respectively. The images show that the proportion of
Ki67 antigen expressing cells was significantly reduced by AZMS555130 at

L 4
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Figure 4.15 Effect of Src inhibition using AZMS555130 on apoptosis in MCF7wt cells.

MCF7wi cells were treaied with AZM555130 at the stated conc

(DMSOQ) for 72hrs. Apoptosis was then assessed using the Vybrant® Apoptosis Assay Kit #4
(Invitrogen) as described in materials and methods (section 2.8). Cell counts were measured
using a FACSCalibur FACS machine. Positive (TPEN-treated) and negative (untreated)
centrols for the assay were used to calibrate the FACS machine for opiimal data collection. A
total of 5000 events were counted in each run and each sample was counted in duplicate. Cell
populations were analysed using CellQuest™ Version 3.3 software based on their fluorescence
profile (A). Yo-Pro®I —ve/Pl —ve cells represent the live-cell population, Yo-Pro®1 +ve/PI —
ve cells are undergoing early-mid apoptosis, and Yo-Pro®1 +ve/Pl +ve cells are necrotic.
Data is presented as the mean number of cells in each population as a percentage of the total

number of events + S.D. (n=3) (B).
-

ntrations or with vehicle only
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Figure 4.16 Effect of Src inhibition using AZM555130 on apoptosis in Tam-R cells.
Tam-R cells were treated with AZMS555130 at the stated concentrations or with vehicle only
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{DMSO) for 72hrs. Apoptosis was then d using the Vybrant® Apoptosi Kit #4
{Invitrogen) as described in materials and methods (section 2.8). Cell counts were measured
using a FACSCalibur FACS machine. Positive (TPEN-treated )
controls for the assay were used to calibrate the FACS machine for optimal data collection. A
total of 53000 events were counted in each run and each sample was counied in duplicate. Cell
populations were analysed using CellQuest™ Version 3.3 software based on their fluorescence
profile (A). Yo-Pro®1 —ve/PI —ve cells represent the live-cell population, Yo-Pro®1 +ve/PI —
ve cells are undergoing early-mid apoptosis, and Yo-Pro®1 +ve/Pl +ve cells are necrotic.
Data is presented as the mean number of cells in each population as a percentage of the total

number of events + S.D. (n=3) (B).
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Figure 4.17 Assessment of the inhibitory
MCF7wt cells using immunocytochemical staining for the Ki67 antigen.

MCF7wt cells were cultured on glass coverslips and then treated with AZMS555130 at the
stated concentrations or with vehicle only (DMSO) for 7Zhrs. The cells were then fixed with
formal-saline as described in materials and methods (section 2.5.1.2) and assayed for the Ki67
antigen using the MIB I monoclonal antibody. Ki67 antigen present in the cells was visualised
using the DAKO EnVision™+ system peroxidase [DAB] kit as described in section 2.5.2.
Representative images of Ki67 staining in MCF7wt cells at each concentration of AZM555130
were captured at 10x and 20x magnification using an Olympus BH-2 phase contrast

microscope fittedawith an Olympus DP-12 digital camera system.
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Figure 4.18 Assessment of the inhibitory effects of AZMS555130 on cell proliferation in
Tam-R cells using immurocytochemical stainirg for the Ki67 antigen.

Tam-R cells were cultured on glass coverslips and then treated with AZM555130 at the stated
concentrations or with vehicle only (DMSO) for 72hrs. The cells were then fixed with formal-
saline as described in materials and methods (section 2.5.1.2) and assayed for the Ki67 antigen
using the MIB 1 monoclonal antibody. Ki67 antigen present in the cells was visualised using
the DAKO EnVision™+ system peroxidase [DAB] kit as described in section 2.5.2.
Representative images of Ki67 staining in Tam-R cells at each concentration of AZMS555130
were captured at 10x and 20x magnification using an Olympus BH-2 phase contrast
microscope fitted with an Olympus DP-12 digital camera system.
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1uM only in both the MCF7wt and Tam-R cell-lines. These results are in

agreement with the data obtained with cell counting experiments.

As mentioned previously, proliferation of Tam-R cells is driven by the
enhanced activation of the EGFR-ERK 1/2 mitogenic signalling pathway [70].
Furthermore, Ki67 staining, which was reduced following treatment with
AZM555130, is known to correlate with EGFR activity in tamoxifen-resistant
breast cancer in vivo [23]. Therefore, given the effect of AZM555130 on
proliferation and Ki67 staining in these cell-lines, in addition to Src’s ability to
phosphorylate EGFR at a number of sites to potentiate EGFR activity and
signalling [201, 229, 240], the effect of AZM555130 on EGFR signalling in
the MCF7wt and Tam-R cells was investigated.

SDS-PAGE/Western blot analysis of MCF7wt and Tam-R cells treated with
AZM555130 at increasing concentrations (0-1uM) revealed that phosphoryla-
tion of EGFR Y1068 was significantly reduced at 1uM only, while levels of
total EGFR were unaffected (figure 4.19). Phosphorylation of EGFR Y1068
leads to the activation of the RAS-RAF signalling pathway, which ultimately
results in the downstream activation of the MAPKs, ERK 1 and ERK 2.
Accordingly, figure 4.20 shows a corresponding reduction in ERK 1/2 activa-

tion following Src inhibition with AZM555130 at 1uM only.

As treatment with AZM555130 was seen to down-regulate EGFR activity at
the protein level, the effect of Src inhibition on TGFa-stimulated growth in
the MCF7wt and Tam-R cell-lines was next explored. These growth experi-
ments were conducted over a short duration and so the MTT assay described
in section 2.7.1 was used to quantitate cell number. MCF7wt and Tam-R cells
(5x10%) were cultured in a 96-well plate for 5 days in medium containing
either AZM555130 (0-1uM) + TGFa (10ng/ml) or AZMS555130 (0-1puM)
alone before being subjected to the MTT assay for quantitation. Figure 4.21
shows that the basal growth of MCF7wt and Tam-R cells was decreased by
AZMS555130 at a concentration of 1uM, which confirms the data obtained

using cell counting experiments in figure 4.14. Treatment of the cells with
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Figure 4.19 Effect of Src inhibition on EGFR activation in MCF7wt and Tam-R cells.

MCF7wt and Tam-R cells were cultured to log-phase growth and then treated with
AZM555130 at the stated concentrations for 24 hours. Control celis were treated with vehicle
{DMSO) only for the same duration. The cells were then lysed for proteins as described in
materials and methods (section 2.4.1). Total scluble protein (40ug) was subjected to SDS-
PAGE/Western blot analysis and the membranes probed with antibodies specific for EGFR
pY 1068 and total EGFR (A and B). Densitometry was conducted on the bands obtained and
the data for pY 1068, corrected for loading with B-actin, presented as % of Control (* p<0.001

vs. Control; n=2) (©).
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Figure 4.20 Effect of Sre inhibition on ERK 1/2 activation in MCF7wt and Tam-R cells.
MCF7wt and Tam-R cells were culiured to log-phase growth and then ireated with
AZM555130 at the siated concentrations for 24 hours. Control cells were treated with vehicle
{DMSO) only for the same duration. The cells were then lysed for proteins as described in
materials and methods (section 2.4.1). Total soluble protein (40pg) was subjected to SDS-
PAGE/Western blot analysis and the membranes probed with antibodies specific for active (P)
and total (T) ERK 1/2 (A and B). Densitometry was conducted on the bands obtained and the
data for P-ERK 1/2, corrected for loading with [3-actin, presented as % of Control (* p<0.05 vs.
Control ** p<0.01%s. Control; n > 3) (C).
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Figure 4.21 Effect of Src inhibition using AZM555130 on cell growth in MCF7wt and
Tam-R cells following stimulation with TGFa.

MCF7wt (A) and Tam-R (B) cells were seeded in W+5% + Tam (100nM) into a 96-well plate
at a density of 5x10% cells/well. After 24 hrs, the medium was replaced with W+5% + Tam
containing either AZM555130 + TGFu (10ng/ml) or AZMS55513G alone. AZMS555130 was
used at the concentrations stated above, with control cells cultured in the presence of vehicle
(DMSO) only. The cells were cultured at 37°C for 5 days before cell number was determined
using the MTT assay as described in section 2.7.1. Data is presented as mean absorbance at
540nm, which is proportional to cell number, £ S.D. (* p<0.05 vs. Control ** p<0.01 vs.
Control *** p<(.001 vs. Control; n=4).
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TGFa resulted in a 2-fold increase in their growth. However, when treated
with TGFa in the presence of AZMS555130 at 1uM, the stimulatory effects of
TGFa on Tam-R cell proliferation were negated. TGFa treatment was seen to
have no significant effect on the growth of MCF7wt cells which is consistent
with fact that these cells display lower levels of EGFR activity than their

tamoxifen-resistant counterparts.

In conclusion, it was observed that MCF7wt and Tam-R cell growth was
reduced by AZM555130 at 1uM only. Ki67 staining revealed that this was
due to the inhibition of cell-proliferation; whereas levels of apoptosis were
unaffected. Furthermore, AZMS555130 at 1uM reduced EGFR phosphoryla-
tion and the subsequent downstream activation of ERK 1/2, and was also able
to negate TGFa stimulated growth in the Tam-R cells. Together, these
observations support a role for Src in the promotion of cell-proliferation via
the potentiation of EGFR phosphorylation and the subsequent activation of the
EGFR-ERK 1/2 mitogenic signalling pathway.

4.3 Discussion

4.3.1 Characterisation of AZM555130 as a potent inhibitor of
Src kinase activity

Over-expression and/or increased activity of Src has been reported in many
cancers, including colon, breast and pancreatic [101], and has been identified
as an important factor in tumour progression and the development of
metastatic disease [103]. Additionally, increased Src activity in breast cancer
has been shown to correlate with increased proliferation, high tumour grade

and lower 5-year recurrence-free survival rates [109].

In the previous chapter, the Tam-R model of tamoxifen-resistant breast cancer
was shown to possess elevated levels of Src activity. Furthermore, these cells
were seen to exhibit an aggressive cell-phenotype in vitro, displaying an
altered morphology and enhanced cell growth, attachment, motility and
invasion compared to their hormone-sensitive parental cell-line. Therefore,

the aim of this chapter was to establish a causative role for Src in the
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regulation of the aggressive cell-phenotype exhibited by the Tam-R cell-line.
To accomplish this, a novel Src-family-kinase inhibitor was employed to
reduce Src activation in MCF7wt and Tam-R cells, which were then studied

for any subsequent changes in their in vitro behaviour.

AZMS555130 is a novel Src-family-kinase inhibitor recently developed by
AstraZeneca. It is one of a number of leading probe compounds, of which
AZDO0530 has been selected for assessment in clinical trials as an anti-invasive
therapy [236]. AZMS555130 and AZD0530 are very similar in structure and
both belong to the anilinoquinazoline class of small molecule inhibitors [234,
235]. These have previously proven to be very successful as inhibitors of
tyrosine kinase activity, with recent examples including the EGFR tyrosine
kinase inhibitor gefitinib (Iressa™, ZD1839) [241, 242].

AZM555130 and AZDO0530 are ATP analogues which reduce Src kinase
activity by competitively binding to the active site of its kinase domain.
Although AZD0530 has been carried forward into clinical trials, AZM555130
was used throughout this study as the AZD0530 compound was not available
for use when work began. However, much of the data presented here has
subsequently been repeated using AZD0530 with comparable results. AZM-
555130 is a novel compound that had not been used in these cell models prior
to this work. Therefore, the first priority was to optimise the conditions of its

use and to assess it as an inhibitor of Src kinase activation in these cells.

AZMS555130 inhibited the phosphorylation of Src Y419 in a dose dependent
manner, with ICsg values in MCF7wt and Tam-R cells of 0.07uM and 0.02uM
respectively. A concentration of 1uM was selected as optimal for experimen-
tal use because, not only did it have the greatest effect on Src inhibition, but it
was also a concentration well tolerated by the cells. Furthermore, time course
experiments revealed that the reduction of Src Y419 phosphorylation was
rapid, and occurred within minutes of the initial treatment. Additionally, the
effects of AZM555130 on Src activation were sustained and still evident up to
4 days post-treatment. This verifies that AZM555130 was suitable for use in
both experiments with a short duration, such as attachment time course assays,
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and longer-term experiments, such as growth studies. A treatment duration of
24 hours was selected for protein analysis as this ensured any downstream

effects of Src inhibition were observed experimentally.

SU6656 is a proprietary Src inhibitor and is one of the most commonly used
compounds in the in vitro study of Src at present. SU6656 is an ATP-
analogue and has a similar mechanism of action to AZMS55130 [243];
however, comparison of SU6656 with AZM555130 showed that AZM555130
was more efficacious, with the ICsy for SU6656 in Tam-R cells calculated at
1.7uM. Furthermore, phosphorylation of Src at Y419 was still evident with
SU6656 at 10uM, a concentration that was proving to be cytotoxic upon visual
inspection of the cells during treatment. Therefore, the lower concentrations
of AZM555130 required for effective Src inhibition in MCF7wt and Tam-R

cells would increase the tolerability of the compound.

4.3.2 Src and the aggressive phenotype of tamoxifen resistant
breast cancer cells in vitro

To assess the effects of increased Src activity on the aggressive phenotype
displayed by the Tam-R cells in vitro, the appearance and behaviour of
MCF7wt and Tam-R cells were examined in the presence of AZMS555130. As
with the optimisation experiments, increasing concentrations of AZMS555130

were used in order to identify any potential dose-dependent effects.

Visual assessment of MCF7wt and Tam-R cells treated with AZMS555130
(1pM, 24 hrs) revealed that the Tam-R cells had undergone morphological
reversion, while the MCF7wt cells were seemingly unchanged. Inhibition of
Src kinase activity in Tam-R cells resulted in decreased membrane activity,
with a marked absence of lamellipodia and filopodia formation evident. Src
has previously been implicated in the formation of lamellipodia and filopodia
through promotion of actin polymerisation and cyto-skeletal rearrangement
[170, 238, 244]. The formation of lamellipodia and filopodia is important in
actively motile cells as these membrane projections allow the cell to form new
cell-matrix attachments distal to the main body of the cell and provide traction

to enable forward movement [170].

| 4
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Additionally, under basal conditions Tam-R cells grow in loose, disorganised
colonies and demonstrate de-regulated E-cadherin-mediated cell-cell contact
formation [165]. However, in the presence of AZM555130 Tam-R cells were
seen to grow in tightly packed colonies similar to those seen with MCF7wt
cells, suggesting the re-establishment of cell-cell adhesion mechanisms. Intact
cell-cell contacts are important for the suppression of cell motility and
invasion [164]. Increased Src kinase activity has previously been shown to
disrupt cadherin-dependent cell-cell contacts [245]; while inhibition of Src
with PP2 was seen to restore cell-cell attachment via increased E-cadherin

expression, leading to inhibition of cancer metastasis [237].

It has been proposed that Src may act as a molecular switch that alters the
predominant adhesion type in the cell from cell-cell adhesions to dynamic
cell-matrix attachments, and that this may increase cell motility [166]. The
data reported in this chapter suggest that increased Src activation increases
membrane activity and de-regulates cell-cell attachment in Tam-R cells, which
together may contribute to their motile and invasive phenotype. Inhibition of
Src with AZM555130 was able to reduce membrane activity and restore cell-
cell contacts in Tam-R cells, resulting in an altered morphology that may have

a significant impact on these cell’s ability to migrate and invade.

Indeed, investigations into the effect of Src inhibition on the migratory and
invasive capabilities of Tam-R cells showed significant inhibition of both
cellular processes by AZM555130 in a dose-dependent fashion. Interestingly,
invasion in the Tam-R cells appeared to be more sensitive than migration to
the effects of Src inhibition, with reductions of 83% and 44% seen with
AZMS555130 at 0.1uM respectively. This may be because Src activity is
required for a number of the cellular events that, when coordinated, result in
cell invasion, including decreased cell-cell adhesion, increased cell motility
and the expression of matrix-metalloproteases to digest the basal membrane.
This increased dependence on Src may explain the increased sensitivity of cell

invasion to the effects of Src inhibition.
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Cell migration and invasion are fundamentally reliant on the disruption of cell-
cell contacts and the de-regulation of cell-matrix attachment. In the previous
chapter it was hypothesised that Src is able to regulate cell-matrix attachment
by increasing FAK phosphorylation and, thus, the rate of focal adhesion
formation and turnover. Therefore, the effect of Src inhibition on cell-matrix

attachment in MCF7wt and Tam-R cells was investigated next.

Attachment to uncoated and fibronectin-coated plastic surfaces was reduced in
MCF7wt and Tam-R cells following seeding in medium containing
AZMS555130. Once again, the effects of AZM555130 were dose-dependent;
although, even at 1uM, a concentration previously shown to significantly
decrease Src Y419 phosphorylation, the inhibitory effects of AZM555130 on
cell-matrix attachment were modest, especially in the Tam-R cell-line
(approximate 40% reduction on both matrices compared to control). More
pronounced, however, were the effects on the rate of cell-matrix attachment in
these cells, particularly on a fibronectin-coated surface. Together, this would
suggest that although Src kinase activity is not crucial for cell-matrix
attachment, it is able to influence the rate at which it occurs. Indeed,
attachment and spreading of Src-deficient fibroblasts has been shown to be

significantly delayed on both fibronectin and vitronectin [246].

Cell-matrix attachment and motility are regulated by integrin signalling via the
phosphorylation of FAK and other focal adhesion proteins. As Src is known
to regulate the phosphorylation of FAK, the effects of Src inhibition on FAK
activation and signalling were examined. SDS-PAGE/Western blotting
experiments revealed that the phosphorylation of FAK Y861, a Src specific
site, was significantly reduced by AZMS555130 at both 0.1puM and 1pyM. In
addition, a similar decrease in the phosphorylation of paxillin Y31 was also
observed, suggesting the disruption of Src/FAK signalling pathways [247].
Expression of an FAK Y861F mutant in NIH3T3 fibroblasts suppressed the

OCAS

association of FAK with p13 and resulted in decreased motility and inva-

sion in these cells [225]; while the expression of a paxillin Y31F mutant in
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NBT-II cells has been shown to impair cell motility and prevent the formation

of paxillin-Crk complexes at focal adhesions [224].

Somewhat surprisingly, a modest decrease in the phosphorylation of FAK
Y397 was also observed following treatment of MCF7wt and Tam-R cells
with AZM555130. FAK Y397 is an auto-phosphorylation site that is phos-
phorylated following integrin engagement and clustering, although the precise
mechanisms by which this occurs are largely unknown. However, the data

presented here suggest a potential role for Src.

Some studies suggest that the phosphorylation of FAK can result from trans-
activation by other proteins. For example, EGFR has been shown to enhance
FAK Y397 phosphorylation following ligand binding to promote growth-
factor induced motility [205]. Therefore, given the synergistic relationship
between Src and EGFR it is possible that AZMS555130 is able to reduce Y397
phosphorylation indirectly via the inhibition of EGFR. Further work using a
specific inhibitor of EGFR, such as gefitinib, is required to address this.

Meanwhile, others have proposed that FAK itself may be able to promote the
auto-phosphorylation of Y397. Phosphorylation of FAK Y397 leads to the
binding of Src and the subsequent Src-dependent phosphorylation of FAK on
Y576, Y577 and Y861. Ruest ef al. (2000) and Leu and Maa (2002) suggest
that FAK molecules phosphorylated at these sites are then able to trans-
phosphorylate other FAK molecules on Y397 as part of a signal amplification
mechanism [248, 249]. Disruption of Src/FAK signalling required for FAK
Y861 phosphorylation following treatment with AZMS555130 has been
demonstrated above. Therefore, treatment with AZM555130 may result in the
partial loss of this signal amplification mechanism, thus accounting for the

modest reduction in Y397 phosphorylation seen.

