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ABSTRACT
Breast cancer is still the most prevalent malignancy with one of the highest mortality rates in women from
western societies and the search for new therapeutic targets to strengthen the arsenal against this disease is
ever present. In this thesis I have investigated the role of two secreted growth factors in mammary carcinoma
progression: Glial cell line-Derived Neurotrophic Factor (GDNF) and Stromal Cell-Derived Factor 20 (SF20)
or C19orf10.

Neurotrophic factors play an essential role in the development and maintenance of the central and peripheral
nervous systems. Recently, GDNF has been implicated in the progression of several malignancies including
pancreas, glioma, ovarian and breast. Herein, I have demonstrated that forced expression of autocrine
GDNF in mammary carcinoma cells significantly regulates cell migration and chemotaxis in vitro. This action
was affected by cell line type, expression of GFRα co-receptors and ligand concentration. More so, I
presented evidence that suggests this action may be mediated through the PI3K/AKT, Rho and Plasminogen
Activator pathways. This invasive behaviour was also evident in vivo where GDNF overexpression promoted
local invasion and colonisation of distant organs. In estrogen receptor positive mammary carcinoma cells,
high GDNF levels also conferred a growth advantage in vitro and in vivo. This was facilitated by an ability to
promote cell cycle transition in nutrient deprived environments. In estrogen receptor negative cells this
advantage was only evident in distant metastases in vivo. Lastly, preliminary evidence supports a possible
role in angiogenesis and regulation of cancer stem cell populations. Together, this suggests that GDNF and
the GDNF pathway may play a functional role in mammary carcinoma progression, particularly during
metastasis. Upon further investigation GDNF may provide avenues for cancer therapeutic invention.

Little is known about the biology of SF20. However, recently it has been proposed as a mediator of autocrine
hGH directed oncogenesis with a possible role in growth and motility. In this study I sought to confirm these
observations, in addition to expanding our knowledge on its role in mammary oncogenesis. I demonstrated
that SF20 is overexpressed in mammary carcinoma tumours and causes growth suppression due to
increased apoptosis and a converse growth advantage during anchorage independent growth. However
antagonistic studies were inconclusive. Additional studies utilising alternative models may lead to greater
clarity around the role of SF20 in mammary carcinoma.
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CHAPTER 1:
1.1

GENERAL INTRODUCTION

INTRODUCTION

Breast cancer is a collection of breast diseases where the normally highly controlled and structured mammary
gland is perturbed due to a deregulation of cell proliferation and survival resulting in the development of a
tumour. This deregulation is derived from sporadic epi/ genetic alterations, hereditary disorders, hormonal
influence (both endogenous and exogenous) and carcinogens. Despite the success of selected therapeutic
molecules, a greater understanding of the disease and screening initiatives, breast cancer incidence continues
rise in addition to burdening lives and healthcare systems.

In this literature review I will outline both the traditional and newly revised theories of cancer initiation and
progression, epidemiology, pathology, treatment, key molecules and signalling pathways involved. I will also
outline the basis for relevant methodologies, cancer research models and molecular biology techniques that
are of importance to the thesis herein. Particularly this introduction will focus on the two potential breast cancer
therapeutic targets this doctoral research will seek to characterise namely the Stromal cell-derived growth
factor 20 (SF20) and Glial cell line-derived neurotrophic factor (GDNF).

1.2

CANCER

1.2.1

THE GENETIC BASIS OF CANCER

Cancer is a disease characterised by a deregulation of cell proliferation and survival due to alterations in gene
expression of key cell regulators that ultimately results in a malignant tumour in vivo. These cell regulators can
be grossly divided into one of two types, oncogenes or tumour suppressor genes (TSGs), and cover a range
of cellular functions including cell cycle, apoptosis, signal transduction, cytoskeletal, angiogenesis, migration
and invasion. The onset of deregulated expression is classically tracked back to an epigenetic change or
mutational event such as amplifications of genetic loci, viral transduction/ insertion, translocations or specific
point or chromosome mutations. The onset of transformation is facilitated by an accumulation of these defects
in regulatory circuits and is the basis of tumour progression. Selection of cells that have a growth advantage
leads to a progressive conversion of normal cells to cancer cells. It is suggested that these genetic alterations
or defects in gene regulation manifest themselves as six essential changes (known as the hallmarks of cancer)
in cell physiology to result in malignant growth (1)
Figure 1). These are:
a. A self sufficiency in growth signals – e.g. development of autocrine growth factor positive feedback
loops
b. Insensitivity to anti-growth signals – e.g. p53 inactivation
c.

Evasion of apoptosis s– e.g. CHOP overexpression (2)

d. Immortalisation – e.g. Activation of telomerase
e. Sustained angiogenesis – e.g. VEGF overexpression
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f.

Invasion and metastasis – e.g. down regulation of epithelial cell adhesion molecules such as ECadherin.

While all cancers are predicted to obtain all of these characteristics their means of doing so follow different
paths. The development of one hallmark could require multiple or a single genetic change. Conversely one
mutational event or epigenetic lesion could result in the acquisition of several oncogenic traits. This explains
why tumourigenesis is a multi-step process, each step reflecting alterations that drive the progressive
transformation of normal human cells into malignant derivatives. If these epi/ genetic changes occur in the
germ line, offspring develop an inherited preposition. Recently however, a controversial yet complementary
hypothesis to this classical view explained above has been proposed by Green and Evans (2002)(3). They
suggest that a deregulation of cell proliferation and survival provides a platform from which the characteristic
pathologies of cancer develop as a result of establishing this initial platform.