Further studies have suggested a more direct role for Src kinase activity in the
phosphorylation of FAK Y397. Src possesses a dual role as a signalling
molecule in that it is able to act as both a tyrosine kinase and as an adapter
molecule. The adapter molecule function of Src is mediated via direct protein-

protein interactions with the SH2 and SH3 protein-binding domains, and
L 4
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enables Src to activate other proteins by direct association and also, to act as a
scaffold protein during the formation of protein complexes, such as focal
adhesions. Src’s adapter molecule function is thought to be independent of its
kinase activity; however, it has been proposed that the consensus sequence
recognised by the Src kinase domain is similar to that recognised by the SH2
domain of Src, meaning that sites phosphorylated by Src may also be able to
act as Src ligands [98]. An example of this has been reported for EGFR where
Src has been shown to both phosphorylate and bind to tyrosine residues at
positions 992, 1086, 1101 and 1148 [240]. One drawback of inhibiting Src
kinase activity only is that Src is still able to promote cell signalling through
protein-protein interactions. However, if accurate, these observations might
suggest that the inhibition of Src by AZMS555130 may reduce its ability to

function as an adapter molecule also.

Src/FAK signalling at focal adhesions ultimately engages pathways that lead
to FAK degradation and focal adhesion disassembly, thus promoting cell
motility. In accordance with this, Hiscox et al. have observed the formation of
enlarged focal adhesions in Tam-R cells following the inhibition of Src with
AZDO0530, thus suggesting impaired focal adhesion turnover [247]. Also,
CEF cells expressing a kinase-defective v-Src mutant have been shown to
demonstrate impaired FAK degradation and enlarged focal adhesions,
resulting in increased focal adhesion strength and decreased cell motility
[117]. Furthermore, Hiscox et al. have recently reported that the knockdown
of FAK using siRNA in Tam-R cells abrogated Src-dependent matrix
attachment and cell motility, proving that Src/FAK signalling is indeed central

to the regulation of these processes in this cell-line [211].

Therefore, the data presented in this chapter suggest that the pharmacological
inhibition of Src inhibits Src/FAK signalling at focal adhesions, thus disrupt-
ing focal adhesion turnover and reducing cell motility and invasion in Tam-R
cells. Together, these data provide further evidence of a causative role for Src

in the regulation of the aggressive phenotype exhibited by Tam-R cells.
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4.3.3 Increased Src activity in Tam-R cells enhances their
growth through potentiation of EGFR signalling

Currently, there are conflicting reports concerning the role of Src in cell
proliferation, with some groups showing that the modulation of Src activity in
cancer cells has no effect on their growth [150, 238], while others demonstrate
that the inhibition of Src using both pharmacological and molecular means

reduces cell proliferation to varying degrees [152, 153, 237].

Knowlden et al. have previously reported that the Tam-R cells possess a
significantly higher rate of growth than their hormone-sensitive MCF7wt
counterparts [70]. Furthermore, they have demonstrated that EGFR mitogenic
signalling via ERK 1/2 is increased in this cell-line [70]. Given the estab-
lished association between Src and EGFR, in which Src is able to potentiate
EGFR signalling by increasing the phosphorylation of EGFR at a number of
sites, the effect of AZM555130-mediated Src inhibition on the growth of Tam-
R cells was investigated. Cell counting experiments revealed that treatment of
MCF7wt and Tam-R cells with AZM555130 significantly inhibited cell
growth at a concentration of 1uM only. The mechanism by which Src is able
to promote the growth of these cell-lines is unclear; however, Src is known to
play a role in the transduction of many cell signalling pathways, including

those that regulate cell proliferation and cell survival.

Inhibition of Src using PP2 has been shown to induce apoptosis in Murine B-
cell leukaemia via the activation of the caspase cascade [250]. However, the
in vitro expression of a dominant-negative form of Src in MCF7 cells reduced
cell proliferation but had no effect on the levels of apoptosis [152].
Interestingly, increased Src activity has been shown to protect cells against
detachment-induced apoptosis, or anoikis, by inducing MAPK-mediated
expression of the anti-apoptotic Bcl-2 family of proteins, thus suggesting that
Src may not be involved in the regulation of apoptosis in cells that are firmly
attached to a matrix substratum [99]. The data obtained using the Vybrant®
apoptosis assay revealed that treatment of MCF7wt and Tam-R cells with
AZM555130 (1uM) for 72 hours did not affect the proportion of cells

-
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undergoing apoptosis in either cell-line (figures 4.15 and 4.16). In addition,
cleavage of the protein PARP, which is another characteristic of apoptosis,
was not evident by SDS-PAGE/Western blotting in either MCF7wt or Tam-R
cells following treatment with the AZD0530 Src inhibitor (1uM, 72hrs) (S.
Hiscox, personal communication). This implies, therefore, that Src is not

involved in the mechanisms that induce apoptosis in these cells.

However, when the expression of the Ki67 cell-proliferation marker was
assessed in AZM555130-treated MCF7wt and Tam-R cells using ICC, the
results showed reduced staining for Ki67 at 1uM only. This suggested that the
proportion of cells passing through the cell-cycle was reduced by AZM555130
at this concentration, with a high proportion of cells arrested at the G0/G1
stage. Inhibition of Src has been previously shown to cause arrest of the cell
cycle at GO/G1, thus preventing entry into S-phase and halting cell prolifera-
tion [159]. This effect also correlated with a significant reduction in ERK 1/2
activation [159]. Furthermore, Src has been shown to promote G1-S phase
transition in quiescent cells under serum-free conditions via a mechanism
involving the PI3K-MEK dependent activation of ERK 1/2 [147], and also in
oestradiol-treated MCF7 cells via a mechanism requiring PI3K only [251].

A further mechanism of cell cycle progression involving Src has been
proposed. Oktay et al. report that the formation of a Src/FAK signalling com-
plex following integrin engagement promoted the recruitment of p130<4S,
paxillin, and Crk to focal adhesions. They discovered that the recruitment of
pl 30“*S and Crk resulted in the downstream activation of JNK, which then led
to the phosphorylation of JUN and the subsequent expression of genes
required for cell cycle progression [252]. Interestingly, the phosphorylation of
FAK Y861 and paxillin Y31, which have been shown to be necessary for the
recruitment of p130“A% [225] and Crk [224] to focal adhesions respectively,
was inhibited following treatment of MCF7wt and Tam-R cells with AZM-
555130. Thus, the inhibition of Src may interrupt cell cycle progression and

OCAS

reduce cell proliferation by preventing p13 and Crk recruitment to focal

adhesions, thus disrupting the downstream activation of JNK.

L 4
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As Ki67 staining positively correlates with the expression and activity of
EGFR in vivo [23], the effect of AZM555130 on EGFR signalling in MCF7wt
and Tam-R cells was investigated. Interestingly, SDS-PAGE/Western blot
analysis revealed that AZMS555130 reduced both the phosphorylation of
EGFR Y1068 and the subsequent downstream activation of ERK 1/2 at 1uM
only. Furthermore, inhibition of Src with AZM555130 at 1uM was also able

to negate TGFa-stimulated Tam-R cell growth.

It is interesting to note that, while FAK phosphorylation and cell motility/
invasion were reduced by AZMS55130 at both 0.1uM and 1uM, cell
proliferation and EGFR-ERK 1/2 signalling were inhibited at 1uM only. The
observation that cell growth is only reduced at concentrations that also inhibit
EGFR and ERK 1/2 activation suggests that Src inhibition prevents cell-cycle
progression and down-regulates proliferation by directly reducing the activity
of this signalling pathway. If, on the other hand, Src/FAK-JNK signalling via
p130“*® and Crk were involved then reductions in Ki67 and cell number
would have been expected with AZM555130 at 0.1uM also. Therefore, these
data further support the notion of a synergistic relationship between Src and
EGFR in these cell-lines. Increased expression and activation of EGFR is
associated with a poor patient prognosis [179], while increased activation of
ERK 1/2 correlates with a poor response to anti-hormonal therapy and
decreased patient survival in the clinic [71]. Therefore, the inhibition of Src
may be especially beneficial in tumours that display increased EGFR signal-

ling in addition to increased Src activation.

EGFR is important in the growth of Tam-R cells, but less so for the growth of
MCF7wt cells. This is evidenced by the lower levels of EGFR activation
present in MCF7wt cells (figure 3.20) and by the lack of a proliferative
response to TGFa stimulation (figure 4.21). Thus, the question remains that
the inhibition of Src acts upon EGFR signalling to decrease the growth of
Tam-R cells, how then does it influence the growth of the MCF7wt cell-line?
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One possible mechanism may involve Src-dependent cross-talk between
growth-factor signalling pathways. It has recently been suggested that Src
enables uni-directional cross-talk between the IGF-receptor and EGFR [196].
IGF-1R signalling is active in MCF7wt cells and thus Src may be able to aug-
ment MCF7wt cell growth by promoting EGFR activation in response to IGF-
IR stimulation. Disruption of this cross-talk mechanism following inhibition

of Src may therefore negatively affect the growth of these cells.

Alternatively, Src may exert its effects on MCF7wt cell growth via
interactions with the ER signalling pathway. The ER signalling pathway is the
predominant mitogenic pathway in the MCF7wt cells and there is an increas-
ing amount of data that implicate Src in the potentiation of ER signalling and
vice versa [35, 40, 251, 253, 254]. Therefore, even though its activity is much
lower in these cells, further work is required to elucidate how Src may affect
ER signalling in the MCF7wt cells as there may be important implications for

therapeutic response and the development of drug resistance [41, 52, 160].

The data presented here suggest that Src may have a supporting role in the
proliferation of both MCF7wt and Tam-R cells via potentiation of the
predominant mitogenic signalling pathways present. Furthermore, the mecha-
nisms by which Src regulates proliferation in these cell-lines are likely to be
distinct from those that regulate cell motility and invasion due to their
differential sensitivities to pharmacological inhibition of Src (i.e. cell motility
and invasion were reduced with AZM555130 at 0.1uM, whereas inhibition of
cell growth was evident with 1uM AZMS555130 only). Thus, inhibition
studies using AZM555130 at 0.1uM may prove a useful tool in the identifica-
tion of Src-dependent gene-expression or protein-activation profiles specific to
the regulation of cell motility and invasion only, thus enabling the discovery

of potential future therapeutic targets.
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4.4 Chapter Summary

o AZMS555130 was shown to be an effective inhibitor of Src kinase activity,
with a significant reduction in Src Y419 phosphorylation observed with
AZMS555130 at 1uM after just one minute. Total Src protein levels were
unaffected by treatment with AZMS555130.

o Treatment of Tam-R cells with AZM555130 negated their aggressive cell-
phenotype, resulting in morphological reversion and decreased cell
migration, invasion and matrix-attachment in a dose dependent manner.
This was attributable to decreased Src-dependent phosphorylation of FAK

and paxillin.

e AZMS555130 significantly inhibited the growth of Tam-R cells at a
concentration of 1uM only. Ki67 staining of AZM555130-treated cells
confirmed that this was a result of reduced cell proliferation, rather than an

increase in levels of apoptosis.

o Inhibition of Tam-R cell growth by AZMS555130 at 1uM was accompanied
by corresponding reductions in the phosphorylation of EGFR Y1068 and in
the downstream activation of ERK 1/2, suggesting that EGFR-driven
proliferation in Tam-R cells was disrupted following treatment with

AZMS555130.

e Together, these data provide compelling evidence for a causative role for
Src in the aggressive cell-phenotype displayed by ER-positive tamoxifen-

resistant breast cancer cells in vitro.
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Chapter Five: Results

Expression of Constitutively-Active Src in
MCEF7wt Cells Promotes an Aggressive

Phenotype and Tamoxifen Insensitivity

“Disease is very old, and nothing about it has changed. It is we who

change, as we learn to recognize what was formerly imperceptible.”

Jean Martin Charcot (1825-1893). French Neurologist.
De [’expectation en médecine.
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S Expression of Constitutively-Active Src in
MCF7wt Cells Promotes an Aggressive
Phenotype and Tamoxifen Insensitivity

5.1 Introduction and Aims

Data presented thus far have demonstrated that acquired tamoxifen-resistance

in MCF7wt cells is accompanied by an invasive cell-phenotype in which Src
kinase activity appears to play a major role. To further confirm the role of Src
in these phenomena, MCF7wt cells were transfected with a constitutively-

active form of the Src protein.

MCF7wt cells were transfected with a plasmid construct containing a gene for
constitutively-active Src (Src Y529F; Upstate Biotechnology, NY, USA; Cat.
# 21-115). The Src Y529F gene contains an adenine to thymine substitution
mutation at nucleotide 2611, which results in a tyrosine (Y) to phenylalanine
(F) substitution at position 529 of the Src protein when transcribed. When
phosphorylated, Y529 (located in the negative-regulatory tail) can interact
with the SH2 domain of Src, locking Src in a closed conformation and
inactivating the kinase domain in the process. However, the tyrosine to
phenylalanine substitution in the Src Y529F mutant prevents this interaction,
enabling the Src protein to adopt an open conformation and promoting full,
constitutive activation of the kinase domain via the auto-phosphorylation of
Y419. It is important to note that the position of the tyrosine mutated in the
Src Y529F protein differs to the position of this tyrosine given in chapter 1 for
human Src. This is due to slight variations in the amino acid sequence of the
‘unique’ region of Src between species of origin, which leads to differences in
the numbering of residues in the protein. As such, Y529 in the constitutively-
active Src construct, which is a mouse/chicken chimera, corresponds to Y530

in human Srec.

The Src Y529F gene was supplied in a pUSEamp eukaryotic expression vector
under the control of a CMV promoter. This vector also contains genes that

confer resistance to the antibiotics, ampicillin and neomycin, which allow for

»
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the selection of transformed bacteria and transfected eukaryotic cells respec-
tively. As a control for these experiments an empty pUSEamp expression
vector was used (Upstate Biotechnology; Cat. # 21-148). Schematic diagrams
of the structures of the Src Y529F and pUSEamp plasmids can be found in
materials and methods (figure 2.4), while additional information, such as
nucleotide sequence and restriction digest maps, can be found in appendix 3

(sections 8.3.4 and 8.3.5).

Thus, the overall aim of this chapter was to create a stable, Src Y529F-
expressing cell-line which could then be used to further study the role of Src in
the regulation of the tamoxifen-resistant breast-cancer-cell phenotype in vitro.
This stably transfected cell-line was characterised to ascertain any changes in
its aggressive behaviour which may arise as a result of increased Src activity,
including growth, matrix-attachment and motile and invasive capabilities.
Furthermore, cell-signalling pathways involved in the control of these
behavioural characteristics were also investigated in order to gain a fuller
understanding of the importance of Src in the acquisition and regulation of an

aggressive cell-phenotype.

5.2 Results

5.2.1 Stable transfection of MCF 7wt cells with Src Y529F.

Cellular transfection efficiency is recognised as frequently being variable and
can be influenced by both the cell-line and the DNA vector used. Therefore,
prior to the generation of a stably transfected Src Y529F-expressing cell-line,
the conditions used for the transfection of MCF7wt cells with the Src Y529F
plasmid were optimised. To obtain maximum transfection efficiency, both the
concentration of the plasmid DNA and the ratio between the concentrations of
plasmid DNA and lipid-based transfection agent (Lipofectamine™ 2000) were

considered.

MCEF7wt cells, cultured to approximately 70-80% confluency in 35mm Petri-
dishes, were transiently transfected with the Src Y529F plasmid using the

protocol described in materials and methods (section 2.12.6). Plasmid

»
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concentrations investigated were 0.1pg/ml, 0.2ug/ml, 0.4pg/ml and 0.8pug/ml,
each with a DNA:lipid ratio of 1:2, 1:3 or 1:4. A control was also run by
adding an equal volume of the Lipofectamine™ 2000 transfection agent only
to the cells. Approximately 72 hours post-transfection, the cells were lysed
and immunoprobed for activated (pY419) and total Src. Figure 5.1 shows that
the transfection efficiency, measured by the amount of activated and total Src
protein present, increased as the concentration of plasmid DNA used
increased. Furthermore, for each concentration a DNA:lipid ratio of 1:4
resulted in the highest levels of Src YS529F expression in these cells. No
cytotoxic effects were observed with the lipid transfection agent at any of the
concentrations investigated. Thus, from this data a plasmid concentration of
0.8pg/ml and a DNA:lipid ratio of 1:4 were selected for the transfection of
MCF7wt cells with the Src Y529F plasmid.

Transfections for the development of the stably transfected cell-lines were to
be conducted in T-75 cell-culture flasks. To verify whether the selected
transfection conditions were also suitable for use in T-75 flasks, the transient
transfection of MCF7wt cells with Src Y529F was repeated. For comparison,
a plasmid concentration of 0.1pg/ml was also used as this was shown in figure
5.1 to produce a low level of Src Y529F expression. A DNA:lipid ratio of 1:4
was used in both instances. Cells were lysed 72 hours post-transfection and
immunoprobed for levels of Src pY419, Src pY530 and total Src. Figures
5.2A and 5.2B show elevated levels of both activated (pY419) and total Src
protein in cells transfected with Src Y529F plasmid at a concentration of
0.8ug/ml. It is interesting to note that levels of Src Y530 phosphorylation
were unaffected by transfection. The tyrosine at 530 is substituted for phenyl-
alanine in the mutated Src protein and so cannot be phosphorylated.
Therefore, the Src pY530 antibody should only be able to detect endogenous
Src. As no change was seen in Src Y530 phosphorylation, this strongly
suggests that the observed increases in both activated and total Src protein are
due to the expression of the Src Y529F gene, and not a result of altered

expression/activation of endogenous Src in these cells.

-
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Figure 5.1 Optimisation of the experimental conditions for the transfection of MCF7wt
cells with a Sre¢ YS29F plasmid construct.

To optimise transfection conditions, MCF7wt cells were transiently transfected with varying
cenceniraiions of the Src Y529F plasmid {Opg/ml, 0.1pg/ml, 0 z.,xg,/ml 0.4ug/ml and 0.3pg/ml)
using the protocol described in materials and methods (section 2.12.6). Transfection at each
concentration of plasmid was performed using DNA:Lipid ratios of 1:2, 1:3 and 1:4.
Transiently transfected cells were cultured for 72hrs before being lysed for proteins. Total
soluble protein (40pg) was subjected to SDS-PAGE/Western blot analysis and the membranes
probed with antibodies specific for Src pY419 and total Src (A). Densitometry was conducted
on the bands obtained, and the data for Src pY419, corrected for loading with B-actin, is
presented as % of control (B).
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Figure 5.2 Verification of the experimental conditions selected for transfection of
MCEF7wt cells with a Src YS29F plasmid construct.

A plasmid concentration of 0.8ug/ml and a DNA:Lipid ratio of 1:4 were selected as optimal
for the transfection of MCF7wt cells with the Src Y529F plasmid. To verify whether these
conditions were also suitable for use with larger vessels, the transfection was repeated in a T-
75 cell-culture flask. For comparison, a lower concentration of plasmid (0.1pg/mi) was also
used. Cells were lysed 72hrs post-transfection. Total soluble protein (40ug) was subjecied to
SDS-PAGE/Western blot analysis and the membranes probed with antibodies specific for Src
pY419, Src pY530 and total Src (A). Densitometry was conducted on the bands obtained, and
the data, coitected for loading with B-actin, presented as % of control (B). ICC of the
transiently transfected cells for Src pY419 revealed a pattern of Src activation similar t¢ that
seen with Western blotting. Thesimages shown were captured using an Olympus BH-2 phase
contrast micro-scope at 26x magnification (C).
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To assess transfection efficiency using these conditions the transfection of
MCF7wt cells with the Src Y529F plasmid was repeated with cells cultured on
coverslips. The cells were fixed using the ERICA method 72 hours post-
transfection (see materials and methods, section 2.5.1.1) and assayed for Src
pY419 by ICC. The levels of Src Y419 phosphorylation seen with ICC for the
two plasmid concentrations were in agreement with the data obtained by SDS-
PAGE/Western blotting above. Transfection efficiency was visually estimated

at approximately 25-30% when 0.8ug/ml plasmid DNA was used.