As stated by Hanahan and Weinberg (1), transformation is dependent on the activation of oncogenes and/ or
loss of tumour suppressors from different functional groups. Oncogenes are activated upon deregulation of
one allele and result in a ‘gain of function’. The majority of oncogenes (and their normal forms, protooncogenes) function as transducers in key signalling pathways (4) including cell cycle , apoptosis, migration,
cell attachment, invasion and angiogenesis. The cell cycle is a representation of a cell’s typical life. The cell
cycle is split into five stages segregated by multiple control points where cyclin molecules D, E, A and B,
together with their respective inhibitors CDK 4/ 6, 2, 1 regulate cell cycle progression. Oncogenes that promote
proliferation are usually those that are regulatory proteins at these control points (
Figure 1). Cyclin D1 is the predominant member of the cyclin family that is expressed in the mammary gland
and plays a pivotal role in progression of cells through the G1 phase of the cell cycle (5). Its contribution to
tumour progression is derived from the amplification of its gene locus leading to increased expression levels
(4). Intuitively, tumour suppressor genes are those that seek to prevent the development of cancers and
typically require the loss of both alleles in order to progress cells towards a tumourigenic state. TSGs are the
reason why cancer predominantly develops later in life and why in higher eukaryotes a multi-hit hypothesis for
cancer development exists. The p53 tumour suppressor protein has become one of the most important genes
in all cancers. In fact over half of all human cancers have a mutated p53 and those without have defects in the
surrounding regulatory systems (6). Furthermore, all human DNA viruses produce proteins that inhibit p53 (7).
It is pivotal to the cellular response to genotoxic damage and regulates the activation of downstream genes
that are involved in apoptosis, cell cycle arrest and DNA repair. p53 induces cells with DNA damage to halt
their DNA replication until genetic lesions are repaired or the cells are selectively removed via apoptosis. The
consequence of a failed p53 system is the accumulation of genetic lesions providing a platform for neoplasm
development (6, 8-11).

Since postulating the six hallmarks of cancer there has been further development to include cancer related
inflammation (12) as a seventh hallmark. It is now widely accepted that inflammation contributes to the initiation
and progression of cancer.

Chronic inflammatory conditions (such infection or autoimmune diseases)

predispose individuals to various types of cancer such as sufferers of inflammatory bowel disease are
associated with an increased colon cancer incidence. Inflammatory cells and molecules are also well known
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to populate the tumour microenvironments of all tumours. Conversely treatment with non steroidal antiinflammatory agents decreases tumour incidence and mortality (13). Mechanistically inflammation operates
intrinsically i.e. oncogenic events leading to cancer also turn on inflammatory programs which further stimulate
tumorigenesis, and extrinsically where pre-existing inflammatory conditions facilitate cancer development.

Despite being written into cancer research nomenclature, an interesting caveat in these now seven hallmarks
was postulated by Yuri Lazebnik. He commented that five out of the six hallmarks, the exception being ‘tissue
invasion and metastasis’, are not actually features unique to malignant tumours (14). This was because in
comparison to a malignant tumour’s negative control, a benign tumour, it too possessed five hallmarks. This
therefore called into question the relevance of these hallmarks in defining cancer. Be this as it may, these
characteristics have since become the basis for not only cancer research but for corresponding anti-cancer
therapies.

Image subject to Copyright Act 1994

Figure 1: Two fundamental cancer concepts - the hallmarks of cancer and the cell cycle.
Left: Hanahan and Weinberg’s six essential hallmarks of cancer required to achieve malignant status (1). Right: The Cell Cycle is split
into five phases; G0, G1, S, G2 and M. In order for a cell to progress to the next phase it needs to receive sufficient growth signals. The
control of this process is mediated by the cyclin molecules D, E, A and B, together with their respective inhibitors CDK 4/ 6, 2, 1 (15)

1.2.2

METASTASIS

The majority of carcinomas are localised to their primary site and unless they compromise critical organ
function they remain docile. It is the movement of tumour cells from the primary target site to a secondary site
that results in cancer associated mortality. In fact it accounts for greater than 90% of cancer related mortality
(16). Unrestrained cell proliferation does not by itself appear to lead to metastasis. Rather, it is a sequential
process characterised by degradation of the basement membrane followed by the intravasation of tumour cells
into nearby lymph or blood vessels (Figure 2). Less than 0.1% of the cells in the primary tumour have the
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ability to form distant metastases at distant sites (17). At secondary sites, carcinoma cells may extravasate
and remain solitary (micrometastases) or form an entirely new tumour. Numerous models of the metastatic
cascade have been hypothesised(18). The traditional model proposes that most primary tumour cells have a
low metastatic potential until late tumorigenesis when rare cells will acquire the necessary metastatic
characteristics through somatic mutations (19). But the known effect of interaction of the surrounding
microenvironment on metastasis and the relevance cancer stem cell hypothesis has added new complexity to
this theory.

Metastasis is typically preceded by an epithelial: mesenchymal transition (E.M.T), a phenotypic change in the
morphology and behaviour of epithelial cells where they acquire a fibroblast-like phenotype that supports tissue
invasion. This is a process normally seen in embryogenesis whereby it enables cells to migrate into a new
microenvironment and differentiate into prescribed tissues. On a molecular level this requires the loss/
suppression of epithelial markers such as E-cadherin, alpha-, beta- and gamma- catenin and occludin and the
upregulation/ activation of mesenchymal markers such as vimentin, fibronectin and N-cadherin. All are key
molecules involved in cell adhesion and cytoskeletal rearrangement. Their alteration results in the disassembly
of the cell-cell junctions, modifying the shape and polarity of the cells and generation of permissive
environment. Mesenchymal to epithelial transition (or M.E.T) is the reverse of such a process and is activated
at the point of colonisation of a secondary site. Parallel to these changes, anoikis, a process by which cell
death is induced when anchorage to cell substrata is lost, is suppressed during metastasis. This hallmark is
crucial for successful metastasis to occur. Suspension in the lymph or blood fluids requires that disseminating
tumour cells can survive a period of detachment until re-colonisation can occur. Genes involved in the
metastatic cascade can be grouped into several classes which define metastasis initiation ( TWIST1,
SNAIL,TGF-β), metastasis progression (MMP1, MMP9, CCL5) and metastasis virulence genes (IL6, TNFα)
(20). Genes involved in tumour initiation are in addition to this (ERBB2, KRAS, and EGFR).

Although metastatic cancer cells disseminate throughout the body they exhibit a degree of tissue specificity
with regard to which distant secondary sites they colonise. This concept was Steven Paget’s historical ‘seed
and soil’ hypothesis of metastasis and proposed that tumour cells (seeds) only inhabit environments (soil) that
can support their ongoing survival and growth (21). But it is only recently that we have begun to uncover the
molecular and cellular basis behind this series of events. Breast cancer metastases favourably colonise bone,
brain, adrenal, lung and liver tissues (in addition to lymph nodes). Other cancers such as prostate
predominantly target the bone marrow (20). Chemokines such as the CXCL12 (stromal derived factor-1, SDF1) play an important role in directing this specificity. For example CXCL12 binds to C-X-C chemokine receptor
type 4 (CXCR-4) and traditionally functions to induce directed migration of leukocytes. Cancer cells that
express the receptor are attracted to target tissues that express the chemokine ligand. CXCR4 has minimal
expression in normal breast but is highly expressed in certain breast carcinoma [22]. CXCL12 is expressed
preferentially in lymph node, liver, lungs and bone, key secondary sits of breast cancers. In fact treatment of
mice infused with CXCR4 expressing MDA-MB-231 breast cancer cells with anti-human CXCR4 antibody
resulted in a significant decrease in lung metastases [22].
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Colonisation of new organs occurs under different periods of latency and efficiency depending on the tumour
type. This is because tumour progression (i.e. if cells have acquired the appropriate deregulations to facilitate
colonisation) and physiological barriers dictate the latency between infiltration and colonisation steps of
metastasis. In breast cancer the appearance of metastases might not occur for decades even after primary
tumour removal and relapse is not immediate. This is because most invasive breast cancer cells do not
possess the capability to immediately colonise new tissues, following infiltration as dissemination seems to be
a very early event in tumour progression (20). On the other hand lung carcinomas are much more rapid in their
progression potentially due to their ability to acquire traits conferring both infiltration and colonisation early on
in the primary tumour. Colorectal carcinomas are different again. Transition to an invasive colorectal carcinoma
is lengthy. However, traits required for infiltration and colonisation are acquired during this period of transition,
such that upon extravasation to the blood or lymph, it occurs rapidly (20).
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Figure 2: The metastatic cascade.
Cells disseminate from the primary tumour via lymphatic or haematogenous routes. Cancer cells can colonise lymph nodes first before
metastasising to the blood stream. At secondary sites cancer cells infiltrate and colonise (22).
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1.2.3

ANGIOGENESIS

Angiogenesis is the process by which new blood vessels (capillaries) are generated from pre-existing vessels.
This process is pivotal to embryo development, tissue growth, wound healing, inflammation, endometrial
growth and placental implantation. Within cancer it is responsible for fuelling tumour growth and cell
dissemination. Interestingly tumours fail to proliferate beyond a size of approximately 2mm diameter without
the provision of additional vessels (23). It is precisely at this point when rapid expansion of the tumour mass
results in the depletion cell nutrients and oxygen (hypoxia) and conversely increased cellular waste products
together inducing stress which acts to switch on angiogenesis. This ‘angiogenic switch’ initiates a cascade of
cellular processes beginning with the degradation of basement membrane lining blood vessels, endothelial
cells proliferate and migrate towards the tumour acting along chemoattractant gradients released from the
tumour, blood vessel tube/ lumen formation and stabilisation. On a molecular level it is the balance of pro and
anti-angiogenic factors which dictate whether angiogenesis is switched on or off. Stressed or oncogenic states
stimulate the production of proangiogenic factors (e.g. VEGF, IL-8, Angiopoietin 1) or inhibit production of antiangiogenic factors (e.g. Endostatin, Angiopoietin 2, COL18A1) secreted from tumour cells which act paracrine
on nearby endothelial cells. For example HIF1, hypoxia inducible factor, is a transcription factor that responds
to hypoxic states. HIF1 becomes stabilised in hypoxic conditions leading to the upregulation of VEGF which
switches on a pro-angiogenic program to stimulate blood vessel formation and therefore establish a fresh
oxygen supply.
1.2.4

THE TUMOUR MICROENVIRONMENT

Until two decades ago tumours were solely described as a function of the cancer cells that composed them.
This was despite Stephen Paget’s 1889 ‘Seed and Soil’ hypothesis which postulated tumours only thrive when
on favourable ‘soil’. However, the situation has evolved into a much more complex system to now include the
cancers’ microenvironment as a determinant of malignancy where its progression is regulated by its
composition. Consequently, the tumour microenvironment has also been the source of some promising
therapeutics e.g. Avastin by ‘normalising’ the tumour stroma (24).

The microenvironment includes endothelial cells, adipose cells, immune cells (mast cells, lymphocytes,
neutrophils, macrophages, dendritic cells), smooth muscle cells, pericytes, myo/fibroblasts (normal and cancer
associated/activated), ECM proteins and molecules. Stroma is essential for the maintenance of normal
epithelial tissues as it provides a permissive and supportive environment for growth and maintenance. The
tumourigenic state is not so different. Cancer progression is now regarded as the product of signals originating
not only from the cancer cells but those derived from the microenvironment as well. This paracrine slurry of
signalling molecules results in a reactive stroma, a stroma that has morphed to support a new tumourigenic
epithelial mass. Simultaneously, an abnormal stromal also potentiates oncogenesis by acting as a source of
pathological signals (Figure 3).

For example the ECM and basement membrane proteins fibronectin and collagen type IV help regulate
angiogenesis (25). ECM signalling through integrins can induce the a malignant phenotype in breast
carcinomas (26). Additionally, cancer associated fibroblasts stimulated tumour progression of initiated
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nontumorigenic prostate epithelial cells when cultured in an in vivo tissue recombination system (27). Tumours
also induce inflammatory responses by secreting chemokines. More so injection of normal mammary epithelial
cells into irradiated or chemically mutated, cleared murine mammary fat pads results in neoplastic progression
of the epithelial cells (28, 29). In a sense tumours co-evolve with their stroma through reciprocal interactions.

Integrins are a diverse family of glycoproteins that form heterodimeric receptors to interact with ECM proteins
(30). They are regarded as a key component of a cell’s ability to communicate with the tumour/ stroma
microenvironment. They can form at least 25 different dimers bringing together different combinations of alpha
and beta integrin subunits. Each different dimer has its own specificity for a unique ligand/s e.g. α5β1 binds to
fibronectin. Ligand binding induces integrins to cluster into focal contacts rich in actin associated proteins
linking them to the internal cytoskeleton and providing anchorage meaning integrins play a crucial role in cell
adhesion. During cell migration integrins localise at leading edge of cell where they can react to the new
adhesions being made when lamellipodia outstretch. Integrins might have a role in MMP activation as well as
αvβ3 is able to bind and activate an intermediate form of MMP2 and localises it to the invasive front (31,
32).They also activate growth factor kinase signalling pathways such as FAK, MAPK, JNK, PKC pathways
leading to regulation of cell cycle proteins so they can have a direct influence on cellular growth and death.
Integrin binding to ECM proteins initiates pro-survival signals and when adherent cells express certain
receptors in an anchorage free environment, it can induce ‘integrin mediated death’. This death is coordinated
by the recruitment and activation of caspase 8 by unligated integrins on otherwise adherent cells (33) (34).
Through these pathways, the outside environment is able to control the behaviour of the tumour. During
tumorigenesis, integrin expression can dramatically change (35). This alters the type of signals being
transmitted in and out of the cell regarding its microenvironment and can induce deregulated gene expression
and oncogenesis.