To generate a stably transfected cell-line, MCF7wt cells positively transfected
with the Src Y529F plasmid were selected using G418 (Geneticin). G418 is
an analogue of the antibiotic, neomycin, and works by blocking polypeptide
synthesis, resulting in cell death. However, the Src Y529F plasmid contains a
gene that confers resistance to the effects of G418. Thus, any cell transformed
with the Src Y529F plasmid would be able to grow in medium containing
G418, whereas non-transformed cells would not. The cytotoxicity of G418 is
dependent on whether the cells are actively dividing and on the length of their
cell-cycle, and so can vary between cell-lines. As such, the concentration of
G418 used in the selection and maintenance of positively transfected MCF7wt

cells was initially titrated to ensure an optimal rate of cell kill.

MCF7wt cells were seeded into the wells of a 24-well plate. After 24 hours,
the culture medium was replaced with W+5% containing G418 at a range of
concentrations (0-2000pg/ml) and the cells were counted (figure 5.3) and
photographed (figure 5.4) on days 0, 2, 5, 8 and 11. The data show that
MCF7wt cells were sensitive to the growth inhibitory effects of G418 at all
concentrations investigated, and that the efficacy of the compound increased
proportionally with concentration. A concentration of 800ug/ml was chosen
for the selection of transfected MCF7wt cells as it demonstrated approxi-
mately 50% cell kill after just 2-3 days, with complete cell death after 8 days.
Furthermore, this concentration is similar to that used by previous researchers
in our laboratory with this cell-line, and also by others in the literature. For
the routine maintenance of stably transfected cells, a concentration of

L 4
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Figure 5.3 Effects of G418 (Geneticin) on MCF7wt cell growth.

MCF7wt cells were seeded in W+5% into a 24-well plate at a density of 30,000 celis/well.
After 24hrs, the medium was replaced with W+5% containing the sc! ctiv e antibiotic, G418
(Geneticin), at the stated conc»ntratlona (0-2000pg/ml). Cell number w n determined for
each concentration on days 2, 5, 8 and 11 using a Beckman Coulter™ M’ulu sizer II. Data is

pr resented as Mean % of de 0+ 8S.D. U]_’\

i

Figure 5.4 (Overleaf) Effects of G418 (Geneticin) on MCF7wt cell growth.

MCF7wi cells were seeded in W+5% into a 24-weii plate at a density of 30,000 ceils/well.
After 24hrs, the medium was replaced with W+5% containing the selective antibiotic, G418
(Geneticin), at the stated concentrations (0-2000pug/ml). Representative images of the cells
were captured for each concentration on days 0, 2, 5, 8 and 11 using a Leica DM-IREZ2

inverted microscope fitted with a Hoffman condenser (20x magnification).
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400pg/ml was selected as it was the lowest concentration of the compound

that demonstrated almost 100% cell kill after 8 days.

A stably transfected, Src Y529F-expressing cell-line (MCF7-S) was created by
transfecting MCF7wt cells with the Src Y529F plasmid following the protocol
described in materials and methods (section 2.12.6.1), using the plasmid con-
centration (0.8ug/ml) and DNA:lipid ratio (1:4) optimised above. For use as
an experimental control, MCF7wt cells were also stably transfected with the
pUSEamp empty vector plasmid following the same protocol described above
(MCF7-EV cells). Approximately 60 hours post-transfection the cells were
cultured in medium containing G418 (800ug/ml) and assessed on a daily basis
using phase-contrast microscopy, with the selection medium changed every 2-
3 days. When the confluency of the cells had been reduced to 5-10% (~7
days) G418 in the culture medium was decreased to 400ug/ml for routine
maintenance. From this point onwards the stably transfected cells were cul-
tured as normal in medium containing G418 (400pug/ml) and passaged when

necessary. Following 3-4 passages, the cell-lines were characterised.

5.2.2 Characterisation of the phenotype exhibited by the stable
MCF7-S and MCF7-EV cell-lines.

5.2.2.1 Expression of neomycin resistance gene as a marker for successful
transfection of MCF 7wt cells with Src Y529F or pUSEamp.

To confirm that the MCF7-S and MCF7-EV cell-lines had been successfully
transformed with the Src YS529F and pUSEamp empty vector plasmids
respectively, and were thus expressing the neomycin resistance gene contained
within the vector, the ability of these cells to grow in the presence of G418
was assessed. As with MCF7wt cells above, MCF7-S and MCF7-EV cells
were seeded into a 24-well plate and, after 24 hours, cultured in medium
containing G418 (0-2000ug/ml). The cells were counted and photographed on
days 0, 3, 5, 7 and 10 (MCF7-S cells; figures 5.5 and 5.6) or days 0, 1, 5, 8,
and 12 (MCF7-EV; figures 5.7 and 5.8). The figures demonstrate that both
MCF7-S and MCF7-EV cell-lines were able to grow in the presence of G418

at all concentrations tested.

»
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Figure 5.5 Effects of G418 (Geneticin) on MCF7-S cell growth
MCF7wt cells stably transfected with the Sr¢ Y529F plasmid (MCF7-S) were seeded in W+5%
intc a 24-well plate at a density of 30,000 cells/well. After 24hrs, the medium was replaced
with W+5% containing the selective antibiotic, G418 (Geneticin}, at the stated concentrations
{0-2000ug/ml). Cell number was then determined for each concentration on days 3, 5, 7 and
10 using a Beckman Coulter™ Multisizer 1. Data is presented as Mean % of Day 0 £ S.D
n=3)
1 7

After 24hrs, the medium was replaced with W+5% containing the selective antibiotic, G418
(Geneticin), at the stated concentrations (0-2000pg/ml). Representative images of the cells
were captured for each concentration on days 0, 3, 5, 7 and 10 using a Leica DM-IRE2
inverted microscope fitted with a Hoffman condenser (20x magnification).
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Figure 5.7 Effects of G418 (Geneticin) on MCF7-EV cell growth.

MCF7wt cells stably transfected with the pUSEamp empty vector plasmid (MCF7-EV) were
seeded in W+5% into a 24-well plate at a density of 30,000 cells/well. After 24hrs, the medium
was replaced with W+5% containing the selective antibiotic, G418 {Geneticin), at the staied
concentrations (0-2000ug/ml). Cell number was then determined for each concentration on
days 1, 5, 8 and 12 using a Beckman Coulter™ Multisizer [I. Data is presented as Mean % of
Day 0 + S.D. (n=3).

Figure 5.8 (Overleaf) Effects of G4i8 (Geneticin) on MCEF7-EV cell growth.

MCF7-EV cells were seeded in W+5% into a 24-well plate at a density of 30,000 cells/well.
After 24hrs, the medium was replaced with W+5% containing the selective antibiotic, G418
(Geneticin), at the stated concentrations {(0-2000pg/ml). Representative images of the cells
were captured for each concentration on days 0, 1, 5, 8 and 12 using a Leica DM-IRE2
inverted microscope fitted with a Hoffman condenser (20x magnification).
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5.2.2.2 Characterisation of the stable MCF 7-transfectants for Src
expression and activation.

Next, the MCF7-S and MCF7-EV cell-lines were characterised for basal levels
of activated and total Src protein. Cells were cultured to log phase growth,
lysed for total proteins and then subjected to SDS-PAGE/Western blot analy-
sis for Src pY419, Src pY530 and total Src protein. Figures 5.9A and 5.9B
show that both Src activity (pY419) and total Src levels were significantly
elevated in MCF7-S cells compared to MCF7-EV. Once again, levels of Src
Y530 phosphorylation were unaltered, suggesting that the observed increases
in Src pY419 and total Src protein were due to the expression of the Src
Y529F gene, as opposed to changes in the expression of endogenous Src. For
comparison, the levels of Src pY419 in all four cell-lines (MCF7wt, MCF7-
EV, MCF7-S and Tam-R) are presented in figure 5.9C, with the data clearly
showing the highest level of Src activation in the MCF7-S cells. Furthermore,
this figure also confirms that the expression of Src Y529F in the MCF7-S cells
was stable over a long period of time, with both early (P.4) and late (P.25)

passages of MCF7-S cells exhibiting similar levels of Src activation.

Together, the data presented in sections 5.2.2.1 and 5.2.2.2 above confirm that
the transfection of MCF7wt cells with the Src Y529F plasmid, and subsequent
selection using the antibiotic, G418, successfully resulted in the generation of

a stable, Src Y529F-expressing cell-line, designated MCF7-S.

5.2.2.3 Characterisation of the cell-phenotype displayed by the stable
MCF7-transfectants.

Src possesses dual functionality within the cell in that it is able to act as both a
tyrosine kinase and as an adapter molecule. The latter function of Src is inde-
pendent of its kinase activity, and is mediated through direct protein-protein
interactions via SH2 and SH3 protein-binding domains. These enable Src to
activate other proteins by direct association and also, to act as a scaffold

protein during the formation of protein complexes, such as focal adhesions.

To ensure that any phenotypic differences observed between MCF7-S and

MCF7-EV cell-lines were a result of increased Src kinase activity, and not an
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Figure 5.9 Levels of total and activated Sre tyrosine kinase in MCF7-S versus MCF7-EV
ells as determined by Western bletting.
MCF7-EV and MCF7-S cells were cultured to log-phase and lysed for proteins as described in
materials and methods (section 2.4.1). Total soluble protein (40ug) was subjected to SDS-
PAGE/Western blot analysis and the membranes probed with antibodies specific for Src
pY419, pY530 and total Src (A). Densitometry was conducted on the bands obtained and the
data, corrected for loading with B-actin, presented as Mean % of MCF7-EV + S.D. (* p<0.01
vs. MCF7-EV; n=3) {B). For comparison of Src activity between the MCF7-S and Tam-R
cell-lines, lysates from basal MCF7wt, MCF7-EV, MCF7-S and Tam-R cells were analysed
for Src pY419 jevels (C). To ensure the expression of the Src mutant was stabie in the MCF7-

PPy

S cells, lysates from both early (P.4) and late (P.25) passages were included in the analysis (C).

D
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artefact of the increased levels of total Src protein in the cell (which would
increase its availability for use as an adapter molecule), all characterisation
experiments were conducted in the absence and presence of the AZM555130
Src inhibitor. To ascertain the efficacy of AZM555130 in the MCF7-S cell-
line, cells treated with AZM555130 (0-5uM) for 24 hours were lysed and
subjected to SDS-PAGE/Western blotting analysis for Src pY419 and total Src
protein. Figure 5.10 shows that AZM555130 was effective at inhibiting Src
activity in the MCF7-S cell-line (ICsq: 0.375uM); however, the MCF7-S cells
were not as sensitive to the effects of AZM555130 as the Tam-R cell-line
(ICsp: 0.02uM), and required concentrations of up to SuM for maximal

inhibition. Total Src protein levels were unaffected by AZMS555130.

The morphologies of MCF7-EV and MCF7-S cells were assessed using phase
contrast microscopy (figures 5.11C and 5.11D respectively). For comparison,
MCF7wt and Tam-R cells are also presented (figures 5.11A and 5.11B
respectively). MCF7-EV cells were very similar to MCF7wt cells in appear-
ance and grew in dense, tightly-packed colonies, demonstrating a high degree
of cell-cell contact. MCF7-S cells, on the other hand, had acquired a very
different morphology and were now much more similar to the Tam-R cells in
appearance. MCF7-S cells were seen to grow in loose colonies with very little
evidence of cell-cell contacts between individual cells. Furthermore, these
cells displayed a very angular appearance with markedly enhanced membrane
activity (increased filopodia and lamellipodia formation). Interestingly, when
basal MCF7-S cells were assayed for Src pY419 using ICC, the activated Src
protein was found to be localised to these areas of increased membrane
activity (figure 5.12 A-H). Treatment with AZMS555130 (0-5uM) for 24 hours
reduced membrane activity in the MCF7-S cells and re-established cell-cell
contacts, resulting once more in the formation of dense, tightly-packed

colonies as seen with the MCF7wt cells (figure 5.13).

The in vitro migratory and invasive capabilities of the MCF7-S and MCF7-EV
cell-lines were measured in the absence and presence of AZMS555130 (1uM)

using the migration and invasion assays previously described (see sections
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24%

Src pY419 Levels (% of Control)

1

| AZMS555130 (uM)

Figure 5.1¢ Dose-dependent effect of AZMS55130 ¢on Src activation in MCF7-S cells as
determined by Western blotting.

MCF7-S cells were cultured to log-phase growth and then treated with AZM555130 at the
stated concentrations for 24 hours. Control cells were treated with vehicle (DMSO) only for
the same duration. Cells were then lysed for proteins as described in materials and methods
(section 2.4.1). Total soluble protein (40ug) was subjected to SDS-PAGE/Western blot
analysis and the membranes probed with antibodies specific for Src pY419 and total Src (A).
Densitometry was conducted on the bands obtained and the data for Src pY419, corrected for
loading with B-actin, presented as % of Control (B).
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C MCF7-EV D MCF7-S

Figure 5.11 Morphology of MCF7-S and MCF7-EV cells.

MCF7wt (A), Tam-R (B), MCF7-EV (C) and MCF7-S (D) cells were grown in 100mm Petri-
dishes under basal conditions (W+5% = Tam {100nM]). When the cells had reached log-phase
growth, representative images of the live cells were captured at 20x magnification using a
Leica DM-IRE2 inverted microscope fitted with a Hoffman condenser.

199



IY7al

Up-regulaiion of Src Activity in MCF 7wt Cells

Figure 5.12 Localisation of a
M

using the ERICA technique a
cells were assay‘d
localisation was
described in section 2.5.2,

at x290 (A-D) and

CF7-8 celis were cultured on ¢
s described in materials

for Src pY419 using a phospho
sualised using the DAKC EnV
Representative images of the stained MCF7-S cells were captured

WPICSU

x40 (E-H) magnification usin

A-H: Src pY419

S T

rosine kinase in basal

Nt

ctivated Src tyr

MCF7-S eells.
overslips until they reached log-phase growth aind then fixed

and meth Oda (section 2.5.1.1). The fixed
aniibody, and it

the protein
Vision™+ gystem peroxidase [DAR] kit as

g an Olympus BH-2 phase ¢

= - r

contrast microscope.

3
)

<
>



Up-regulation of Src Activity in MCE 7wt Cells

MCF7-8
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Figure 5.13 Effect of Src inhibition by AZMS555130 on MCF7-8 cell morphelegy.

For the Hoffman images, MCF7-S cells were seeded in W+5% onto 60mm Peiri-dishes and
cultured until they reached log-phase growth. The medium was then replaced with W+5%
containing AZMS555130 at the stated concentrations for 24 hours. Representative images o
the live cells were captured at 20x magnification using a Leica DM-IRE2 inverted microscope

fitted with a Hoffman condenser. For the ICC images, MCF7-S cells were cultured on
coverslips uniil they reached log-phase growth and then treated with AZM555130 for 24 hours
at the stated concentrations. The cells were then fixed using the ERICA technique and assayed
for Src pY419 using a phospho-specific antibody as described in section 2.5. Representative
images of the stained MCF7-S cells were captured at 20x magnification using an Olympus
BH-2 phase contrast microscope.

201



Chapter Five: Up-regulation of Src Activity in MCF7wt Cells

2.10 and 2.11). Migration of MCF7-S cells over a fibronectin-coated surface
was significantly increased (9.5-fold) compared to MCF7-EV (figure 5.14).
Furthermore, migration of both MCF7-S and MCF7-EV cells was reduced by
approximately 50% in the presence of AZMS555130 at 1puM. Figure 5.15
presents similar results for the invasive capabilities of MCF7-S cells, with the
data showing that invasion of MCF7-S cells through an artificial basement
membrane (Matrigel™) was increased approximately 4.9-fold over that of
MCF7-EV. Again, invasion, particularly in the MCF7-S cells, was signifi-
cantly reduced in the presence of AZM555130 (1uM). The data presented in
figures 5.14 and 5.15 suggests that the process of cell-invasion is more
sensitive than that of cell-migration to AZM555130-induced Src inhibition.
Interestingly, this was also previously noted following the treatment of Tam-R

cells with AZMS555130 at 0.1uM (section 4.2.2).

Enhanced motility and invasion in Tam-R cells were accompanied by altered
cell-matrix attachment and an increased rate of cell-spreading, both of which
may be due to elevated levels of Src activity in these cells (as discussed previ-
ously). As such, the affinity of MCF7-S cells for matrix-coated surfaces was

examined to see whether this was true of this cell-line also.

MCF7-S and MCF7-EV cells were seeded into the wells of either an uncoated
or fibronectin-coated 96-well plate and allowed to attach for 50 minutes. The
number of attached cells was then assessed using the MTT assay (figure 5.16).
Attachment to an uncoated plastic surface was significantly increased in
MCEF7-S cells compared to MCF7-EV, and was almost completely inhibited in
both cell-lines by AZM555130 (1uM). Although there was no apparent
difference in the attachment of these cell-lines to a fibronectin-coated surface,
cell-attachment to this substrate was diminished by AZM555130 at 1pM,
suggesting an as yet unclear role for Src and additional factors (e.g. integrins)

in this process.

Tam-R cells were previously seen to possess a greater rate of attachment to a
fibronectin-coated surface than MCF7wt cells (figure 3.15) and this may also
be a result of the elevated Src activity exhibited by these cells. Therefore, the
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Figure 5.15 Invasive capacity of MCF7-S cells versus MCF7-EV.
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The invasive capabilities of the MCF7-S and MCF7-EV cel
and presence of AZMS355130 using in vitro invasion assays as described in materials and
methods (section 2.11). Representative images of the invasive cells (stained blue with DAPI
nuclear stain) were captured using fluorescence microscopy at 20x magnification (A). For
quantification, the number of invasive cells per membrane was counted using flucrescence
microscopy and the data (mean cells/membrane) presented as % of MCF7-EV Control + S.D.
(* p<0.05 vs. MCF7-EV; t p<0.01 vs. Control; n=3) (B).

204



Chapter Five: Up-regulation of Src Activity in MCF7wt Cells

*
500 454
** 407
2 350
T 400
=
=
o
-+
vy ‘;00
£y 3
e T
= 211
£
g 200 149
=
3 t
&)
§ 100 + T 73
= " 34
ol = | | |
Control AZM (1pM) Control AZM (1pM)}
Plastic Fibronectin
m MCF7-EV m MCF7-S

Figure 5.16 Affinity of MCF7-S and MCF7-EV cells for uncoated and matrix-coated
surfaces as measured using a cell attachment assay.

The affinity of MCF7-S and MCF7-EV cells for uncoated or fibronectin-coated surfaces was

vehicle (DMSO) or AZM555130 (1uM) into the wells of uncoated or fibronectin-coated 96-

o) =3 Cu Or DIy

well plates. Cells were left to attach for S50 minutes at 37°C after which the wells were washed
with PBS and the number of attached cells assessed using the MTT assay. Data is presented as
Mean Cel! Attachment (ODy,,) £ S.D. (* p<0.01 vs. MCF7-EV ** p<0.001 vs. MCF7-EV; i
p<0.001 vs. Control; n=4) {(B}.
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rate of cell-matrix attachment in MCF7-S and MCF7-EV cells was investi-
gated next. Cell-attachment time course assays were performed with MCF7-S
and MCF7-EV cells using the protocol previously described (see materials and
methods section 2.9). Figure 5.17A shows that MCF7-S cells demonstrated a
higher rate of attachment to a fibronectin matrix than MCF7-EV cells, and that
the rate of attachment was greatest over the initial 20 minutes of the assay.
Out of curiosity, the rate of MCF7-S cell-matrix attachment was then com-
pared to that of the MCF7wt and Tam-R cell-lines. Interestingly, figure 5.17B
shows that, even though the degree of cell-matrix attachment for MCF7-S
cells after 50 minutes was equal to that of MCF7wt, the initial rate of
attachment was closer to that of the Tam-R cells. Once again, figure 5.17A
shows that the rate of attachment for both MCF7-S and MCF7-EV cells was
reduced by AZMS555130 at 1uM.