Contact with other cells within the microenvironment is just as important. These connections are mediated
through the cadherin and catenin molecules. E-cadherin (cadherin of epithelial cells) is a type 1
transmembrane protein that plays a role in cell to cell adhesion and is expressed on the baso-lateral surfaces
of normal cells (36). It links up with E-cadherin molecules on adjacent cells and binding is dependent on
calcium ions. They are linked internally by catenins (α, β and γ) to the actin cytoskeleton (37). Without Ecadherin, β-catenin becomes sequestered and phosphorylated by the APC/ GSK3β complex leading to its
degradation. But when the APC/ GSK3β complex is repressed by Wnt signalling β-catenin remains
unphosphorylated and translocates to the nucleus to initiate transcription of genes involved in cell proliferation
and tumour progression (38).
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Figure 3: Signalling in the tumour microenvironment.
Inflammatory cells, fibroblasts, pericytes, endothelial cells and extracellular growth factors, matrix proteins and enzymes combine with
tumour cells to participate in constant communication using a mix of autocrine and paracrine signalling. Both the stroma and the tumour
can regulate the progression of the other (39).

1.2.5
1.2.5.1

STEM CELLS AND CANCER
The Cancer Stem Cell Hypothesis

The initiation of cancer is due to transforming events both genetic and epigenetic in a single cell. Progress is
driven by an accumulation of these events combined with clonal expansion and selection. It is also widely
accepted that the resulting tumours are heterogeneous cell populations despite this single progeny origin.
However, which cell is the initiator and how this heterogeneity is generated has been an area of recent debate.

Clonal evolution has been the prevailing theory behind cancer initiation, progression and ultimately the
generation of tumour heterogeneity. This hypothesis states that a tumour starts by multiple mutations occurring
in a random single cell and then through genetic drift and natural selection progression occurs i.e. any cell has
the ability to be tumour initiating (40). Furthermore as the tumour progresses genetic instability and proliferation
both increase, causing new cells rise with new characteristics (41). In this case heterogeneity is developed
through the creation of sub clones by the accumulation of these independent mutations (42) (Figure 4 right).

The cancer stem cell hypothesis was first proposed in 1867 when Julius Cohnheim stated that tumours were
derived not from normal adult tissues but from embryonic cell rests, embryonic cells left behind in the adult
(43). Barry Pierce and colleagues found tumour cells were capable of producing normal progeny when
transplanted into another host, suggesting the tumour must contain a small number of malignant stem cells
(44). Following on, in 1977 Fialkow et al. was also amongst the first studies to provide evidence of the stem
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cell origin of human haematological malignancy (45). However, it was subsequently abandoned due to
technical challenges of that era, the rise of chemotherapeutics and the hunt for novel oncogenes.

Recently it has since been revisited and has shifted the focus of cancer research within the last decade. The
theory states that the growth and progression of cancers can be driven by a small population or subset of
tumour cells with stem cell like properties (Figure 4 left). These cells are commonly referred to as ‘cancer stem
cells’ (CSCs) or the more appropriately accepted designation ‘tumour initiating cells’ (TICs). They are derived
from either normal stem cells which become transformed or from differentiated cells that acquired the ability to
self renew due to epi/genetic changes. Hence some have proposed cancer as a disease of unregulated self
renewal in which mutations convert normal stem cells into a neoplastic form. Stem cells are attractive targets
for transformation as they have several characteristics in common with cancer such as the ability to migrate
and invade into surrounding tissue, self renew and give rise to a heterogeneous population of cells (through
aberrant differentiation). It is also postulated that the first mutagenic events are likely to occur in normal stem
cells because these are the only cells that undergo sufficient rounds of cell division to accumulate the changes
necessary for a malignant cell to evolve (43, 46). More so in normal tissue, telomerase is not present, however
hTERT (the catalytic subunit of telomerase) expression in cancers is heterogeneous (47) and it is postulated
that telomerase is restricted to CSCs. To add to the supporting evidence, the BMI1 protein controls self renewal
and also upregulates hTERT in epithelial cells. Telomerase is also expressed in normal stem cells (42). There
is also an overlap of common signalling pathways as molecular pathways involved in self renewal are also
deregulated in tumours such as WNT, Notch, Sonic hedgehog pathways (48, 49). Additionally CSCs are more
likely to exhibit drug resistance through the expression of drug transports such as MDR1 (50, 51) and antiapoptotic genes making them resistant to chemotherapy (52). Hence, they are postulated to be responsible
for the growth, progression and recurrence of a tumour. This has important implications in the way we study
and treat cancer. Given the role that CSCs may play, should we be focusing our efforts this on cellular subset?
Does killing the CSCs kill the tumour?

Both theories, clonal evolution and the cancer stem cell hypothesis, agree that cancer arises from a single cell
that acquires multiple mutations and unlimited proliferation. Both identify a subpopulation of cells that drive
progression, that is CSCs or any tumour cell with a selective advantage (53) and both can generate drug
resistance. CSCs are inherently resistant while tumour cells through therapy are artificially selected for
resistance. Tumour heterogeneity explains breast cancer as disease that is composed of several subtypes.
Both of the above theories propose different avenues to generate this heterogeneity, particularly in terms of
different targets for tumour initiation. This is important as whether or not an alteration manifests as an actual
tumour is very much dependent on cell type.

It is most probable that the truth is simply a combination of the aforementioned theories as it is possible that
stem cell populations can also move through clonal evolution
Figure 4) as shown for leukaemia stem cells (54). This means that intratumoral heterogeneity can not only be
generated through the surrounding microenvironment and subclone generation by the accumulation of
divergent genetic changes in the same cancer cell population, but also by variation from functional diversity in
cells in different states of differentiation (42).
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Figure 4: The cancer stem cell hypothesis versus clonal evolution.
(Left) Only the CSC can generate additional genetic change which it can pass down through its progeny as it drives tumour growth.
(Right) Clonal evolution generates tumour heterogeneity from epi/ genetic alterations and paracrine signals from surrounding cells. In
this hypothesis all cells have the potential to drive tumour growth. However, the reality is most likely to be not so mutually exclusive,
rather quite overlapping i.e. stem cell populations can also move through clonal evolution (53).

1.2.5.2

The Discovery of Cancer Stem Cells

Bonnet et al. was the first to isolate cancer stem cells in neoplastic diseases, particularly acute myeloid
leukaemia (AML) (55). They identified a subset comprising 0.1-1% of the AML cell population that displayed a
CD34+CD38- phenotype and encompassed all the cells that created tumours in a NOD/SCID mice
xenotransplant system (56). Interestingly the identified phenotype is similar to that of normal haemopoietic
stem cells. Note that the cell hierarchy has already been well characterised within immune system enabling
relatively simple identification of malignant stem cells. Following on from this, Al-Hajj et al. was the first to
report the isolation of cancer stem cells in human solid tumours specifically breast cancer (57). Only 11-35%
of tumour cells retained the ability to repeatedly sustain tumour growth in xenograft NOD/SCID mice. They
also were able to recreate tumours that had the phenotypic heterogeneity of parent tumours (a criterion for
identifying CSCs). They identified a subset of tumours cells with the genotype CD44 + CD24 -/low / ESA+ / Lineage
-

which could generate tumours with as few as 200 cells in all mice, whereas more than 500,000 of the

remaining CD24+ cells did not generate tumours in mice (57). These cell surface markers have since been
used as a method to prospectively identify breast cancer stem cells. In addition to blood and breast, CSCs
have since been also prospectively identified in the CNS (CD133+), colon (CD133+), melanoma (CD20+) and
prostate cancer (CD44+/A2B1high/CD133+ )(58).

Dontu et al. developed an in vitro cultivation system for the propagation of mammary stem cells as non
adherent mammospheres (59). Here they remained as undifferentiated precursors capable of differentiating
into the three lineages of the mammary gland. This technique was adopted from the work of Galli et al. who
isolated CSCs from glioblastoma using a ‘neurosphere assay’ (60). It has since been applied directly to breast
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cancer stem cells by Ponti et al. who confirmed the CD44+/CD24 -/low phenotype within the breast tumour
initiating subpopulation as suggested by Al-Hajj and colleagues. Furthermore Kondo et al. identified a side
population of MCF-7 (2%) capable of excluding Hoechst 33342, a characteristic of stem cells due to the
presence of drug transporters such as breast cancer resistant protein 1 (51). Through continual in vitro
mammosphere propagation of this side population, a MCF-S cell line was established. Ponti and colleagues
characterised this MCF-S cell line and reported its CD44+/CD24 -/low expression profile and was enriched by
1000-fold, compared to the wild type, in terms of tumour initiating capacity (61).
Sheridan et al. used various breast cancer cell lines to link CD44+/CD24 -/low expression with high levels of pro
invasive genes and corresponding invasive properties. They identified MDA-MB-231 cell line as fitting into this
category with 85% of its cells being CD44+/CD24 -/low (62). This was despite the expression of CD24 and CD44
not correlating with tumour progression or prognostic markers in primary invasive breast cancer (48). To the
contrary Baumann et al. reported CD24+ overexpression in rat mammary carcinomas resulted in increased
tumour proliferation, cell motility and invasion (63). Lastly, Abraham et al reported that in 78% of 122 tissue
samples from breast cancer patients, the prevalence of CD44 +/CD24 -/low expressing cells was <10% with
distant metastases reporting a higher fraction of CD44+/CD24 -/low cells. Still they claimed that cancer stem cell
prevalence may be unrelated to clinical outcome (64). On the other hand Liu et al associated CD44+/CD24 -/low
with invasive gene signature and successfully used it for prognostic prediction of metastasis free survival (65).
Groups have also claimed that CD44+/CD24 -/low cells may be indicative of basal cell phenotype rather than
tumour initiating potential. Additionally, both bone marrow metastases and neoadjuvant chemotherapy treated
biopsies from breast cancer patients exhibit an enrichment for CD44+/CD24−/low cells (66, 67).

More recently high aldehyde dehydrogenase 1 (ALDH1) activity has been investigated as a marker for solid
tumour cancer stem cells. Traditionally this marker has been used to identify primitive human hematopoietic
progenitor cells (68). Ginestier et al. identified a small population of cells with the broadest lineage
differentiation potential and greatest growth capacity in a xenotransplant model using normal mammary gland
cells. More so within breast carcinomas it could identify the tumourigenic population which when transplanted
could recapitulate the original tumour heterogeneity (68). In fact 500 ALDEFLUOR-positive cells generated a
tumour in as few as 40 days. Given that high ALDH1 activity was also linked to poor patient outcome this
pivotal finding has enabled this identification technique to become widespread. ALDH1 positive/ high cells
were shown to be more metastatic (69, 70). Korkaya et al. demonstrated that HER2 overexpression promotes
tumorigenicity as it could increase the size of the cancer stem cell population identified by ALDH-1 (71). ALDH1
also helped identify BRCA1 as the regulator controlling estrogen receptor (ER) negative to ER positive
differentiation in mammary gland carcinoma cells (72).
1.2.5.3

The Mammary Gland Development Cell Hierarchy

Unlike other tissues such as the haemopoietic and neuronal system whose differentiation lineages and cell of
origin/ progenitors are well characterised the mammary gland hierarchy has only of late begun to be elucidated.
This has increasing relevance due to the potential importance of stem cells and differentiation in cancer
especially given stem cell number could be a determinate of breast cancer risk (73). The mammary gland
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moves through very rapid morphological changes and requires a high proliferative capability and differentiation
potential to replenish previously lost differentiated cells during pregnancy. Because of the cycles of growth,
remodelling and involution an adult stem cell origin of the mammary gland has been suspected. In the 1950s
a study where small pieces of mammary epithelium were transplanted into a cleared mammary fat pad was
found to reconstitute a new mammary gland (74). Also entire lobules of the mammary gland often display
identical patterns of X-chromosome inactivation, suggestive of clonal origin (75). Later it was found this was
due to one cell, the mammary gland stem cell located in both basal and luminal locations (76-78). In mice,
Shakelton and colleagues were able to identify single cell which could reconstitute the whole mammary gland
in vivo, namely Lin- (CD45-/Ter119-/CD31-) CD49hi/CD29hi/CD24+ (78). In humans Dontu and colleagues
pioneered the mammosphere technique to isolate prospective mammary stem cells. This was later combined
with the identification of slow dividing cells to refine the identification to a population, Lin-CD49+EpCam-/low or
CD10+, with gland regeneration properties. Furthermore Stingl and colleagues identified MUC-1+ CALLA- ESA+
as an luminal progenitor cell and MUC-1-/low CALLA+/low ESA+ as having bi-lineage potential (79). However,
more recently Villadsen et al. identified a stem cell zone containing one or more mammary stem cells localized
in the ductal part of the TDLU structures by the accumulation of K19+K14+cells(80). Similarly ALDH1-positive
cells appeared to form a bridge in the lumen that could be located at the bifurcation point of side branches in
the TDLUs of normal breast epithelium (68).