Enhanced cell-matrix attachment in Tam-R cells contributes to an increase in
the rate at which these cells spread. As such, the rate of cell spreading was
investigated in the MCF7-S cell-line also. MCF7-S and MCF7-EV cells were
seeded onto either uncoated or fibronectin-coated 60mm Petri-dishes and in-
cubated at 37°C as normal. Representative images of live cells at 20x magni-
fication were then captured at 1-, 3-, 6- and 24-hrs after seeding using a Leica
DM-IRE?2 inverted microscope fitted with a Hoffman condenser. Figures 5.18
(uncoated) and 5.19 (fibronectin-coated) show that MCF7-S cells possessed a
much greater rate of cell spreading than MCF7-EV cells on both surfaces. As
was seen with MCF7wt and Tam-R cell-lines, cell spreading was more rapid

in the presence of a fibronectin matrix for both MCF7-S and MCF7-EV cells.

Following the observations made regarding cell attachment, spreading, migra-
tion and invasion in the MCF7-S cell-line, these cells were then characterised
for the phosphorylation of FAK and paxillin - two Src substrates known to be

involved in the regulation of focal adhesion formation and turnover.

MCF7-S and MCF7-EV cells were cultured under basal conditions to log-
phase growth, at which point they were lysed and subjected to SDS-
PAGE/Western blotting. The membranes were then probed with antibodies
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Figure 5.17 Rate of MTF7-S and MCF7-EV cell-attachment to a fibronectin-coated
surface as measured using a cell attachment time-course assay.

The rate of MCF7-S and MCF7-EV attachment to a fibronectin-coated surface in the absence
or presence of AZM555130 was measured using a cell attachment time-course assay. Cells
(4x10%) were seeded in W+5% containing either vehicle (DMSO) or AZMS555130 (1M} into
the wells of a fibronectin-coated 96-well plate. Cells were left to attach for up to S0 minutes a
37°C. During the assay, medium containing unattached cells was removed at the given time
points and replaced with PBS. The attached cells were kept in PBS until the end of the
experiment and then measured using the MTT assay as normal. Data is presented as Mean
Cell Attachment (ODg,,) + S.D. (n=4) (A). For comparison, the rate of MCF7-S cell
attachment to a fibronectin-coated surface was also measured in relation to the rate of
attachment of MCF7wt and Tam-R cells (B).
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Figure 5.18 MTF7-EV anid MCF7-S cell-spreading on an uncoated plastic suiface.
MCF7-EV and MCF7-S cells {1.5x10%) were seeded onto uncoated 60mm Petri-dishes and
placed at 37°C. Representative images of the live cells at 20x magnification were captured
1-, 3-, 6- and 24-hours after seeding using a Leica DM-IRE2 inverted microscope fitted
with a Hoffman condenser and a Hamamatsu C4742-96 digital camera.
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Figure 5.19 MCF7-EV and MCF7-S cell-spreading on a fibronectin-coated surface,
MCF7-EV and MCF7-S cells (1.5%10%) were seeded onto fibronectin-coated 60mm Petri~
dishes and placed at 37°C. Representative images of the live cells at 20x magnification
were captured 1-, 3-, 6- and 24-hours after seeding using a Leica DM-IRE2 inverted
microscope fitted with a Hoffman condenser and a Hamamatsu C4742-96 digital camera,
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specific for FAK (pY397, pY861, pY925 and total) and paxillin (pY31 and
total). Figure 5.20 shows that phosphorylation of FAK at all three sites (Y397,
Y861 and Y925) was increased in MCF7-S cells compared to MCF7-EV, by
3.3-fold, 6.2-fold and 16.3-fold respectively. No differences in total FAK
protein levels were seen. MCF7-S cells also displayed an 11-fold increase in
the phosphorylation of paxillin at Y31 compared to MCF7-EV cells, in addi-
tion to a small (2-fold) increase in levels of total paxillin protein (figure 5.21).
The phosphorylation of both FAK (pY397, pY861 and pY925) and paxillin
(pY31) in MCF7-S cells was reduced by AZM555130 in a dose-dependent
manner (figures 5.22 and 5.23 respectively), while levels of total FAK and

paxillin protein were unaffected by the treatment.

Finally, cell counting experiments were used to assess the growth rates of both
stably transfected cell-lines in comparison with those of MCF7wt and Tam-R
cells over a period of 11 days. Figure 5.24 shows the growth rates of all four
cell-lines, in addition to the growth rate of MCF7-S cells in the presence of
AZMS555130 at 1uM. The growth rate of MCF7-EV cells was indistinguish-
able from that of MCF7wt cells. However, MCF7-S cells grew at an enhanced
rate that was initially comparable to that of Tam-R cells, and eventually
reached 2127% of day 0 counts compared to 342% for MCF7-EV (a 6.2-fold
increase). Even in the presence of AZM555130, growth of MCF7-S cells was
2.4-fold greater than basal MCF7-EV cell growth after 11 days.

Growth in Tam-R cells is driven by the aberrant activation of growth-factor
receptor signalling pathways, primarily those initiated by EGFR and c-erbB2
which are members of the c-erbB receptor family [70]. Therefore, whether
increased Src activity might augment c-erbB signalling in MCF7-S cells, thus

providing a possible explanation for their enhanced growth, was examined.

Basal MCF7-EV and MCF7-S cells, in addition to basal Tam-R cells for
comparison, were analysed for proteins using SDS-PAGE/Western blotting.
Figure 5.25A shows that the phosphorylation of EGFR at Y845, a Src specific
site, and Y1068 were both increased in MCF7-S cells, by 2-fold and 3.4-fold
respectively compared to MCF7-EV. Furthermore, the level of total EGFR
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Figure 5.20 Levels of total and phosphorylated FAK in MCF7-S versus MCF7-EV eells
as determined by Western blotting.

MCF7-EV and MCF7-S cells were cultured to log-phase growth and lysed for proteins as
described in materials and methods (section 2.4.1). Total soluble protein (40pg) was subjected
to SDS-PAGE/Western blot analysis and the membranes probed with antibodies specific for
FAK pY397, pY861, pY92S and total FAK (A). Densitometry was conducted on the bands
obtained and the data, corrected for loading with B-actin, is presented as Mean % of MCF7-EV
+ S.D. (* p<0.01 vs. MCF7-EV; n=3) (B).
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Figure 5.21 Levels of total and phosphorylated Paxillin in MCF7-S versus MCF7-EV

cells as determined by Western bletting.

w

MCF7-EV and MCF7-S cells were cultured to log-phase growth and lysed for proteins as
described in materials and methods (section 2.4.1). Total soluble protein (40pg) was subjected
to SDS-PAGE/Western blot analysis and the membranes probed with antibodies specific for
paxillin pY31 and total paxillin (A). Densitometry was conducted on the bands obtained and
the data, corrected for loading with B-actin, is presented as Mean % of MCF7-EV + S.D.
{* p<0.05 vs. MCF7-EV; n=3) (B).
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Figure 5.23 Dose-dependent effect of Src inhibition by AZMS55130 on Paxillin
phosphorylation in MCF7-S cells.

MCF7-S cells were cultured to log-phase grewth and then treated with AZMS555130 at the
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obtained and the data for paxiliin pY31, corrected for loading with B-actin, presented as % of
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Figure 5.24 Basal growth rate of MCF7-S cells in comparison to growth of MCF7wt,
MCF7-EV and Tam-R cell-lines.

MCF7wt, MCF7-EV, MCF7-S and Tam-R cells were seeded into a 24-well plate at a density
of 30,000 cells/well. After 24 hours, the medium was replaced with W+5% + Tam (100nM) +
AZMS555130 (1uM) as appropriate. The cells were cultured as normal and cell number was

determined on days 1, 3/4, 6, 7/8 and 11 using a Beckman Coulter™ Multisizer II. Data is
presented as Mean % of Day 0 + S.D. (n=3).
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Figure 5.25 Preliminary studies into the activation of erb-receptor signalling pathways in
MCF7-S cells.
MCF7-EV, MCF7-S and Tam-R cells were cultured to log-phase growth and lysed for proteins

as described in materials and methods (section 2.4.1). Total soluble protein (40ug) was
subjected to SDS-PAGE/Western blot analysis and the membranes probed with antibodies
specific for EGFR (pY 845, pY 1068 and total; A), c-erb B2 (pY 1248 and total; B) and ERK 1/2
(T202/Y204 and total; C). Densitometry was conducted on the bands obtained and the data,
corrected for loading with B-actin, is presented as % of MCF7-EV + S.D.
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protein was also increased in MCF7-S cells (a 5-fold increase relative to total
EGFR levels in MCF7-EV cells). The increased activity of EGFR in MCF7-S
cells was reflected in the activation of ERK 1/2, a downstream substrate of the
EGFR signalling pathway (figure 5.25C). However, there was no apparent
difference in the levels of either activated (pY1248) or total c<rbB2 protein
between the MCF7-EV and MCF7-S cell-lines.

5.2.3 Src: A potential mechanism of Tamoxifen-resistance?

Thus far, MCF7wt cells transfected with constitutively-active Src kinase
(MCF7-S) have been shown to display altered morphological characteristics
and an enhanced motile and invasive phenotype similar to that exhibited by
Tam-R cells, which also possess elevated Src activity. Due to the phenotypic
similarities observed between the MCF7-S and Tam-R cell-lines, the question
of whether elevated Src activity could confer insensitivity to the growth
inhibitory effects of tamoxifen, and thus be a potential mechanism of
tamoxifen-resistance in the Tam-R cell-line, was considered. Growth studies
were conducted on MCF7wt, MCF7-EV, MCF7-S and Tam-R cells in
response to tamoxifen at increasing concentrations (10” - 10°M). Figure 5.26
shows that the growth of both MCF7wt and MCF7-EV cell-lines was
significantly inhibited by tamoxifen at all concentrations used, with the
efficacy of inhibition increasing as concentration increased. However, the
effect of tamoxifen on the growth of either MCF7-S or Tam-R cells was

minimal compared with control.

To confirm a role for Src kinase activity in the acquired insensitivity to
tamoxifen treatment observed above, further tamoxifen dose-response growth
studies were conducted in the presence of the specific Src kinase inhibitor,
AZMS55130 (1uM). Figure 5.27 shows, once again, that the growth of
MCF7-EV cells was significantly inhibited by tamoxifen, while the MCF7-S
cells were relatively unaffected by the treatment. However, in the presence of
AZMS555130 MCF7-S cells appear to regain their sensitivity to the growth
inhibitory effects of tamoxifen, with the response of these cells to tamoxifen at

increasing concentrations mirroring that seen with basal MCF7-EV cells.
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Figure 5.26 Dose-dependent effect of tamoxifen treatment on the growth of MCF7wt,
MCF7-EV, MCF7-S and Tam-R cell-lines.

MCF7wt, MCF7-EV, MCF7-S and Tam-R cells were seeded in W+5% into a 24-well plate at a
density of 40,000 cells/well. After 24hrs, the medium was replaced with W+5% containing 4-
hydroxy-tamoxifen at the stated concentrations. Control cells were cultured in the presence of
vehicle (ethanol) only. The cells were cultured as normal and cell number determined on day
12 using a Beckman Coulter™ Multisizer II. Data is presented as Mean % of Control = S.D
(n=3).
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Figure 5.27 Dose-dependent effect of tamoxifen treatment on the growth of MCF7-S cells
in the absence and presence of AZM555130.

MCF7-EV and MCF7-8 cells were seeded in W+5% into a 24-well plate at a density of 40,000
cells/well.  After 24hrs, the medium was replaced with W+5% containing 4-hydroxy-
tamoxifen at the stated concentrations + AZM555130 (1uM). Control cells were cultured in
the presence of vehicle (ethanol/DMSO) only. The cells were cultured as normal and cell
number determined on day 12 using a Beckman Coulter™ Multisizer [1. Data is presented as
Mean % of Control £ S.D (n=3).
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More interesting, however, was that a similar result was observed when these
experiments were repeated with MCF7wt and Tam-R cells. Figure 5.28 shows
that, alone, tamoxifen elicited the expected effects on the growth of MCF7wt
and Tam-R cells; however, in the presence of AZMS555130 the growth of
Tam-R cells was, once again, significantly inhibited by tamoxifen in a manner

similar to that seen with hormone-sensitive MCF7wt cells.

5.3 Discussion

5.3.1 Stable expression of constitutively active Src in MCF7
breast cancer cells results in the acquisition of an
aggressive cell-phenotype.

In this chapter, MCF7wt cells stably transfected with a constitutively active
Src mutant were used to further confirm the hypothesis that increased Src
activity is central to the regulation of the aggressive cell-phenotype displayed

by tamoxifen-resistant breast cancer cells in vitro.

MCF7wt cells were transfected with the Src Y529F plasmid construct and
selected out using G418 to generate a stable, Src Y529F-expressing cell-line,
which has been called MCF7-S. Although time constraints did not permit
clonal selection of the Src Y529F transfected cells, the resultant MCF7-S cell-
line appears to exhibit a high degree of homogeneity. As a control in the
investigation of the MCF7-S cell-phenotype, MCF7wt cells were stably trans-
fected with the pUSEamp empty vector, giving rise to the MCF7-EV cell-line.

Characterisation of the MCF7-S cell-line for activated Src, as measured by
Y419 phosphorylation [123], revealed an 8.7-fold increase compared to the
MCF7-EV cells, with a corresponding rise in total Src protein also seen.
Analysis of early (P.4) and late (P.25) passages of MCF7-S cells confirmed
that the level of Src Y529F expression remained constant in these cells over
time. Furthermore, MCF7-S cells demonstrated the highest level of activated
Src of the four cell-lines used in this study, which may explain why they are
less sensitive to the inhibitory effects of AZM555130 (for example, the ICs of
AZM555130 in MCF7-8S cells is 0.375uM, compared to 0.02uM in Tam-R
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Figure 5.28 Dose-dependent efiect of tamoxifen treatment on the growth of Tam-R cells
in the absence and presence of AZMS55130.

MCF7wt and Tam-R cells were seeded in W+5% into a 24-well plate at a density of 40,000
celis/well.  After 24hrs, the medium was replaced with W+5% containing 4-hydroxy-
tamoxifen at the stated concentrations + AZMS555130 (1uM). Control cells were cuitured in
the presence of vehicle (ethanol/DMSO) only. The cells were cultured as normal and cell
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cells). Maximal inhibition of Src in MCF7-S cells required AZM555130 con-
centrations of SuM or above; however, at such concentrations this compound
was cytotoxic to the MCF7-EV cells. Thus, AZMS555130 was used at 1uM in
the majority of experiments conducted with these cells; in many cases, this
resulted in the incomplete inhibition of the biological process being assessed,

most likely due to the residual Src activity observed at this concentration.

Assessment of MCF7-S cells using phase-contrast microscopy revealed that
the expression of Src Y529F resulted in a drastically altered morphology,
while MCF7-EV cells were unchanged following transfection and had retained
the morphological characteristics of MCF7wt cells. MCF7-S cells were more
like Tam-R cells in appearance and exhibited a morphology similar to cells
undergoing EMT, demonstrating loss of epithelial-cell characteristics such as
cell-cell contact formation [255]. Increased Src activity has been shown to
disrupt cell-cell adhesions by causing dissociation of E-cadherin/catenin
complexes in a kinase-dependent manner [245, 256], and the loss of these
adhesions has been associated with increased invasion in a number of cancer
cell-lines in vitro [164]. Conversely, inhibition of Src with PP2 was seen to
promote cell-cell contact formation in colon, liver and breast cancer cell-lines

and also, to reduce liver metastasis in immunodeficient mice [237].

MCF7-S cells also demonstrated marked increases in membrane ruffling and
lamellipodia and filopodia formation. Similar alterations in cell morphology
have also been reported in epithelial KM12C colon cancer cells following the
expression of Src Y529F [99]. Src plays a major role in the dynamic
regulation of membrane activity through modulation of cell-matrix adhesions
and reorganisation of the actin cytoskeleton [170]. Following binding to FAK
and translocation to focal adhesions, Src recruits and phosphorylates Crk and
p1304S. Src/FAK-p130°“S signalling ultimately results in the activation of a
family of small GTPases (RhoA, Racl and cdc42) which are then able to
remodel the cytoskeleton by initiating actin polymerisation, resulting in the
appearance of membrane protrusions [257]. Further studies have revealed that

cdc42 activation leads specifically to the formation of filopodia, while
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activation of Racl gives rise to lamellipodia [170]; thus, investigation of the
activities of these two proteins in the MCF7-S cells may provide further

insight into the role of Src in the regulation of their morphology.

It has been suggested that Src, through the formation of Src/FAK signalling
complexes, is able to act as a molecular switch that can alter the predominant
cell-adhesion type from E-cadherin mediated cell-cell adhesions to integrin
mediated cell-matrix adhesions [166]. This is reflected in the present study
where the inhibition of Src activity in MCF7-S cells using AZM555130 (1-
SuM) was seen to reduce cell-membrane activity and restore cell-cell contact
formation, thus confirming that the morphological changes witnessed in these

cells following transfection were a direct effect of elevated Src activity.

Interestingly, the constitutively active Src expressed in MCF7-S cells was
detected almost exclusively at the areas of increased membrane activity
discussed above. Fincham et al. have shown that the translocation of v-Src
and activated c-Src from their site of synthesis to the cell membrane is
mediated by interactions between the SH2/SH3 domains of Src and the actin
cytoskeleton [118], and that this process is independent of Src’s kinase activity
[117]. Furthermore, Kaplan et al. demonstrated that mutation of c-Src at
Y527 (Y-F substitution) was sufficient to cause the re-distribution of c-Src to
focal adhesions at the cell periphery [258]. In addition, they reported that
following co-expression of Src Y527F with wild-type c-Src in Src-deficient
fibroblasts, wild-type Src remained in the perinuclear location while Src
Y527F was still translocated to focal adhesions [258]. The images of Src
pY419-stained MCF7-S cells in figure 5.12 show some evidence of perinu-
clear staining in addition to the strong membrane staining also seen, which,
from Kaplan et al.’s observations, is likely to be Src that is endogenous to the
parental MCF7 cell-line. Together, these data suggest that phosphorylated
Y527 in wild-type Src can sequester the SH2/SH3 domains required for the
translocation of Src to focal adhesions by maintaining a closed conformation.
However, as the Src Y529F mutant is incapable of this, it is readily

translocated to the cell membrane.
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As mentioned previously, increased cell-membrane activity, accompanied by
the acquisition of an EMT-like morphology, are both characteristic of a motile
and invasive cell-phenotype [164, 166, 259]. Thus, the aggressive in vitro
behaviour of the MCF7-S cell-line was investigated. Src Y529F-expressing
MCF7-S cells demonstrated significantly enhanced migratory and invasive
capacities, in addition to an increased rate of cell attachment and spreading on
uncoated and matrix-coated surfaces. Elevated Src kinase activity has previ-
ously been implicated in the promotion of both cell motility and invasion
[166]. For example, the transfection of fibroblasts and cancer cells with Src
has been shown to increase their levels of migration and invasion [97], while
the expression of a Src dominant-negative mutant or the use of siRNA to
silence Src gene expression results in decreased motility, matrix-attachment
and spreading in MCF7 cells [152]. Furthermore, expression of Src Y527F in
MDA-MB-231 breast cancer cells has been associated with the increased
formation of invadopodia [260], which are specialised actin-rich plasma
membrane protrusions containing high levels of integrins, tyrosine kinases and
proteolytic enzymes such as MMPs and are able to induce degradation of

extracellular matrix components to facilitate invasion [261].

Treatment of MCF7-S cells with AZMS555130 at 1uM resulted in a 50% and
80% reduction in motility and invasion respectively, suggesting that these two
cellular processes might have differential sensitivities to Src inhibition.
Interestingly, this was also noted with the Tam-R cell-line when AZM555130
was used at 0.1uM (section 4.2.2). It was hypothesized that this increased
sensitivity to AZM555130 may be due to the greater number of Src-dependent
events involved in the coordination of cellular invasion. In support of this, a
recent study has shown that the expression of v-Src in FAK™ fibroblasts was
able to correct the defective cell motility exhibited by these cells; however,
these cells retained their non-invasive phenotype despite the increased Src
activity [177]. This suggests that motility and invasion are regulated by
Src/FAK via distinct signalling pathways, and that, while FAK may be dispen-

sable for cell motility in the presence of elevated Src activity, it would appear
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to be crucial for the regulation of cellular invasion. Hsia ef al. go on to
suggest that this may be due to its role in the construction of invadopodia and
in p130“43-Rac-JNK signalling which up-regulates the expression and activity
of the MMP-2 and MMP-9 proteins required for the degradation of

extracellular matrix components [177].

Elevated cell motility and invasion are often associated with altered cell-
matrix attachment and so the affinity of MCF7-S cells for uncoated and
matrix-coated surfaces were measured. The data show that MCF7-S cells
demonstrated a greater degree of attachment to an uncoated surface after 50
minutes compared to the MCF7-EV cells, while no significant difference was
seen in the attachment of these cells to a fibronectin-coated surface, initially
suggesting that Src may not have a role to play in attachment to fibronectin.
However, in the presence of the AZM555130 Src inhibitor, attachment of
these cell-lines to both uncoated and fibronectin-coated surfaces was reduced.
When the rate of MCF7-S cell-attachment to a fibronectin matrix was investi-
gated the data revealed that it was increased compared to MCF7-EV. As with
Tam-R cells, the rate of attachment of MCF7-S cells was greatest in the first
20 minutes. Interestingly, when MCF7-S cells were compared to the MCF7wt
and Tam-R cell-lines, their initial rate of attachment was seen to be very
similar to that of the Tam-R cells. However, after 20-30 minutes the level of
attachment reached a plateau and the overall attachment of the MCF7-S cells
at the end of the experiment was equal to that of MCF7wt cells. Together,
these data confirm a role for Src in the regulation of cell-matrix attachment,
but might also suggest the presence of a rate-limiting factor, such as low levels
of integrin expression, which may be inherent to the MCF7wt cell-line from
which the MCF7-S cells were derived and could be masking the true effect of

elevated Src expression on cell-matrix attachment in these cells.

In addition to an increased rate of matrix-attachment MCF7-S cells also
demonstrated enhanced cell spreading on both uncoated and fibronectin-
coated surfaces. Src is thought to regulate cell-spreading via the formation of

a Src/FAK signalling complex and the subsequent recruitment and phosphory-
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lation of p13OCAS, which in turn leads to the activation of Rho-family GTPases
to promote dynamic cyto-skeletal re-modelling [173, 174]. Src activity has
previously been shown to regulate spreading of murine fibroblasts [246],
while the expression of FAK correlates with the rate of cell-spreading in a
number of different cancer cell-lines in culture [262]. Moreover, fibroblasts
deficient in the expression of Src family members display significantly

delayed cell-spreading on fibronectin and vitronectin matrices [246].

The Src-dependent activation of FAK and the subsequent initiation of its
downstream signalling pathways are central to the regulation of cell migration,
invasion, attachment and spreading [115, 176, 262, 263]. Western blot
analysis of basal MCF7-S cells revealed increased phosphorylation of FAK at
Y397, Y861 and Y925 compared to MCF7-EV cells, while total protein levels
were unchanged. Furthermore, these cells also demonstrated elevated paxillin
phosphorylation at Y31, in addition to a small increase in the levels of total
paxillin protein. The phosphorylation of FAK at all three sites and of paxillin
at Y31 were reduced by AZM555130 in a dose dependent manner.

The data show that the phosphorylation of FAK Y397 was increased in the Src
Y529F-expressing MCF7-S cells, and that it was reduced following treatment
with AZMS555130 at higher concentrations (1-5uM). While this result was
unexpected due to the established nature of Y397 as an auto-phosphorylation
site, it does corroborate the data obtained in figure 4.13 where inhibition of
Src activity in Tam-R cells resulted in a modest decrease in FAK Y397 phos-
phorylation. Expression of v-Src has previously been shown to phosphorylate
FAK on Y397, while cells that lack expression of Src family kinases demon-
strate decreased FAK Y397 phosphorylation [264]. Moreover, Brunton et al.
report that FAK Y397 phosphorylation was increased 3.2-fold in KM12C

colon cancer cells that were over-expressing activated Src [150].

While the mechanisms of FAK Y397 auto-phosphorylation are not yet fully
understood, a supporting role is emerging for protein-protein interactions
between FAK and cell-membrane proteins such as the EGF- and PDGF-

receptors [205]. Like Src, FAK is normally maintained in an inactive form by
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intra-molecular interactions [265]. In the case of FAK, these interactions
involve the direct binding of the N-terminal FERM (band 4.1, ezrin, radixin,
moesin homology) domain to the kinase domain, which blocks access to the
active site of the kinase and prevents auto-phosphorylation of Y397. These
interactions are disrupted following association with activated receptor
proteins at the cell-membrane, which can displace the FERM domain from the
kinase, thus releasing Y397 for auto-phosphorylation and the subsequent
recruitment of Src for full kinase activation of FAK [265]. The proteins that
can promote FAK Y397 auto-phosphorylation in this manner are not yet fully
known, but of the ones that have been identified some are capable of being
activated by Src, such as EGFR [145]. This may partially explain the effects
of constitutive Src activity on the auto-phosphorylation site of FAK. Interest-
ingly, Brunton et al. also demonstrated a 2-fold increase in FAK Y397 phos-
phorylation in KM12C cells expressing a kinase-inactive form of Src [150].
Furthermore, Gonzalez et al. have reported similar increases following the
expression of Src dominant-negative in MCF7 breast cancer cells [152]. In
both cases, this was explained by the protection of FAK Y397 from de-phos-
phorylation by phosphatases following binding of the kinase-defective Src due

to its inability to dissociate from FAK and initiate focal adhesion turnover.

Phosphorylation of FAK at the Src-specific Y861 site was also increased in
MCF7-S cells, as was the phosphorylation of paxillin Y31. The function of
Y861 phosphorylation is not yet fully understood but it has been shown to be
important in cell migration, invasion, anchorage independent growth and for
the recruitment of p130“*® to focal adhesions which leads to JNK activation
and MMP expression [225]. Moreover, the phosphorylation of FAK Y861
was necessary for the regulation of cell motility in a number of highly
tumourigenic prostate cancer cell-lines [266]. Paxillin Y31 phosphorylation in
bladder cancer cells has also been shown to regulate cell migration [224].
Furthermore, the recruitment of FAK and paxillin to B1-integrin following

attachment to type IV collagen correlates with increased migration of SCC
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cells on this matrix, while over-expression of paxillin in these cells also pro-

moted migration and invasion [223].

MCF7-S cells also demonstrated an increase in the Src-specific phosphoryla-
tion of FAK Y925, which is thought to be important in the mediation of FAK
degradation and focal adhesion turnover necessary for cell migration [150,
175]. Interestingly, phosphorylation of Y925 was the most sensitive of all
three sites to the inhibition of Src with AZMS555130 in MCF7-S cells, a
phenomenon also witnessed in the Tam-R cell-line [211]. Y925 is located in
the focal adhesion targeting (FAT) domain of FAK and, when phosphorylated,
creates a high affinity Grb2 docking site. The binding of Grb2 to FAK Y925
initiates a signalling cascade that culminates in the activation of ERK 1/2,
which in turn activates Calpain-2 to proteolytically degrade FAK and other
focal adhesion proteins, leading to focal adhesion disassembly and increased
migration [170, 176]. Thus, together, the data presented here suggest that the
hyper-phosphorylation of FAK and paxillin by constitutively-active Src may
be responsible for the increased cell attachment, spreading, migration and

invasion exhibited by the MCF7-S cell-line.

In addition to an increased metastatic phenotype, MCF7-S cells also possessed
an enhanced rate of growth under basal conditions, demonstrating a 6.2-fold
increase in cell number at day 11 compared to MCF7-EV cells. Furthermore,
the increased growth of these cells was inhibited by AZM555130 at 1uM.
Interestingly, the observed growth rate of MCF7-S cells was comparable to
that of Tam-R cells, which exhibit increased expression and activation of
EGFR and c-erbB2 growth-factor receptors [70]; however, the growth of the
MCF7-EV control cells was indistinguishable from that of MCF7wt. The role
of Src in cell proliferation is subject to debate. For example, Brunton and
colleagues showed that expression of kinase-defective Src in KM12C colon
cancer cells had no effect on their proliferation [150]. Moreover, Welman et
al. have reported that high levels of Src Y527F expression in HCT116 and
SW480 colorectal cancer cell-lines actually appeared to inhibit cell growth

[151]. Conversely, the expression of a Src dominant-negative mutant signifi-
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cantly reduced the growth of MCF7 breast cancer cells in serum-free and
serum-containing medium, as well as in medium containing EGF [152].
Furthermore, inhibition of Src using PP1 reduced anchorage-independent

growth in MDA-MB-468, MCF7 and ZR-75-1 breast cancer cell-lines [153].

Src has been shown to interact with both EGFR and c-erbB2 growth-factor
receptors [144, 267, 268]. In particular, Src possesses a well-established
synergistic relationship with EGFR in which each protein is able to augment
the activity of the other when both are over-expressed [145, 200], and this may
contribute to tumour progression [228]. Src is able to potentiate EGFR signal-
ling by phosphorylating tyrosine residues on its cytoplasmic domain, such as
Y845, Y891, Y920 and Y1101, leading to enhanced EGFR signalling [201,
229, 269]. Moreover, in a cell-free system Src was also able to phosphorylate
a recombinant EGFR auto-phosphorylation domain at sites corresponding to
Y992, Y1068, Y1086, Y1101, Y1148 and Y1173 on EGFR [240].

Preliminary analysis of growth-factor receptor signalling in MCF7-S cells
revealed elevated phosphorylation of EGFR at Y845 and Y1068. However,
there was no change in the levels of c-erbB2 phosphorylation at Y1248.
EGFR Y845 is a Src-specific phosphorylation site that promotes DNA synthe-
sis, and may also promote the intrinsic tyrosine kinase activity of EGFR due to
its location in the activation-loop of the kinase domain. Y1068, on the other
hand, initiates a mitogenic signalling cascade resulting in the downstream
activation of ERK 1/2. Correspondingly, an increase in the activation of ERK
1/2 was also observed in the MCF7-S cells, suggesting that this EGFR signal-

ling pathway is active in these cells.

Surprisingly, increased levels of total EGFR protein were also seen in the
MCF7-S cells compared to MCF7-EV. However, it is doubtful that this
increase is a result of increased EGFR gene transcription as expression of Src
Y529F has been shown to have no effect on EGFR mRNA levels [221]; rather,
it is more likely to involve deregulation of the mechanisms responsible for the
degradation of EGFR in the cell. Following ligand binding, activated EGFR is
poly-ubiquitinated by c-Cbl. This action commits EGFR to degradation by the
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268 proteosome, and results in decreased levels of EGFR protein and attenua-
tion of the mitogenic signal [270]. However, in the presence of elevated Src
activity c-Cbl itself is ubiquitinated and undergoes proteosomal degradation.
Thus, sorting of the EGFR protein to the degradation pathway is compro-
mised, leading to recycling of the receptor to the plasma membrane where it
accumulates [221]. In support of this, Moro et al. have reported that integrin
mediated signalling via Src not only increased the phosphorylation of EGFR
on specific residues but also increased the amount of EGFR present at the cell
surface, and that this increase was negated following inhibition of Src with
PP1 [271]. If this mechanism is operational in vivo also, then it may have
clinical implications, as enhanced EGFR signalling has been shown to confer a

poor prognosis in many cancers [179].

The data presented here provide circumstantial evidence for a role for Src in
the elevated growth of MCF7-S cells. However, further studies using specific
inhibition of EGFR and c-erbB2 are required in order to determine whether

growth-factor signalling is also involved.

5.3.2 Src: A potential mechanism of Tamoxifen-resistance?

The present study has demonstrated that Src activity is significantly elevated
in the Tam-R cell-line, and this has since been witnessed by others in
additional in vitro models of tamoxifen-resistance [160]. Importantly, the data
presented here show that stable transfection of MCF7wt cells with constitu-
tively-active Src enabled them to grow in the presence of tamoxifen.
Furthermore, treatment of the MCF7-S and Tam-R cell-lines with AZM-
555130 re-sensitised these cells to tamoxifen, restoring the significant growth-

inhibition seen with MCF7-EV and MCF7wt cells.

Increased Src activity has been implicated in the development of resistance to
a number of chemotherapeutic agents, including STI571 (chronic myeloge-
nous leukaemia/acute lymphoblastic leukaemia), cisplatin and gefitinib
(gallbladder adenocarcinoma), gemcitabine (pancreatic adenocarcinoma),
paclitaxel (ovarian cancer) and oxaliplatin (colon cancer) (reviewed in [272]).

Interestingly, Hiscox et al. [Endocrine Related Cancer, in press] and others
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[273, 274] have demonstrated that the combined treatment of tamoxifen with a
Src inhibitor enhances the growth-inhibitory effects of tamoxifen, with syner-
gistic reductions in growth seen in MCF7 breast cancer cells. Together, these
data provide compelling evidence for a role for Src in the acquisition and
maintenance of an in vitro tamoxifen-resistant phenotype in ER-positive
MCF7 breast cancer cells, and there are a number of mechanisms currently

under investigation as to how Src might be able to achieve this.

Tam-R cells display increased expression and activation of EGFR [70] and the
present study has shown that stimulation of these cells with EGF, TGFa or
amphiregulin leads to an increase in Src activation. Furthermore, inhibition
of Src in Tam-R cells results in a reduction in EGFR activity and downstream
signalling via ERK 1/2. Together, these observations highlight the potential
synergistic relationship that may exist between Src and EGFR in the Tam-R
cell-line. Thus, as the Src Y529F-expressing MCF7-S cell-line also demon-
strates elevated EGFR activity, increased EGFR signalling may present a

possible explanation for the insensitivity of these cells to tamoxifen.

Cross-talk between EGFR and ER signalling pathways has been proposed as a
mechanism of tamoxifen resistance [S1, 74]. In such cases, the phosphoryla-
tion of EGFR at Y1068 initiates a signalling cascade that results in the
downstream activation of ERK 1/2. Increased phosphorylation of ERK 1/2 is
associated with poor response to anti-hormone therapies and decreased patient
survival, and thus may be a useful prognostic indicator of the likely success of
anti-hormone treatment in the clinic [71]. ERK 1/2 is able to promote ER
signalling in the presence of tamoxifen by enhancing the phosphorylation of
the ER AF-1 domain, thus facilitating the expression of AF-1-dependent genes
(reviewed in [51]). In particular, Britton et al. have shown that ERK 1/2-
dependent phosphorylation of ER on S118 in the AF-1 domain increases the
expression of amphiregulin, which can then further stimulate EGFR dependent
growth of Tam-R cells [73]. Thus, the inhibition of EGFR/ERK 1/2 signalling

may be of therapeutic importance in tamoxifen-resistant breast cancer.
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A further mechanism by which elevated Src activity might confer tamoxifen-
resistance is through increased phosphorylation of ER and the promotion of
ligand-independent gene transcription. While binding of tamoxifen inhibits
the AF-2 domain of ER, the AF-1 domain is unaffected and is still able to
regulate gene transcription [S1]. In the presence of tamoxifen, Src can poten-
tiate AF-1 activity, and hence AF-1-dependent gene transcription, through the
promotion of ER phosphorylation at a number of sites (see figure 5.29).
Interestingly, expression of v-Src in HeLa cells has been shown to confer a 2-
fold increase in the transcriptional activity of ER under basal conditions or
following stimulation with E,; while in the presence of tamoxifen, v-Src was
able to increase gene transcription 15-fold [275]. Three sites of Src-regulated

ER phosphorylation have been identified - S118, S167 and Y527.

S118 phosphorylation, which is elevated in Tam-R cells, can be mediated by
ERK 1/2 in response to ligand dependent growth-factor signalling [32].
However, Src is also able to increase ERK 1/2 activation and promote the
phosphorylation of S118, either by potentiating EGFR activation or by pro-
moting integrin-dependent FAK-Grb2-ERK 1/2 signalling [275]. S167, on the
other hand, is phosphorylated following the activation of Akt, and is thought
to be involved in the stabilisation of the ER/gene-promoter interactions
necessary for AF-1-dependent gene transcription [33, 52]. Phosphorylation of
S167 via Src-mediated signalling has been shown to promote the agonist
activity of tamoxifen in tamoxifen-resistant Ishikawa endometrial adenocarci-
noma cells, resulting in increased AF-1-dependent expression of genes such as
c-myc and pS2. Furthermore, treatment of these cells with the SU6656 Src
inhibitor reduced S167 phosphorylation and subsequent gene transcription,
thus confirming the involvement of Src in this process [52]. Elevated Akt
activation has been reported in the Tam-R cells [76], in addition to the
expression of pS2 (R. Burmi, personal communication) and c-myc (C. Staka,
personal communication) in the presence of tamoxifen. Thus, Akt activation
may promote AF-1 mediated gene transcription in Tam-R cells; however, the

importance of Src in this process is yet to be determined.
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ER-dependent gene transcription is also regulated by the expression and
activation of co-regulators, which are proteins that bind to the ER to either
promote (co-activators) or inhibit (co-repressors) gene transcription [51].
Interestingly, Feng et al. [275] and Shah and Rowan [52] have demonstrated
that Src, via the FAK-p130““S-dependent activation of JNK, can further
promote AF-1-mediated gene transcription by activating the relevant co-
activator proteins, such as CREB-binding-protein (CBP) or steroid receptor
co-activator 1 (SRC-1). Furthermore, Sisci ef al. have reported increased Src-
dependent potentiation of AF-1 activity following attachment to fibronectin
and type IV collagen matrices [253]. Integrin engagement leads to the
activation of FAK and recruitment of Src to form a signalling complex which
can then activate ERK 1/2 and JNK by distinct signalling pathways (Src/FAK-
Grb2-MEK and Src/FAK-p130“4S-Rac respectively [176]). Thus, matrix-
attachment may be important for the Src-dependent activation of these two
kinases, which can then lead to ER phosphorylation and the recruitment of co-
activator proteins to promote gene transcription in the presence of tamoxifen
[253]. This may explain why attempts to measure anchorage independent

growth in Tam-R cells have failed in our laboratory.

The final site of ER phosphorylation is on Y537, which can be phosphorylated
by Src directly [276]. Although the precise function of Y537 is unclear at
present, it may be involved in ER dimerisation following ligand binding and in
the facilitation of ER binding to an ERE in the promoter region of oestrogen-
regulated genes [34]. However, more recent evidence also suggests that Y537
can act as a docking site for Src when phosphorylated, resulting in a Src/ER
protein complex that may promote non-genomic ER signalling [43]. Thus,
further work is required in order to determine if and how Y537 contributes to

the acquisition of tamoxifen-resistance in ER-positive breast cancer.