Because mammary gland development and carcinogenesis is heavily influenced by ovarian hormones it is
important to understand their place in stem cell function. It was originally thought that the stem component was
ER positive to allow direct hormonal influence on gland proliferation and apoptosis (81). This was based on
findings that label retaining cells (that indicate slow dividing cells), K19 stem cell marker positive and mammary
gland side population cells exhibited enriched levels of steroid receptor positive cells that were able to generate
nascent gland structures upon culture in Matrigel (82). It was postulated that there was a small subset of slowly
dividing ER+ cells which formed the stem population with an adjacent proliferating population (83). Also, 40%
of mouse mammary gland side population cells also expressed ER (84). These were an important series of
findings as it had traditionally be thought that ER+ PR+ (progesterone receptor positive) cells represented
terminally differentiated cell populations. However, recent evidence has shown that mammary gland stem cells
might in fact be ER and PR negative (85). It was thus thought that the signals from these hormones would
have to come from a paracrine ER+ progenitor cell source (86, 87). It was proposed that ER- and ER+ tumours
originate from different stem and/or progenitors cells. For example ER-tumours can arise from transformation
of the most primitive ER- stem/ progenitor cells and being blocked in differentiation generate highly
undifferentiated basal phenotype cells. ER- tumours exhibiting a variable portion of ER+ cells could be
generated through mutation of the same cell but one which allows some differentiation to take place. ER+
tumours on the other hand arise from mutation of ER+ progenitors. These tumours express luminal markers,
are more differentiated and will respond to anti estrogen treatment (87). Molyneux has since expanded this
model to include the molecular subtypes of breast cancers e.g. luminal A and B (88). Similarly Visvader and
Linderman have modelled the normal development of the mouse mammary gland with respect to estrogen
receptor status (Figure 5). The ER- stem cell undergoes self renewal or differentiation to a common progenitor
which can give rise to either luminal or myoepithelial restricted progenitors both which are ER-. The luminal
progenitor can generate alveolar or ductal cells. An intermediate luminal progenitor which is ER+ is likely to
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give rise to a subset of ER+ cells (only 10-30% of luminal cells are actually ER alpha + (89)) responsible for
responding to surges in estrogen during puberty and pregnancy and are capable of signalling back to stem
cells.

A seminal publication identified the RANK ligand as a possible paracrine communicator between ER+
progenitors and ER- stem cells that could be mediating stem cell pool expansion or differentiation (90).
Furthermore BRCA1 has been found to control differentiation of ER- stem cells to ER+ luminal cells (72). Due
to lack of BRCA1 in patients of those type of cancers, an accumulation of mutagenic events inside stem cells
occurs which provides a platform for further carcinogenesis to take place. It is through both of these regulations
that we are beginning to understand how predispositions due to increasing ovarian hormone cycles or familial
mutations may be functioning.
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Figure 5: Model of mouse mammary gland cell hierarchy.
The ER negative stem cell gives rise to a common progenitor. Its progeny consist of both ER+ and ER- luminal progenitors in addition to
a dedicated myoepithelial progenitor. The former is able to generate both ductal and alveolar luminal cells (86).
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1.3

1.3.1

MAMMARY GLAND DEVELOPMENT AND CANCER

THE DEVELOPMENT AND STRUCTURE OF THE MAMMARY GLAND

The mammary gland is made up of a series of ducts and lobules with a dual layered structure such that luminal
secretory cells surround a hollow lumen. These are wrapped in a layer of myoepithelial cells which are attached
to a basement membrane (Figure 6). Its primary function is to deliver nutrients (protein and fat) and
immunological factors to offspring.
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Figure 6: The structure of the normal mammary gland.
The entire gland consists of a series of ducts and lobules which have invaded the underlying adipose/ stromal tissue of the breast to
generate tree-like structure branching out from the nipple. Each duct and lobule is composed of layer of epithelial cells wrapped by a
contractile capable myoepithelial layer. In the centre of this structure is an empty lumen leading to the nipple used to secrete milk (91,
92).

Unlike other tissues which maintain their embryological architecture throughout life, the mammary gland
undergoes major morphological changes during multiple developmental windows namely pre/neonatal and
infantile growth, puberty, pregnancy and lactation, and post menopause during embryonic, adolescent and
adult life. The embryonic mammary gland is comparable in all mammalian species and in utero development
consists of the ectodermal bud developing into a bilateral milk lines (ridges of thickened epithelial cells across
the chest) and placodes that resemble the immature nipple across this line (93). By the seventh week cells
within these placodes begin to invade and sprout throughout the stroma along with the differentiation of the
nipple. The embryonic breast does not have a hormonal requirement as its development occurs in absence of
growth hormone receptor (GHR), prolactin receptor (PRLR), PR or ER. However, it is the paracrine
communication between the epithelium and mesenchyme through factors such as parathyroid hormonerelated protein PTHrP/ PTHR1 that guide initial morphogenesis (92, 94).

The newborn breast is composed of preliminary ducts ending in short ductules (human breast development in
males is indistinguishable from that in females) with the first majour postnatal changes occur in puberty until
which ductal elongation and branching moves at a slow rate in alignment with body growth (Figure 6).