In conclusion, this chapter showed that over-expression of constitutively-
active Src was sufficient to confer tamoxifen insensitivity in ER-positive
MCEF7 breast cancer cells. Furthermore, it identified possible mechanisms of

action by which this could occur. The data suggest that Src may play an
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important role in the mediation of distinct signalling pathways that potentiate
both growth-factor signalling and ligand-independent ER-mediated gene
transcription, which together enable the cell to circumvent the growth
inhibitory effects of tamoxifen therapy. Thus, as a common component in the
mediation of these signalling pathways, Src may present a powerful
therapeutic target in the treatment of tamoxifen-resistant disease. Further
work is urgently required in order to fully understand the intricate relationship
that may exist between Src and both EGFR and ER signalling in tamoxifen-

resistant breast cancer.
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5.4 Chapter Summary

e The MCF7-S cell-line was generated following the stable transfection of
MCF7wt cells with a constitutively active Src mutant (Src Y529F). These
cells displayed significantly elevated levels of Src activity in comparison to

the vector-control cell-line (MCF7-EV).

e MCF7-S cells possess an extreme aggressive phenotype, demonstrating an
altered morphology, an increased rate of cell-matrix attachment, and aug-
mented migratory and invasive capabilities. Correspondingly, these cells

displayed hyper-phosphorylation of FAK and paxillin at Src-specific sites.

e MCF7-S cells exhibited a higher rate of growth than MCF7-EV, in addition
to increased activation of EGFR and ERK 1/2, but not c-erbB2.

o Importantly, MCF7-S cells displayed insensitivity to tamoxifen challenge at
increasing concentrations. Further work is urgently required to elucidate

the mechanism by which this occurs.

e In conclusion, this chapter demonstrates that expression of constitutively
active Src in ER-positive MCF7 breast cancer cells was sufficient for the
acquisition of an aggressive, tamoxifen-resistant cell-phenotype. As such,
Src inhibition may be of therapeutic benefit in the treatment of tamoxifen-

resistant breast cancer in the clinic.
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6 General Discussion and Conclusions

Acquired resistance to chemotherapeutic agents is a major problem in the
clinical management of cancer. In breast cancer patients, many tumours that
initially respond to tamoxifen may eventually acquire resistance to this anti-
hormone, leading to disease relapse. Moreover, these tamoxifen-resistant
tumours are frequently more aggressive in nature and are associated with a

poor prognosis [197].

Using an in vitro cell model, our laboratory has previously demonstrated that
elevated growth-factor receptor signalling may be a potential mechanism of
acquired tamoxifen-resistance [70].  Furthermore, signalling cross-talk
between growth-factor receptors and the ER in these cells may provide an
additional growth stimulus [73]. These observations are evidenced by the fact
that Tam-R cell growth can be inhibited with the EGFR inhibitor, gefitinib
[70], or with the pure anti-oestrogen, fulvestrant [69]. Interestingly, Hiscox et
al. have also reported that, in addition to EGFR-driven growth, Tam-R cells
display a significantly elevated migratory and invasive capacity in vitro;
however, this appears largely independent of EGFR signalling, since gefitinib

has only a modest suppressive effect on these behaviours [180].

This thesis attempts to further characterise the aggressive phenotype of the
Tam-R cells, and to investigate the possible cause(s) of these phenotypic
changes which might lead to the enhanced metastatic potential of tamoxifen-
resistant tumours in vivo. Src kinase activity was shown to be significantly
elevated in Tam-R cells, where it plays a central role in the regulation of their
aggressive cell-phenotype. Importantly, the data also suggest that elevated Src
activity may contribute to the development of tamoxifen resistance, thereby
highlighting its potential as a therapeutic target for the treatment of tamoxifen-

resistant breast cancer in the clinic [277].

The over-expression and/or increased activation of Src has been widely re-
ported in a number of cancers [101, 103], including breast, colorectal, pancre-

atic, ovarian and liver cancer [105-108, 219]; and thus, may represent a broad
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spectrum therapeutic target in the fight against cancer. Src inhibition using
either pharmacological or molecular techniques has been shown to be effective
in a number of cancer models, both cell-line and animal based. For example,
PP2 has been shown to reduce adhesion, cell spreading and migration in
pancreatic endocrine tumour cell-lines [278], while pyrrolopyrimidine Src
inhibitors reduced proliferation, adhesion, cell spreading, migration and
invasion in the PC3 prostate carcinoma cell-line [279]. Furthermore, Src
inhibition has also been shown to reduce the progression and metastasis of
breast [162], pancreatic [155, 156, 161], and ovarian [157] tumours in nude

mouse models.

A number of pharmacological inhibitors of Src activity are currently in devel-
opment [243], with three front-runners emerging in the race to enter the clinic:
AZDO0530 (AstraZeneca) [236], BMS354825 (Dasatinib; Bristol Meyers
Squibb Oncology) and SKI606 (Wyeth Research) [280]. Like AZM555130,
these compounds are ATP analogues and work by competitively binding to the

active site of the kinase domain of Src in a specific manner.

The efficacy of AZD0530 as an anti-proliferative and anti-invasive therapeutic
agent has been extensively studied using in vitro cell models in our laboratory,
demonstrating significant inhibition of cell-matrix attachment, migration and
invasion, whilst showing only a modest effect on cell growth, [211, 247, 277].
Furthermore, AZD0530 has been shown to decrease proliferation and motility
in a number of in vitro cell models; whilst pre-clinical in vivo experiments
have demonstrated a reduction in tumour volume of over 95% and the preven-
tion of metastasis in orthotopic mouse models [236]. BMS354825 (Dasatinib)
has also been shown to suppress cell adhesion, migration and invasion and to
inhibit Src signalling pathways involving FAK and p130CAS in prostate cancer
cells [281]; whilst SKI-606 inhibited proliferation, migration and invasion in
MDA-MB-231 breast cancer cells in vitro, and reduced tumour volume and

metastasis in a xenograft mouse model of breast cancer in vivo [154].

The role of Src in proliferation is seemingly dependent on the tissue being

studied, with some groups demonstrating no effect of Src on cellular growth
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rates while others report varying degrees of growth inhibition following the
reduction of Src activity [150-153]. Furthermore, Yezhelyev et al. have
demonstrated anti-proliferative activity of the AZM475271 Src inhibitor on
L3.6pl human pancreatic cells in vivo even though there was no effect on the
proliferation of these cells in vitro [155], suggesting that the tumour micro-
environment may influence the ability of Src to regulate cell growth. Data
from the present study reports only a modest 50% reduction in the in vitro

proliferation of the MCF7wt and Tam-R cell-lines.

Reasons for the inconsistencies observed when investigating the role of Src in
proliferation are unknown, although clues may lie in the pattern of Src co-
over-expression with steroid-hormone and/or growth-factor receptors in
individual cell types; further work is required to determine this. Such com-
plexities, however, imply that Src inhibitors are unlikely to be successful as
mono-therapeutic agents in the treatment of cancer; more likely their role in
the clinic will be as anti-invasive agents given in combination with a more
effective anti-proliferative agent, such as tamoxifen or gefitinib, in order to
reduce both tumour size and the risk of secondary disease. Indeed, current
investigations in our laboratory have revealed that gefitinib and AZD0530 in
combination work together to reduce cell growth, migration and invasion in
Tam-R cells to a greater degree than when these compounds are used sepa-
rately [247]. Furthermore, gemcitabine given in combination with a Src
inhibitor in the treatment of pancreatic cancer growing orthotopically in nude
mice is seen to synergistically reduce tumour volume and prevent lymph-node

and liver metastasis in this model [155].

However, if Src inhibitors are going to complete phase II/III testing and enter
the clinic as an anti-invasive therapy, then investigators must first be sure to
select the relevant analytical end-points for this purpose. At present, the
majority of clinical trials are designed to measure the effect of a compound on
tumour shrinkage in vivo [233], whereas focussing on disease stabilisation and

time to recurrence may be more suitable for these compounds [280].
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Elvin and Garner [233] declare that:

“The most relevant clinical end-point with which to demonstrate the
impact of an anti-invasive therapy will be the long term reduction in

the incidence and burden of metastatic disease and patient survival.”

Therefore, the successful assessment of the efficacy of anti-invasive therapies
will require the development of accurate and reliable methods of monitoring
metastasis of tumours at the cellular level in vivo, and these new techniques
should be non-invasive so as to allow their routine use in clinical trials.
Current advances in technology are allowing researchers to closely follow the
fate of tumour cells in animal models using novel imaging techniques such as
bioluminescence imaging [282], intravital imaging [283-286], quantum dots
[287] and activity-based probes [288, 289]. Thus, if these techniques can be
scaled up to meet the demands of testing in human subjects, there may yet be
hope for the future of Src inhibitors in the therapeutic arsenal against

metastatic disease.

Importantly, the present study also reports that the expression of constitutively
active Src was sufficient to confer tamoxifen-resistance in ER-positive MCF7
breast cancer cells in vitro. Challenge of the MCF7-S cell-line with tamoxifen
at increasing concentrations demonstrated that these cells were insensitive to
the growth-inhibitory effects of this anti-hormone, and that this insensitivity
was negated in the presence of AZMS555130. Furthermore, the data show that
Tam-R cells were also re-sensitised to tamoxifen following co-treatment with
AZMS555130; while the most recent studies in our laboratory have revealed
that the long-term treatment of MCF7wt cells with tamoxifen and AZD0530 in
combination prevented the development of tamoxifen resistance in these cells
[Hiscox et al. (2007) Endocrine Related Cancer, in press]. Together, these
data suggest a role for Src in the acquisition and maintenance of the

tamoxifen-resistant phenotype displayed by Tam-R cells.

In agreement with the present study, others have also suggested a role for Src
in acquired resistance to tamoxifen. Planas-Silva and Hamilton have shown

that Src promoted cell survival in MCF7 cells following the inhibition of ER
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signalling with tamoxifen; whereas treatment with the AZD0530 Src inhibitor
increased their sensitivity to tamoxifen-mediated growth inhibition, resulting
in 95% inhibition when both compounds were used [273]. Herynk et al. have
also demonstrated this synergistic inhibition of cell growth following blockade
of both ER and Src activity [274]. Furthermore, inhibition of Src activity
using PP2 was seen to restore the sensitivity of Tam-R cells to tamoxifen;
although contrary to the observations made in the present study, these cells

required prolonged treatment (~8 months) before these effects were seen [41].

Therefore, the data presented in this thesis, in addition to that of others in this
field, strongly suggest a role for Src kinase activity in the development and
maintenance of tamoxifen-resistance in vitro. While the precise mechanisms
involved in this are not yet fully understood, Src may exert its effects on
tamoxifen-resistant cell growth via interactions with the ER, either through the
activation of the AF-1 domain or by the formation of ‘signalsomes’ following
association with ER and other proteins, such as EGFR, to promote non-
genomic ER signalling [35, 41]. Indeed, this may explain why Tam-R cells
remain susceptible to treatment with fulvestrant, which works by promoting
down-regulation of the ER protein to reduce cellular levels [69]. Thus, the use
of Src inhibitors may be beneficial in the treatment of tamoxifen-resistant
breast cancer in the clinic, while the combined use of Src inhibitors with
tamoxifen during the anti-hormone responsive phase of the disease may
prevent the development of resistance altogether [Hiscox er al. (2007)

Endocrine Related Cancer, in press].

The therapeutic application of Src inhibitors to other forms of resistance may
also be possible. For example, gefitinib (Iressa™; [242]) is a small-molecule
tyrosine kinase inhibitor specific for EGFR which can improve the response to
anti-hormone therapies in vitro [78]. However, as with tamoxifen, acquired
resistance to gefitinib can also develop (as modelled in the tamoxifen-gefitinib
double resistant cell-line, Tam/TKI-R [81, 290]), thus limiting the therapeutic
value of this compound. Src has previously been implicated in the develop-

ment of gefitinib resistance, with v-Src-expressing human gallbladder adeno-
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carcinoma cells demonstrating a 200-fold increase in resistance to gefitinib
compared to parental cells; an effect partially reversed following Src inhibition
[291]. Furthermore, expression of the constitutively-active Src Y529F mutant
in human pancreatic carcinoma cells has been shown to increase IGF-1R
expression and accumulation on the plasma-membrane [292]. Interestingly,
Jones et al. have shown IGF-1R signalling to be central in the gefitinib-
resistant growth of Tam/TKI-R cells [81, 290]. Therefore, the role of Src in
the development of gefitinib resistance in hormone-insensitive breast cancer

should also be examined.

In addition to tamoxifen and gefitinib, Src has also been implicated in the
development of resistance to a number of additional therapeutic agents
(reviewed in [272]). For instance, Duxbury et al. showed that inhibition of Src
with PP2 reduced both inherent and acquired resistance to gemcitabine in
human pancreatic adenocarcinoma cells, and significantly reduced tumour
growth and metastasis in vivo when these two compounds were given in
combination [293]. Furthermore, expression of constitutively active Src or a
dominant-negative Src mutant in these cells increased or decreased their
resistance to gemcitabine respectively [293]. These findings have since been
further reinforced following the use of siRNA to knockdown Src expression
and activity in these cells [294]. Phase I/II clinical trials are currently under-
way to assess co-treatment of gemcitabine with AZDO0530 in patients with
unresectable or metastatic pancreatic cancer [295]. Furthermore, the inhibi+
tion of Src has also been shown to not only increase the sensitivity of ovarian
cancer cells to the cytotoxic effects of paclitaxel, but to re-sensitise paclitaxel-

resistant ovarian cancer cells to this chemotherapeutic agent [296].

The role of additional Src-family-members in disease progression and drug
resistance is also being investigated. Ongoing studies in our laboratory have
highlighted a potential role for Lyn kinase in tamoxifen-resistant breast
cancer, with both the expression and activity of this protein increased in our
Tam-R cell model (R. Hendley and K.M. Taylor, personal communication).

This is particularly interesting as the expression of Lyn was previously
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thought to be restricted to haematopoietic cells [95]. In addition, the expres-
sion and activation of Hck and Lyn Src-family kinases is increased in Bcr/Abl-
mediated chronic myelogenous leukaemia (CML) patients in blast-crisis, and
correlates with disease progression and the development of imatinib resistance
both in vitro and in vivo [297]. Therefore, dual-targeted Src-Bcr/Abl thera-
peutic agents such as AZD0530 and dasatinib may prove vital in combating

imatinib-resistant CML in the clinic.

One concern that exists with the use of Src inhibitors is that the broad expres-
sion of Src and its role in the regulation of many critical cellular processes,
even in normal tissues, may result in severe toxicity to the patient, and this line
of thinking is most likely responsible for the delay in the development of Src
inhibitors for use in the clinic. However, to date the only reported side-effect
of Src inhibition in a mouse model is osteopetrosis — a bone disorder that re-
sults in the excessive accumulation of bone matrix due to impaired osteoclast
function [298]. Indeed, this may actually be beneficial in the treatment of
breast cancer as the use of anti-hormone therapies, particularly aromatase in-
hibitors, is often associated with osteoporosis and an increased risk of bone
fractures [22]. Therefore, the inhibition of Src may have an additional
therapeutic role in the treatment of osteoporosis [299]. Furthermore, phase I
clinical trials using Src/Abl inhibitors in chronic myelogenous leukaemia have
revealed only limited toxicity with these compounds [280]; while in additional
trials, investigators report that these compounds are generally well-tolerated
by patients [243, 280]. However, despite this, the effect of Src inhibition on
immune cells and immune-system function has been closely monitored in
phase I trials with AZD0530 due to the prevalence of Src and Src family

members in haematopoietic cells [236].

In conclusion, the data presented in this thesis suggest that elevated Src kinase
activity plays a key role in the acquisition and maintenance of the aggressive,
tamoxifen-resistant phenotype exhibited by Tam-R cells in vitro. As such, the
use of pharmacological Src inhibitors may be of therapeutic importance in the

treatment of advanced tamoxifen-resistant breast cancer in the clinic,
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particularly when given in combination with an anti-proliferative agent to
specifically target tumour progression and metastasis, and increase patient
survival. Furthermore, Src inhibitors may also have the potential to prevent
the development of tamoxifen-resistance in vivo, in addition to the
development of resistance to a number of additional chemotherapeutic agents,
such as gefitinib. Thus, with a number of Src inhibitors now entering phase II
clinical trials, a future where the clinical management of cancer is no longer
complicated by metastatic progression or the development of drug resistance

draws ever closer.
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8 Appendices

8.1 Appendix I — Cell Culture
8.1.1 Cell Culture Medium Recipes

rRPMI 1640 + 5% FCS (R+5%) For 100ml Final Concentration
RPMI 1640 (contaiping L-glutamine 93ml )

and phenol-red pH indicator)

FCS Sml 5% (v/v)
Antibiotics .(Penicillin 10,000units/ml; 1ml Penicillin: 100 units/ml
Streptomycin 10,000pug/ml) Streptomycin: 100pg/ml
Amphotericin B (250ug/ml) Iml 2.5ug/ml
wRPMI 1640 + 5% SFCS (W+5%) For 100mi Final Concentration
Phenol-red-free RPMI 1640 91ml -

SFCS 5ml 5% (v/v)
L-glutamine (10M) 2ml 200mM
Antibiotics (Penicillin 10,000units/ml; Iml Penicillin: 100 units/ml
Streptomycin 10,000pg/ml) Streptomycin: 100pug/ml
Amphotericin B (250pg/ml) 1ml 2.5ug/ml
wDCCM (serum free) For 100ml Final Concentration
Phenol-red-free DCCM 96ml -
L-glutamine 2ml 200mM
Antibiotics (Penicillin 10,000units/ml; 1ml Penicillin: 100 units/ml
Streptomycin 10,000pg/ml) Streptomycin: 100pg/ml
Amphotericin B (250pg/ml) Iml 2.5ug/ml

8.1.2 Charcoal Stripping Procedure

Charcoal Solution:

2g Activated Charcoal

0.01g Dextran T70
18ml distilled H,O

Stir vigorously for at least one hour
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To strip 100ml Foetal Calf Serum:

Adjust serum pH to 4.2 using HCI (5M) and allow to equilibrate for 30
minutes at 4°C. Add charcoal solution (Sml) to serum and stir gently for 16
hours at 4°C. Remove charcoal by centrifugation (12,000g, 40 minutes) and
coarse filter the supernatant through Whatman filter paper No. 4 (repeat
filtration 2-3 times). Adjust serum pH to 7.2 with NaOH (5M) and sterilise
serum by passing it through a Nalgene® Supor® Mach V bottle top filter
(0.2pum). Stripped serum can then be aliquotted and stored at -20°C.

8.1.3 Trypsin/EDTA

Trypsin/EDTA is purchased from Invitrogen (Paisley, UK) as a 10x
concentrated stock solution containing 5g trypsin, 2g EDTA-4NA and 8.5g
NaCl per litre. The stock is diluted in PBS (1:10) before use to give a working
solution of 0.05% (w/v) trypsin and 0.02% (w/v) EDTA.

8.1.4 Cryo-preservation of Cell-lines

8.1.4.1 Freezing Procedure

Place cells in suspension following trypsin/EDTA disruption of the cell mono-
layer. Next, pellet cells by centrifugation (1000rpm, 5 minutes), re-suspend in
medium (10ml) and count. Repeat centrifugation and re-suspend cells in
medium” containing 7.5% DMSO (v/v) at a density of 1x10° cells/ml. Aliquot
cells (1ml) into labelled cryo-vials and place (in a lagged box) at -80°C for at
least 24 hours. This is to ensure the freezing down process is gradual and,
thus, minimises the risk of damage to the cells. Transfer cells to liquid

nitrogen for long-term storage.

"Cell-lines are cryogenically preserved in ‘home’ medium (i.e. the medium in

which they are routinely maintained) supplemented with 10% FCS or SFCS.

8.1.4.2 Thawing Procedure

Remove cryo-vial from liquid nitrogen and thaw as quickly as possible to limit
cell exposure to DMSO. In a sterile laminar-flow safety cabinet, spray vial

with 70% EtOH and allow to evaporate completely prior to opening to prevent

270



Chapter Eight: Appendix 1 — Cell Culture

microbial contamination. Remove cells to a sterile container, wash with
medium (9ml) and pellet by centrifugation (1000rpm, 5 minutes). Aspirate
supernatant and re-suspend cells in appropriate medium. Transfer cell
suspension into a small flask (e.g. T-12.5) and place in an incubator (37°C, 5%
CO,) overnight. Change medium on the following day and then culture the

cells as normal.

8.1.5 Cell Seeding Densities

Typical Cell Approximate

Vessel Surface Area V&leu(;?zn?f Seeding Cell Number at
Density* Confluency*
35mm Petri-dish 9.6 cm? 1.5 ml 1x10° 1.2x 10°
60mm Petri-dish 28.3 cm? 3 ml 5x10° 3.2x10°
100mm Petri-dish 78.5 cm® 5 ml 1x10° 8.8 x 10°
T-25 Flask 25.0 cm? 5 ml 3x10° 2.8x10°
T-75 Flask 75.0 cm? 15 ml 1x10° 8.4 x 10°
24-well Plate 2.0 cm?/well Iml/well 4x 10° 2x10°
’ cells/well cells/well
2 5x10° 4x10*
96-well Plate 0.32 cm*/well 100-150ul/well cells/well cells/well
Coverslips As for 35mm Petri-dishes

* Based on MCF7wt cells.

8.1.6 Constitution of Isoton® azide-free balanced electrolyte
solution for use with Beckman Coulter™ Multisizer 11

Component g/L
NaCl 7.9
Na,HPO, 1.9
EDTA 0.4
NaH,PO, 0.2
NaF 0.3
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8.2 Appendix 2 — Buffers and Solutions

8.2.1 Reverse Transcription and PCR

8.2.1.1 10x PCR Buffer

Component Stock Concentration For 20ml: Final Concentration
Tris-HCI 0.5M (pH 8.3) 4ml 100mM
KCI 1M 10ml 500mM
MgCl, 1M 0.3ml 15mM
Gelatine 2% (w/v) 0.lml 0.01% (w/v)
P(‘gieg ey - 5.6ml .

e Tris-HCl and KCI solutions are made in-house and sterilised by

autoclaving at 119°C.

e 10x PCR buffer is aliquotted and stored at -20°C.

8.2.1.2 Tris-Acetate-EDTA (TAE) Buffer (50x)

Component For 1L: Final Concentration
Tris (Base) 242g 2M
Glacial Acetic Acid 57.1ml IM
EDTA (0.5M; pH 8.0) 100ml 0.05M

e pH to 8.3 and make up to 1L with distilled H,O.

e Dilute 1:50 with distilled H,O before use.

8.2.1.3 Sample Loading Buffer for Agarose Gel Electrophoresis

Component For 10ml: Final Concentration
Sucrose 6g 60% (w/v)
Bromophenol Blue 0.025¢g 0.25% (w/v)

Make up to 10ml with RNase-free H,O and filter using 0.2um syringe

filter to remove any un-dissolved bromophenol blue.
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8.2.2 SDS-PAGE/Western Blotting

8.2.2.1 Cell Lysis Buffer for Total Soluble Protein

Component For 100ml Final Concentration
Tris base 0.61g 50mM
EGTA 0.19g SmM
NaCl 0.87g 150mM
Triton X-100 Iml 1% (v/v)
H,O 100ml -

e Adjust pH to 7.5 with HCI (SM).
e Store at 4°C.

e Add phosphatase/protease inhibitors immediately before use.

8.2.2.2 Phosphatase/Protease Inhibitors

Stock Volume added Final
Inhibitor C Ofr i Solvent to 10ml Lysis  Concentration in
oncentration Buffer Lysis Buffer
Sodium 100mM H,0 200p 2mM
orthovanadate
PMSF 100mM Isopropanol 100ul 1mM
Sodium fluoride 2.5M H,O 100ud 25mM
Sodium
H,O 100l 10mM
molybdate M z M
Phenylarsine 20mM Chloroform 10ul 20uM
Leupeptin Smg/ml H,O 20ul 10pg/ml
Aprotinin 2mg/ml H,0 40l 8ug/ml
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8.2.2.3 BSA Standard Curve for Bio-Rad D¢ Protein Assay (501d)

BSA Concentration BSA (ul)

(mg/m) (1.45mg/ml stock) Lysis Buffer (u1)
0.00 0.0 50.0
0.25 8.5 als
0.50 17.5 32.5
0.75 26.0 24.0
1.00 345 s
1.45 50.0 0.0

¢ BSA stock is 1.45mg/ml in H,O.

8.2.2.4 SDS-PAGE Running Buffer

Component For 1L: Final Concentration
Tris base 3.03g 0.25M
Glycine 14.4g 1.92M
SDS g 0.1% (w/v)
H,0 1L -

¢ Adjust pH to 8.3 with HC1 (5M).

8.2.2.5 Laemmli Sample Loading Buffer

Final Concentration

Component 3(x1 3::8]( S(XI g]t::lc)k (when diluted as appropriate
with cell lysate)

SDS 0.6g 1g 2% (W/v)

Glycerol 3ml Sml 10% (v/v)

Tris base 3.6ml (0.5M stock) 3ml (1M stock) 60mM
H,0 Make up to 10ml Make up to 10ml -

Bromophenol 0.003 0.005 0.01% (wW/v)

Blue L0928 R e
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e Add 23.1mg (for 3x) or 38.5mg (for 5x) di-thiothreitol per ml Laemmli

sample loading buffer immediately before use.

¢ Stock solutions of Tris base are pH 6.8.

8.2.2.6 Western Blot Transfer Buffer

Component For 1L: Final Concentration
Tris base 3.03g 0.25M
Glycine 14.4g 1.92M
Methanol 200ml 20% (v/v)
H,0 800ml -

8.2.2.7 Tris-buffered Saline (TBS)

Component For 1L: Final Concentration
Tris base 1.21g 10mM
NaCl 5.8g 100mM
H,0 1L -

e Adjust to pH 7.6 with HCI (5M).

8.2.2.8 TBS-Tween (TBS-T)

TBS (see section 8.2.2.7 above) containing 0.05% (v/v) Tween 20.
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8.2.3 Immunocytochemistry

8.2.3.1 PBS

Component For SL:
NaCl 42.5¢g
K,HPO, 7.15¢
KH,PO, 1.25¢
Distilled H,O Make up to SL

8.2.3.2 Fixatives
3.7% Formaldehyde Solution (used in ER-ICA fix):
e For 250ml, add formaldehyde (37% solution; 25ml) to PBS (225ml).

Formal-saline:
e For 500ml, add NaCl (4.5g) to formaldehyde (37% solution; SOml) and tap

water (450ml) and allow to dissolve.

8.2.3.3 Sucrose Storage Medium (SSM)

Component For 500ml:
Sucrose 42 8g
MgCl, 0.33g
PBS 250ml
Glycerol 250ml

e SSM is stored at -20°C.
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8.3 Appendix 3 — Transfection Work

8.3.1 SOC Medium
SOC medium was purchased, pre-sterilized, from Sigma-Aldrich (Poole, Dorset,

UK). The composition of SOC medium was as follows:

Component Concentration
Tryptone 2% (W/v)
Yeast extract 0.5% (w/v)
NaCl 8.6mM
KCl1 2.5mM
MgSO, 20mM
Glucose 20mM

8.3.2 Luria-Bertani (LB) Agar Plates

Preparation of LB-agar plates was carried out under sterile conditions. A sachet
of LB Agar EZMix™ powder (containing 5g Tryptone [a pancreatic digest of
casein], 2.5g yeast extract, 2.5g NaCl and 7.5g agar) was added to 500ml
distilled H,O and mixed thoroughly. The agar solution was then autoclaved at
121°C and allowed to cool until the bottle could be held comfortably in the hand
(~40°C). Ampicillin was added (final concentration of 100pg/ml) and the agar
was poured into the required number of Petri-dishes (100mm). Plates were left
to set for 1 hour before being wrapped in Saran wrap and stored at 4°C in the

dark for up to 1 month.

8.3.3 Luria-Bertani (LB) Broth
LB-Broth was prepared under sterile conditions. A sachet of LB Broth

EZMix™ powder (containing Sg Tryptone, 2.5g yeast extract and 2.5g NaCl)
was added to 500ml distilled H,O and mixed thoroughly. The broth was
autoclaved at 121°C and stored at room temperature until use. LB-broth was
supplemented with ampicillin (final concentration 100pg/ml) immediately

before use.
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8.3.4 Src Y529F in pUSEamp(-)

8.3.4.1 Nucleotide Sequence of Src Y529F Gene in pUSEamp(-) Vector

Vector/Intron (2348 — 2425) - Black
Mouse Src (948 — 2240) - Blue
Chicken Src (2241 —2633) - Green
Mutation (TAC -> TTC Substitution at 2611) - Red
EcoR1 Recognition Site - Purple

GACGGATCGGGAGATCTCCCGATCCCCTATGGTCGACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTAT 80
CTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGAGCARAATTTARGCTACAACAAGGCAAGGCTTGACCGA 160
CAATTGCATGARGAATCTGCTTAGGGTTAGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATACGCGTTGACATT 240
GATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAA 320
CTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGT 400
ZnCECCAR T EERGNNICETTET EaREE SNEE GIEERAE I RTACECIE IR CTECCCACMNCEE RETACATC AR CTGR 1412
ATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTARATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTA 560
TGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAA 64
TGGGCGTGGATAGCGGTTTCGACTCACGS ATTGACGTCAATGGGAGTTTGTTTTGGCACC 720
ARAATCAACGGGACTTTCCAAAR TGTACGGTGGGAG 800
GTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAG 880
GGAGACCCAAGCTGGCTAGCGTTTAAACGGGCCCTCTAGACTCGAGCGGCCGCCACTGTGCTGGATCATGGGCAGCAACA 960
AGAGCAA AAGGACGCCAGCCAGCGGCGECCGCAGCCTGGAGCCCTCGGARAACGTGCACGGGE
CCGGCCTCACAGACACCGAGCAAGH T
CGAGC AGAGGGCGGGCGCTCTGGCAGGTGGGG 1200
TGACCACCTTTGTGGCCCTCTATGACTATGAGTCACGGACAGAGACTGACCTGTCCTTCAAGARAGGGGAGCGGCTGCAG 1280
ATTGTCAATAACACGGAGGGAGACTGGTGGCTGGCACACTCGCTGAGCACGGGACAGACCGGTTACATCCCCAGCAACTA 1360
A

TGTGGCGCCCTCCGACTCCATCCAGGCTGAGGAGTGGTACTTTGGCAAGATCACTAGACGGGAATCAGAGCGGCTGCTGE 1440
TCAACGCCGAGAACCCGAGAGGGACCTTCCTCGTGAGGGAGAGTGAGACCACRABRAGGTGCCTACTGCCTCTCTGTATCC 1520
CCGCACCCAGTTCAACAGCCTGCAGCAGCTCGTGGCTTACTACTCCARACATGCTGATGGCCTGTGTCACCGCCTCACTA 1680
CCGTATGTCCCACATCCAAGCCTCAGACCCAGGGATTGGCCAAGGATGCGTGGGAGATCCCCCGGGAGTCCCTGCGGCTG 1760
GAGGTCAAGCTGGGCCAGGGTTGCTTCGGAGAGGTGTGGAT GGGGACCTGGAACGGCACCACGAGGGTTGCCATCAAAAC 1840
TCTGAAGCCAGGCACCATGTCCCCAGAGGCCTTCCTGCAGGAGGCCCARGTCATGAAGARACTGAGGCACGAGAAACTGG 152

TGCAGCTGTATGCTGTGGTGTCGGAAGRACCCATTTACATTGTGACAGAGTACATGAACAAGGGGAGTCTGCTGGACTTT 2000
CTCAAGGGGGAAACGGGCAAATATTTGCGGCTACCCCAGCTGGTGGACATGTCTGCTCAGATCGCTTCAGGCATGGCCTA 2080
TGTGGAGCGGATGAACTATGTGCACCGGGACCTTCGAGCCGCCAATATCCTAGTAGGGGAGAACCTGGTGTGCAAAGTGG 216

CCGACTTTGGGTTGGCCCGGCTCATAGARAGACAACGAATACACAGCCCGGCARGGTGCCARATTCCCCATCARGTGGACA 2240
GCCCCCGAGGCAGCCCTCTATGGCCGGT TCACCATCAAGTCGGATGTCTGGTCCTTCGGCATCCTGLTGACTGAGCTGAC 2320
CACCARAGGGCCGGGTGCCATACCCAGETGAGAGTTAGCATCACCCCCACACECCGTGGETTGGGCACAGCGTGTGACCCG 2400
GCCCCGCTGCCCTTCTTTCcACAGGGATGGTCAACAGGGAGGETGCTGGACCAGGTGGAGAGGGGCTACCGCATGCCCTGC 2480
CCGCCCGAGTGCCCCGAGTCGCTGCATGACCTCATGTGLCCAGTGCTGGCGGARGGACCCTGAGGAGCGGCCCACTTTTGA 2560
GTACCTGCAGGCCTTCCTGCAGSACTACTTCACCTCGRACAGAGCCCCAGTTCCAGCCTGGAGAGRACCTATAGATCTCTA 2640

CACCTCGACAGALLLD A alilrera

GAAGCTTATCGATTAGTCCAATTTGTTAAAGACAGGATATCTGCAGAATTECACCACACTGGACTAGTGGATCCGAGCTC 2720

7 TACGGCACCTCGACCCCAAARAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGAT 3280
AGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAARACTGGRACARACACTCAAC 3360
CCTATCTCGGTCTATTCTTT TGATTTATAAGGGATTTTGGGGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACA 3440
AAAATTTAACGCGAATTAATTCTGTGGRATGTGTGTCAGTTAGGGTGTGGARRGTCCCCAGGCTCCCCAGGCAGGCAGAR 3520
GTATGCAARAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGARAGTCCCCAGGCTCCCCAGCAGGCAGRAGTATGCAR 3600
AGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGC 3680
CCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGA 3760
AGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTT TGCAARRAGCTCCCGGGAGCTTGTATATCCATTTTCGGATCTGAT 3840
CAAGAGACAGGATGAGGATCGTTTCGCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGRG 3920
GCTATTCGGCTATGACTGGGCACARCAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCC 4000
CGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAAT GAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCE 4080
ACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCAC TGAAGCGGGRAGGGACTGGCTGCTATTGGGCGAAGTGCC 4160
GGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGARAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATA 4240
CGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGARACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGET 4320

TATTGCTGAAGAG
TTCTATCG
CCTTCTTGACGAGT TCTTCTGAGCGGGACTCTGGGGTTCGARATGACCGACCARGCGACGCCCARCCTGCCATCACGAGA 4720

TTTCGATTCCACCGCCGCCTTCTATGARAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGC 4800
GCGGGGATCTCATGCTGGAGTTCTTC GCCCACCCCARCTTGTTTATTGCAGCTTATAATGGTTACAAATARAGCAATAGC 4880
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APErIL rarn

ATCACAAATTTCACARATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGT TTGTCCAAACTCATCARTGTATCTTATCA 4860
TGTCTGTATACCGTCGACCTCTAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGC 5040
TCACAATTCCACACAACATACGAGCCGGAAGCATAARAGTGTAAAGCCTGGGGTGCCTARTGAGTGAGCTAACTCACATTA 5120
ATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGARACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGG 5200
GAGAGGCGETTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGCTCGTTCGGCTGCGGCGAG 5280
CGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAARGARCATGTGAGCAARA 5360
GGCCAGCARAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCA 5440
CARRAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATARAGATACCAGGCGTTTCCCCCTGGAAGCTCCC 5520
TCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCT 5600
CAATGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCA 5680
GCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAG 5760
CCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTAC 5840
ACTAGRAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGARAAAGAGTTGGTAGCTCTTGATCCGEG 5920
CARACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAARARAAGGATCTCAAGAAG 6000
A GTCTGACGCTCAGTGGRAC AACTC AAGGGATTTTGGTCATGAGATTATCA 6080
ARAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTARATCAATCTARAGTATATATGAGTARACTTGGTC 6160
TGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTSCCTGACTCC 6240
CCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCA 6320
6400
6480
TTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCARNGGCGAGTTACA 656
TGATCCCCCATGTTGTGCAARAARAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGARAGTAAGTTGGCOGCAGTGTT 6640
ATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGT 6720
ACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCG 6800
CCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAARACGTTCTTCGGGGCGAARACTCTCAAGGATCTTACCGCTGTT 6880
GAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACT TTCACCAGCGTTTCTGSGTGAS 5960
CARARACAGGAAGGCAAAATGCCGCAAARAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTT 7040
CAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGARAAATAAARCARAT 7120

AGGGGTTCCGCGCACATTTCCCCGAARAGTGCCACCTGACGTC 7163

8.3.4.2 Amino Acid Sequence of Mutated Src Gene

Mutation (Y = F Substitution at 529) - Red
MGSNKSKPKDASQRRRSLEPSENVHGAGGAFPASQ
TPSKPASADGHRGPSAAFVPPAAEPKLFGGFNSSDT
VITSPOQORAGALAGGVTTFVALYDYESRTETDLSFKK
GERLQIVNNTEGDWWLAHSLSTGQTGYIPSNYVAP
SDSIQAEEWYFGKITRRESERLLLNAENPRGTFLVR
ESETTKGAYCLSVSDFDNAKGLNVKHYKIRKLDSG
GFYITSRTQFNSLQQLVAYYSKHADGLCHRLTTVCP
TSKPQTQGLAKDAWEIPRESLRLEVKLGQGCFGEYV

LKPGTMSPEAFLQEAQVMK
KLRHEKLVQLYAVVSEEPIYIVTEYMNKGSLLDFLK
GETGKYLRLPQLVDMSAQIASGMAYVERMNYVHR
DLRAANILVGENLVCKVADFGLARLIEDNEYTAR
GAKFPIKWTAPEAALYGRFTIKSDVWSF I
TKGRVPYPGMVNREVLDQVERGYRMPCPPECPE

iE

»
=~
—
-
N

HDLMCQCWRKDPEERPTFEYLQAFLE

FQPGENL
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8.3.4.3 Restriction Enzyme Recognition Sites for Src Y529F Plasmid
A schematic diagram and a table listing the recognition sites of single-cutting
restriction enzymes for the Src Y529F plasmid is shown below. The diagram

and table were compiled using the NEBcutter V2.0 tool available on the New

England BioLabs Inc. web-site (http://tools.neb.com/NEBcutter2/index.php).

rMFel
7 ¥Pwul ’ };r:ﬁl:‘ll
ppseal  HTTRRLL
. ¥Begl . -¥SnaBl
% /. Nnel

" XNot1 *PaeR7I *PspXI ¥T1il ¥Xhol *BmtI
T T alel BstEII Rard

#Pasl

Bsgl EcoNI

BStZ171 gy ~

Swertt 7 %@&;@ bspol c1ar 0!
' Fall . - Ban
Cawrrn CAlol 1ot
:: *BssHI I *#BsaBl CAFLII
Enzyme Specificity (blun(t‘jfd.‘)'lzoejcgl—o’;f ext.)
Aarl CACCTGCNNNN NNNN. 1182/1186
Acc651 G GTAC.C 2721/2725
Aflll C TTAA.G 2730/2734
Agel A'CCGG.T 1338/1342
Alel CACNN NNGTG 1209
Alol «(N)s (N);GAAC(N)eTCC(N);.(N)s 3298/3293 and 3330/3325
Avrll C CTAG.G 3786/3790
BamHI G GATC.C 2709/2713
BbvCI cC TCA.GC 1387/1390
Begl NN"(N)1cCGA(N) TGC(N)10.NN" 6745/6743 and 6779/6777
Bipl GC TNA.GC 1323/1326
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Bmtl G.CTAG C 899/895
BsaBI GATNN-NNATC 3855
Bsgl GTGCAG(N);4.NN"~ 1941/1939
Bsmli GAATG.CN~ 4916/4914
BspDI AT CG.AT 2649/2651
BssHIl G CGCG.C 4393/4397
BstBI TT CG.AA 4678/4680
BstEIl G GTNAC.C 1199/1204
BstZ 171 GTA_TAC 4968
Bsu36l CC TNA.GG 2539/2542
Clal AT CG-AT 2649/2651
EcoNI CCTNN N.NNAGG 1878/1879
EcoRI G AATT.C 2686/2690
EcoRV GAT.ATC 2678
Fall A(N)s (NJSAAG(N)sSCTT(N)e(N)s 4304/4299 and 4336/4331
Kpnl G.GTAC C 2725/2721
Mfel C AATT.G 161/165
Miul A CE80.T v0s <k 9)
Ndel CA TA.TG 484/486
Nhel G CTAG.C 895/899
Notl GC GGCC.GC 927/931
Nrul TCG.CGA 208
PaeR7I C TCGA.G 921/925
Pasl CCTCWG.GG 1709/1712
PspXI VC TCGA .GB 921/925
Pvul CBIAT 'CG 6610/6608
Rsrll CG GWC.CG 4512/4515
Scal AGT.ACT 6720
SnaBlI TACIGTA 590
TIil C TCGA.G 921/925
Xhol C.TCGA.G 921/925
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o