At puberty adolescent glands progress through extensive lobule formation characterised by proliferation,
differentiation, duct elongation and the dichotomous division of ducts into club-shaped terminal end buds which
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further develop into alveolar buds, ducts or branches. Initially, approximately 11 alveolar buds cluster around
the ends of terminal ducts (type 1 lobule) and are composed of a double layered epithelium, a structure which
in combination with its stroma is referred to as terminal ductal lobular units (TDLUs). During successive
menstrual cycles the complexity of these TDLUs increases with type 1 lobules transitioning into type 2 and
type 3 lobules which have approximately 47 and 80 alveolar buds respectively. However, they remain relatively
inactive until pregnancy (Figure 7). Interestingly, in addition to budding, morphological and histological changes
are observed in the epithelium and stroma through the different phases of the menstrual cycle. For example,
during the follicular phase, the stroma is less dense, duct epithelial cells are cuboidal and duct lumens are not
apparent. However, during the luteal phase, the epithelial cells become more columnar and the lumens open
up. During parenchyma growth, the surrounding stromal tissue (or mammary fat pad) also moves through a
period of expansion in parallel. Each breast contains 10-16 ducts which meet at the nipple (95). As
demonstrated by ovariectomes and hypophysectomes, adolescence branching morphogenesis and elongation
require pituitary and ovarian hormones, growth hormone (and subsequently IGF1) and estrogen respectively
(94). Interestingly, normal breast proliferating cells contain neither ERα or PR, instead they are expressed on
adjacent cells which support the hormone-irresponsive cells through paracrine factors (96). Branching is also
coordinated by signals from the surrounding stromal cells.

During pregnancy, rapid expansion and differentiation occurs due to rising levels of steroidal and polypeptide
hormones (estrogen, progesterone, prolactin, and placental lactogens) and growth factors (EGF, TGF) with
the mature breast evolving at end of the first term of pregnancy. Estrogen exerts it effects mainly on the ductal
system (through activation of cell proliferation pathways e.g. Cyclins, CDKS, CDKIs, prolactin, cFOS,
amphiregulin), while progesterone promotes alveolar development and adult side tertiary side branching
(through Wnt4 and RANKL) (97) (Figure 7). Prolactin is also thought to control this late stage alveolar
development and terminal differentiation through activation of the STAT5 pathway (98).

In the second

trimester, complete differentiation of terminal end buds into alveoli generating predominately type 3 lobules in
addition to the development of secretory capability. Surrounding bud epithelial cells is a dual layer of
myoepithelial cells which form a contractile component of the gland responsible for milk ejection during
lactation (and hormonally controlled by oxytocin). After pregnancy/ lactation breast architecture returns to a
post pubertal resting state capable of re-entering this active state upon another pregnancy. Lastly at
menopause the breast sees significant changes to stromal regions which become denser in addition to
regression of the glandular component.

In fact as I will introduce later, it is these aforementioned hormones and growth factors that are also involved
in breast carcinogenesis.

Reducing exposure of mammary epithelium to fluctuating estrogen and

progesterone levels during the menstrual cycle significantly reduces the risk of breast cancer development.
Also pregnancy induced alveogenesis and secretory differentiation is associated with cancer protection. Type
1 lobules are postulated to be the origin of most malignancies due to the tissues high proliferative index and
ER density. More specifically most carcinomas arise in the interlobular part of the TDLU (ductal carcinoma).
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Figure 7: The development of the mammary gland.
The mammary gland progresses through a series of developmental stages particularly during puberty and pregnancy involving rapid
proliferation and cell death. During puberty glands undergo significant change due to ductal elongation, branching and development of
alveolar buds (Type 1 lobules). During pregnancy inactive type 3 lobules, developed during successive menstrual cycles, undergo
terminal differentiation to gain secretary capability. After pregnancy the glad architecture returns to a post pubertal state (99). This
process is coordinated by a series of hormones and growth factors such as estrogen, progesterone and Prolactin. Adapted from (100).

1.3.2

BREAST CANCER EPIDEMIOLOGY

Human breast cancer is the most prevalent malignancy with one of the highest mortality rates in women from
western societies. It accounts for 23% of all female cancers and in 2002 this translated into more than 1 million
new registrations worldwide (101).

In the US, breast cancer now accounts for more than 1 in 4 cancers diagnosed in women and is second after
lung cancer as the leading mortality rate. In 2011 230,480 new invasive cases plus 57,650 in situ cases were
predicted with approximately 39,970 deaths (102). The NIH (National Institutes of Health, US) estimates the
cost of cancer in the US will could reach as high as $207 billion in 2020. Women older than 40 years old
account for 95% of new cases and 97% of deaths. The median age of cancer diagnosis was 61. Caucasian
women have higher incidence compared to African American after 40 years of age, but this is reversed below
40. Incidence rates have decreased by 3.5% between 2001 and 2004. The death rate between 1975 and 1990
rose 0.4% annually. However between 1990 and 2004 there was an annual decrease of 2.2% due to better
treatment and early detection methods. Part of this was due to 58.3% of US women over 40 years old now
having a regular mammogram. One percent of breast cancer cases are in men which have risen annually by
1% from 1975. The life time risk of developing breast cancer in the US is 12.28% (103).
In Europe, breast cancer is the leading form of cancer accounting for 13.5% of all cancers and 3 rd highest
mortality rate (7.8%) (104). Considering only female cancers, these figures have increased to 28.9% and
17.6% respectively.
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It is well acknowledged that New Zealand has one of the highest rates of breast cancer in the world with recent
figures showing 1 in 8 females developing it in their lifetimes. On a national level, in 2008 breast cancer accounted
for 28% of all female registrations and 15% of all female cancer deaths(105). The age standardised incidence
and mortality rate was 93.3 per 100,000 and 19.1 per 100,000 in 2008 (106). Furthermore ethnic disparities have
plagued Maori female health resulting in a 78% higher mortality rate and a 29% higher registration rate compared
to women of European decent (106). This is also apparent in the US where the incidence rates in African
American women have continue to diverge from Caucasian women since the mid 1980s (101). Key to the decline
in mortality rates in New Zealand has been an increase in early detection capabilities with the successful
introduction of breast screening initiatives such as BreastScreen Aotearoa. As expected, after its immediate
implementation, incidence rates increased owing to the initiative’s ability to detect early stage cancers and
increased screening numbers. In fact, more than 50% of those eligible for subsidised screenings were examined
(107). Despite this, NZD$500million is spent by public health system on diagnosing and treating cancer annually.
This is expected to rise by 20% by 2021 (108).