2 2 H y 74 7) e
3.5 pUSEamp(-) Vec

4
CMYV Promoter (209 — 863) - Blue
Multiple Cloning Site (895 — 1010) - Green
Neomycin Resistance Gene (2137 ed

GACGGATCGGGAGATCTCCCGATCCCCTATGGTCGACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTAT 80

CTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGAGCARRATTTAAGCTACARCAAGGCAAGGCTTGACCGA 160
CAATTGCATGAAGAATCTGCTTAGGGTTAGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATACGCGTTGACATT 240
GATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAA 320
CTTACGGTARATGGCCCGCCTEGCTGACCGCCCARCGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGT 400
AACGCCAATAGGGACTTTCCATTGACGTCAATGGGTCGACTATTTACGGTARACTGCCCACTTGGCAGTACATCAAGTGT 480
ATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAAT GGCCCGCCTGGCATTATGCCCAGTACATGACCTTA 560
TCCTAC CAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAA 640
TGGGCGTGGATAGCGGTT TGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCALL 720
AAAATCAACGGGACTTTCCAARATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAG 800
GTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAG 880

GGAGACCCAAGCTGGCTAGCGTTTARACGGGCCCTCTAGACTCGAGCGGCCGCCACTGTGCTGGATATCTGCAGAATTCC 460
ACCACACTGGACTAGTGGATCCGAGCTCGGTACCAAGCTTARGTTTAAACCGCTGATCAGCCTCGACTGTGCCTTCTAGT 1040
TGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGARGGTGCCACTCCCACTGTCCTTTCCTAATA 1120
AAATGAGGARATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGETGGGGTGGGGCAGGACAGCAAGGGGG 1200
AGGATTGGGAAGACAARTAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAARGAACCAGCTGGGGC 1280
TCTAGGGGGTATCCCCACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTAC 136
ACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAG 144

CTCTARATCGGGGCATCCCTTTAGGGTTCCGATTTAGTGCT TTACGGCACCTCGACCCCAARAAACTTGATTAGGGTGAT 1520
GGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACT 1600
CTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATARGGGATTTTGGGGATTTCGGCCT 168

ATTGGTTAAAARATGAGCTGATTTAACARAAART TTARCGCGAATTAATTCTGTGGARTGTGTGTCAGTTAGGGTGTGGAA 1760
AGTCCCCAGGCTCCCCAGGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAARGTCCCC 1840
AGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTARCTCCGCCCA 1920
TCCCGCCCCTARCTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAG 2000
GCCGCCTCTGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGCCCTAGGCTTTTGCAAAAARGCTCCCGGG 2080
AGCTTGTATATCCATTTTCGGATCTGATCAAGAGACAGGATGAGGATCGTTTCGCATGATTGAACARGATGGATTGCACG 2160

GTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTT TTGTCAAGACCGACCTGTCCGGTGCCCTGRATGAACTGCAGGA 2320
CGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAA 2400
GGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATC 2480
ATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGARACATCGCATCGA 2560
GCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATC TGGACGAAGAGCATCAGGGGCTCGCGCCAGCCG 2640
AACTGTTCGCCAGGCTCRAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAAT 2720
ATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGRACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGC 2800
GTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCCGCGAATGGECTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTC 2880
CCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGCGGGACT CTGGGGTTCGARATGACCGACC 22860
AAGCGACGCCCARCCTGCCATCACGAGATTTCGATTCCACCGCCGCCTTCTATGARAGGTTCGECTTCGGRATCGTTTTC 3040
CGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGATC TCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTGCAGC 3120
TTATAATGGTTACARATAARAGCAATAGCATCACARATTTCACAAATAAAGCATTTTTT TCACTGCATTCTAGTTGTGGTT 3200
TGTCCARACTCATCAATGTATCTTATCATGTCTGTATACCGTCGACCTCTAGCTAGAGCTT TAATCATGGTCATAG 3280
CTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGRAGCATARAGTGTARAGCCTGGGG 3360

TGCCTAATGAGTGAGCTAACTCACAT TAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGC 3440
TGCATTAATGAATCGGCCAACGCGCGGGEAGAGECGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGTTCACTGRACTSG 3520
CTGCGCTCGETCGT TCGGCTECGGCGAGCGGTATCAGCTCACT CARAGGCGGTAATACGGTTATCCACAGAATCAGGGGR 360

TARCGCAGGARAGAACATGTGAGCARARGGCCAGCAARAGGCCAGGARCCGTARAAAGGCCGCGTTGCTGGCGTTTTTCC 3680
ATAGGCTCCGCCCCCCTGACGAGCATCACAAARATCGACGCTCARGTCAGAGGTGGCGAARCCCGACAGGACTATARAGR 3760
TACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTT 3840
TCTCCCTTCGGGARGCGTGGCGCT TTCTCARTGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGC 3920
TGGGCTGTGTGCACGARCCCCCCGTTCAGCCCGACCGCTGCGCCT TATCCGGTAACTATCETCTTGAGTCCARCCCGGTA 4000
AGACACGACTTATCGCCACTCGCAGCAGCCACTGGTARCAGGATTAGCAGAGCGACGTATGTAGGCGGTGCTACAGAGTT 4080
CTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATT TGGTATCTGCGCTCTGCTGARGCCAGT TACCTTCG 4160
GAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACARRCCACCGCTGGTAGCGGTGGT TTTTTTGTTTGCAAGCAGCAGATT 4240
ACGCGCAGAAARAAAGGATCTCAAGARGATCCTTTGATCTTTTCTACCGGETCTGACGCTCAGTGGRACGARAACTCACG 4320

TTARGGGATTTTGGTCATGAGATTATCARARAGGATCTTCACCTAGATCCTTTTAAAT TARARATGAAGTTTTRAATCAA 44G0
TCTARAGTATATATGAGTARACTTGETCTGACAGT TACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTA 4480
TTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGC 456
TGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAG 4640
GAAGTGGTCCTGCABRCTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTT 4720
AATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGETATGGCTTCATTCAGCTC 4800
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CGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGT TGTGCARMAAAGCGGTTAGCTCCTTCGGTCCTCCGATCG 4880
TTGTCAGAAGTRAAGTTGGUCGCAGTGTTATCACTCATGGTTATGGCAGTACTECATAATTCTCTTACTGTCATGCCATCC 4960
AGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTG 5040
m“C GGCGTCAATACGGGATAATACCGCGCCACATAGTAGAACTTTAARAGTGCTCATCATTGGAARARCGTTCTTCGGGGE 5120
GAAAARCTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCT 5200
TTTACTTTCACCAGCGTTTCTGGGTGAGCRAAARACAGGAARGGCAARATGCCGCABAAAAGGGAATARGGGCGACACGGRAA 5280
ATGTTGAATACTCATACTCTTCCTTTTTCRATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATAT 5360

TTGAATGTATTTAGAAARATAARCAAATAGGGGTTCCGCGCACATTTCCCCGARARAGTGCCACCTGACGTC 5431
8.3.5.2 Restriction Enzyme Recognition Sites for pUSEamp Empty Vector

A schematic diagram and a table listing the recognition sites of single-cutting

=

restriction enzyme for the pUSEamp empty vector plasmid is shown below.

=

b)

he diagram and table were compiled using the NEBcutter V2.0 tool available
1

n the New England Biolabs Inc. web-site (hitp://

&

¢

index.php).
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Cut positions

ACH 2 Sreaiciy (blunt - 5' ext. - 3' ext.)
Acc651 G GTACLE 989/993

Aflll C TTAA.G 998/1002

Ahdl GACNN.N NNGTC 4508/4507

Alol N5 (NYTGAAC(N)6TCC(N). 1566/1561 and 1598/1593

(N)5

Apal G.GGCC C 913/909

Avrll eCTAGL 2054/2058
BamHI G GATC.C 977/981

Bbsl GAAGACNN NNNN. 1216/1220

Begl NN'(N)IOCGA(N)6TGC(N} 10NN~ 5013/5011 and 5047/5045

Bgill A GATC.T 12/16

Bmtl G.CTAG C 899/895

Bpul0l CC TNA.GC 180/183

BsaBI GATNN_NNATC 2123

BseRI GAGGAG(N)8.NN 2050/2048

Bsml GAATG.CN™ 3184/3182
BssHII G 'CGEBLC 2661/2665

BstBI WL CERal 2946/2948
BstZ171 GTA.TAC 3236

CspCl NNT(N) ‘CAQS")SGTGG(N)IO‘ 626/624 and 661/659

Dralll CAC.NNN GTG 1530/1527
EcoO1091 RG GNC.CY 910/913

EcoRI G AATLT L 954/958

EcoRV GATIATC 946

Fall A(N)5 (N)SAAG(N)SCTT(N)8.(N)S - 2572/2567 and 2604/2599
HindlII A AGCT.T 995/999

Kasl G GCGC.C 2263/2267

Kpnl G.GTAC C 993/989

Mfel C AATT.G 161/165

Mlul A CGCG.T 228/232

Miscl TGG.CCA 2346
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Narl
Ndel

Nhel

Smal
SnaBI
Sspl
Stul
Tlii
TspMI
Tthil1l
Xbal
Xhol

Xmal

C TCGA.G
A CATG.T
GACN N.NGTC

G GGCC.C
VC TCGA.GB

CG.AT CG
CG GWC.CG

AGTIACT
A'CCWGG.T

GGCGCC

CCIGGG

(@

Av‘_
AC.LGT

=
>

J

-

>

>
’%
>
pq
...]

il ag

2264/2266
484/486

3039/3044
909/913
921/925

4878/4876

2780/2783

4988

1821/1826

2075/2079
2382/2383
915/919
921/925
2075/2079
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8.4 Appendix 4 - Abstracts of Published Journal Articles

Tamoxifen Resistance in Breast Cancer Cells Is Accompanied by an
Enhanced Motile and Invasive Phenotype: Inhibition by Gefitinib ('Iressa’,
7ZD1839)

Hiscox, S., Morgan, L., Barrow, D., Dutkowski, C., Wakeling, A. and Nicholson, R.1.

Despite an initial response to anti-hormonal therapies, the development of
resistance will occur in a significant number of breast cancer patients. The
mechanisms that underlie acquired resistance are not yet clear. Using a
previously established in vitro cell model of tamoxifen resistance in MCF7
cells, shown to display autocrine epidermal growth factor receptor (EGFR)
signalling, we assessed how resistance might modulate their metastatic
phenotype in vitro, as metastatic disease is the single most important factor
affecting the mortality of cancer patients. Furthermore, we investigated the
effect of the EGFR tyrosine kinase inhibitor (EGFR-TKI), gefitinib ('Iressa’,
ZD1839, AstraZeneca), on this behaviour.

The acquisition of tamoxifen resistance in MCF7 cells was accompanied by a
dramatic and significant increase in their invasive and motile nature. The
affinity of these cells for matrix components was also enhanced. Inhibition of
EGFR signalling with gefitinib reduced both basal and TGFa-stimulated
invasion and motility and reduced cell-matrix adhesion. In conclusion, we
demonstrate here that resistance to tamoxifen in breast cancer cells is
accompanied by a significant increase in their basal motile and invasive activity,
properties associated with increased metastatic potential. Inhibition of EGFR
signalling by gefitinib significantly inhibited cell motility and invasion thus
suggesting a role for the EGF receptor in the aggressive phenotype of

tamoxifen-resistant breast cancer cells.

2004. Clin Exp Metastasis 21(3), pp. 201-212.
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Tamoxifen Resistance in MCF7 Cells Promotes EMT-Like Behaviour and
Involves Modulation of Beta-Catenin Phosphorylation.

Hiscox, S., Jiang, W.G., Obermeier, K., Taylor, K., Morgan, L., Burmi, R., Barrow, D. and
Nicholson, R. 1.

We have previously demonstrated that, following acquisition of endocrine
resistance, breast cancer cells display an altered growth rate together with
increased aggressive behaviour in vitro. Since dysfunctional cell-cell adhesive
interactions can promote an aggressive phenotype, we investigated the integrity

of this protein complex in our breast cancer model of tamoxifen resistance.

In culture, tamoxifen-resistant MCF7 (Tam-R) cells grew as loosely packed
colonies with loss of cell-cell junctions and demonstrated altered morphology
characteristic of cells undergoing epithelial-to-mesenchymal transition (EMT).
Neutralising E-cadherin function promoted the invasion and inhibited the
aggregation of endocrine-sensitive MCF7 cells, whilst having little effect on the
behaviour of Tam-R cells. Additionally, Tam-R cells had increased levels of
tyrosine-phosphorylated beta-catenin, whilst serine/threonine-phosphorylated
beta-catenin was decreased. These cells also displayed loss of association
between beta-catenin and E-cadherin, increased cytoplasmic and nuclear beta-
catenin and elevated transcription of beta-catenin target genes known to be
involved in tumour progression and EMT. Inhibition of EGFR kinase activity
in Tam-R cells reduced beta-catenin tyrosine phosphorylation, increased beta-
catenin-E-cadherin association and promoted cell-cell adhesion. In such treated
cells, the association of beta-catenin with Lef-1 and the transcription of c-myc,

cyclin-D1, CD44 and COX-2 were also reduced.

These results suggest that homotypic adhesion in tamoxifen-resistant breast
cancer cells is dysfunctional due to EGFR-driven modulation of the phosphory-
lation status of beta-catenin and may contribute to an enhanced aggressive

phenotype and transition towards a mesenchymal phenotype in vitro.

2006. Int J Cancer 118(2), pp. 290-301.
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Elevated Src Activity Promotes Cellular Invasion and Motility in

Tamoxifen Resistant Breast Cancer Cells.

Hiscox, S., Morgan, L., Green, T.P., Barrow, D., Gee, J. and Nicholson, R.I.

Src kinase plays a central role in growth factor signalling, regulating a diverse
array of cellular functions including proliferation, migration and invasion.
Recent studies have demonstrated that Src activity is frequently elevated in
human tumours and correlates with disease stage. We have previously demon-
strated that, upon acquisition of tamoxifen resistance, MCF7 cells display
increased epidermal growth factor receptor (EGFR) activation and a more ag-
gressive phenotype in vitro. Since tumours exhibiting elevated EGFR signalling
may possess elevated levels of Src activity, we wished to investigate the role of

Src in our MCF7 model of endocrine resistance.

Src kinase activity was significantly elevated in tamoxifen-resistant (Tam-R)
cells in comparison to wild type MCF7 cells. This increase was not due to
elevated Src protein or gene expression. Treatment of Tam-R cells with the
novel Src inhibitor, AZD0530, significantly reduced the amount of activated Src
detectable in both cell types whilst having no effect on total Src levels.
AZDO0530 significantly suppressed the motile and invasive nature of Tam-R
cells in vitro, reduced basal levels of activated focal adhesion kinase (FAK) and
paxillin and promoted elongation of focal adhesions. Furthermore, the use of
this compound in conjunction with the EGFR inhibitor, gefitinib, was markedly

additive towards inhibition of Tam-R cell motility and invasion.

These observations suggest that Src plays a pivotal role in mediating the motile
and invasive phenotype observed in endocrine-resistant breast cancer cells. The
use of Src inhibitors in conjunction with EGFR inhibitors such as gefitinib may
provide an effective method with which to prevent cancer progression and

metastasis.

2006. Breast Cancer Res Treat 97(3), pp. 263-274.
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Src as a Therapeutic Target in Anti-Hormone/Anti-Growth-Factor

Resistant Breast Cancer.

Hiscox, S., Morgan, L., Green, T. and Nicholson, R.I.

Endocrine therapy is the treatment of choice in hormone receptor-positive breast
cancer. However, the effectiveness of anti-hormone drugs, such as tamoxifen, is
limited because of the development of resistance, ultimately leading to disease
progression and patient mortality. Using in vitro cell models of anti-hormone
resistance, we have previously demonstrated that altered growth factor signal-

ling contributes to an endocrine insensitive phenotype.

Significantly, our recent studies have revealed that the acquisition of endocrine
resistance in breast cancer is accompanied by a greatly enhanced migratory and
invasive phenotype. Furthermore, therapeutic intervention using anti-growth
factor mono-therapies, despite an initial growth suppressive phase, again results
in the development of a resistant state and a further augmentation of their inva-
sive phenotype. Using the dual specific Src/Abl kinase inhibitor, AZD0530, we
have highlighted a central role for Src kinase in promoting the invasive pheno-
type that accompanies both anti-hormone and anti-growth factor resistance.
Importantly, the use of Src inhibitors in combination with anti-growth factor
therapies appears to be additive, producing a marked inhibitory effect on cell
growth, migration and invasion and ultimately prevents the emergence of a

resistant phenotype.

These observations suggest that the inhibition of Src activity may present a
novel therapeutic intervention strategy, particularly when used as an adjuvant in
endocrine-resistant breast disease, with the potential to delay or prevent the

acquisition of subsequent resistance to anti-growth factor therapies.

2006. Endocr Relat Cancer 13(S1), pp. S53-59.
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Src Kinase Promotes Adhesion-Independent Activation of FAK and

Enhances Cellular Migration in Tamoxifen-Resistant Breast Cancer Cells.

Hiscox, S., Jordan, N.J., Morgan, L., Green, T.P. and Nicholson, R.1.

Src kinase is intimately involved in the control of matrix adhesion and cell
migration through its ability to modulate the activity of focal adhesion kinase
(FAK). In light of our previous observations that acquisition of tamoxifen
resistance in breast cancer cells is accompanied by elevated Src kinase activity,
we wish to investigate whether FAK function is also altered in these cells and if

this leads to an enhanced migratory phenotype.

In in vitro adhesion assays, tamoxifen-resistant (Tam-R) MCF7 cells had a
greater affinity for the matrix proteins fibronectin, laminin, vitronectin and
collagen and subsequently demonstrated a much greater migratory capacity
across these substrates compared to their weakly-migratory, endocrine-sensitive
counterparts. Additionally, elevated levels of activated Src in Tam-R cells
promoted an increase in FAK phosphorylation at Y861 and Y925 and uncoupled
FAK activation from an adhesion-dependent process. Inhibition of Src activity
using the Src/Abl inhibitor AZD0530 reduced FAK activity, suppressed cell

spreading on matrix-coated surfaces and significantly inhibited cell migration.

Our data thus suggest that Src kinase plays a central role in the enhanced
migratory phenotype that accompanies endocrine resistance through its
modulation of FAK signalling and demonstrates the potential use of Src

inhibitors as potent suppressors of tumour cell migration.

2007. Clin Exp Metastasis 24(3), pp. 157-167.
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“Maybe it’s all just a bunch of stuff that happened.”

Homer Simpson (1989- ). Safety Inspector, Springfield Nuclear Power Plant.
The Simpsons, Episode 7F22 ‘Blood Feud’.
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