The incidence of breast cancer has been correlated to several risk factors including; age, exposure to hormones
(particularly estrogens), height , high socioeconomic status, high postmenopausal bone density, high breast
tissue density, recent use of oral contraceptives, excessive alcohol consumption, breast feeding, physical health
, age of menarche onset, age of first pregnancy, number of children, xenogenous synthetic estrogens and onset
of menopause to name a few (109). Pregnancy and breast feeding both reduce breast cancer incidence by
reducing exposure to endogenous hormones (e.g. estrogen) as menstrual cycling is ceased. Differentiation of
the mammary gland to facilitate milk production also reduces susceptibility to carcinogenesis.

1.3.3

BREAST CANCER HISTOPATHOLOGY

To fully understand the progression of breast cancer it is important to know the pathological development of the
disease and how this correlates with the underlying molecular events. In the tumourigenic context the highly
organised structure of the mammary gland becomes perturbed and taken on several step wise histological
morphologies (Figure 8).

Atypical hyperplasia (ADH) is a premalignant lesion characterised by abnormal cell layers within the duct or
lobule. It can be triggered by perturbed hormonal levels, inflammatory response and neoplasia.

In situ carcinomas are composed primarily of two types; lobular carcinoma in situ (LCIS) and ductal carcinoma
in situ (DCIS). Morphologically LCIS represents a solid proliferation of small cells within a terminal ductal lobular
unit beneath the luminal epithelium. Unlike DCIS, LCIS is not a required precursor lesion for its invasive form but
rather a risk marker. It is associated with moderate risk of developing invasive breast carcinoma. Most LCIS
develop into invasive ductal carcinoma (110).
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Ductal carcinoma in situ, also a non invasive lesion, is a precursor lesion to invasion growth. It is distinguished
from ADH and LCIS by the presence of the cell surface marker, E-cadherin which is present in ductal and absent
in luminal carcinomas. Ductal carcinomas also display a cohesive architecture due to their well preserved cell:
cell junctions. Whether or not these pre-malignant lesions give rise to an invasive form is still very difficult to
predict. However clinical outcome is linked to the grade of DCIS, carcinoma size and of width of resection
margins. There are also five subtypes within DCIS based on their different architectural patterns such as comedo,
cribriform, solid, micropapilary and papillary DCIS lesions (111).

Invasive ductal carcinoma (IDC) is the most common form of infiltrative malignancy of the breast (70% of cases)
(112). Due to its broad range of histological appearances, its name simply describes a form of invasive tumours
composed of large cells and showing no specific histology. Hence in some cases it is referred to as ‘carcinoma
not otherwise specified’. These large cells are those that have broken free of the lobular-ductal system to infiltrate
the surrounding breast stroma and are compose of an ill-defined hard mass with irregular borders. IDCs are
uniquely characterised by large productions of connective tissue known as the desmoplastic response, which the
tumour cells then invade (110).

Invasive lobular carcinoma (ILC), the second most common (5-10%), was falsely first identified as invasive
counter part of LCIS. Unlike IDC, ILC lacks this desmoplastic response in most cases, instead cells grow around
and in normal glandular structures and adipose tissue. It follows a strict invasion pattern of ‘single –file’ cell
following around these structures but is still regarded as irregular as its ductal counterpart (110, 112).

From here sentinel lymph nodes, those that directly drain the cancerous organ, are typically the first lymph
vessels to receive cancer metastases. In addition to the lymphatic system the primary organs to develop distant
metastases include the bone, lungs, liver and CNS.

Image subject to Copyright Act 1994

Figure 8: Breast cancer progression and histopathology.
Breast cancer develops along a continuum where the risk of developing a malignant/ invasive form increases as further genetic changes
occur. Each stage of progression can be assigned a histological classification. Lymph node metastases (MET) (53)

1.3.4

KEY MOLECULES INVOLVED IN BREAST CANCER

The complex nature of breast cancer is amplified through to the molecular level such that in breast tumours no
single pathway is predominantly mutated, like in pancreatic or bowel cancer. There is however a number of genes
associated with the disease involved via direct mutation or overexpressed auto/paracrine loops (113). Some of
the more central players include estrogen, growth hormone (GH), epidermal growth factor (EGF), breast cancer
antigen (BRCA) 1 and 2, E-cadherin, p53, prolactin (PRL), cyclin D1, vascular endothelial growth factor (VEGF),
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transforming growth factor β (TGF-β), matrix metalloproteinases (MMPs) and the growth hormone/ insulin-like
growth factor 1 axis (GH/IGF-1). These molecules have been the focus of much therapeutic research and use in
establishing patient prognosis.

BRCA 1 and BRCA 2 were the first genetic markers to be used for risk assessment in familial breast cancer.
Mutations in these tumour suppressor genes lead to an autosomal dominant disorder in DNA repair machinery
following single and double stranded breaks (4). Despite this central functional role, aberrations in these genes
are only commonly localised in a few cancers. In fact BRCA 1 accounts for 95% of familial breast cancer but
only 5% of all breast cancers.

E-cadherin, as previously mentioned, plays a role in cell to cell adhesion. Its elimination is recognised as a key
step in the acquisition of an epithelial-mesenchymal transition (EMT) to an invasive phenotype with poor
prognosis (114). It is postulated that upon reattachment of metastases E-cadherin expression is reversed (36).
It is lost in at least 85% of invasive lobular breast cancers resulting from a loss of heterozygosity at its gene
locus in combination with mutation or epigenetic silencing in the remaining allele. In ductal breast cancers loss
of heterozygosity also occurs but the remaining allele is not mutated but silenced via promoter
hypermethylation or transcriptional repression (36, 38, 115).

P53, described earlier, is mutated in up to 50% of breast carcinomas (116). Within in situ carcinomas it is limited
to 15%, whereas in invasive forms, the rate of mutation reaches up to 3 fold higher. It correlates with poor
prognosis and may be a marker for poor response to chemotherapy due to loss of apoptotic properties (117119). It has been most promising as a diagnostic marker for familial breast cancers but it cannot, by itself, be
used for prediction and it is best combined with other markers such as ER status.

While being an essential hormone in development and differentiation, especially of breast alveolar cells, evidence
towards PRL’s role in breast cancer has been contradictory (120). There is no clear correlation between breast
cancer incidence and circulating levels of PRL. If fact, treatment to reduce pituitary (main source of endocrine
PRL) derived PRL had little effect on tumour growth in patients, despite exogenous PRL on breast cancer
epithelial cells in vitro displaying enhanced proliferation (121, 122). It wasn’t until Ginsburg and Vonderharr
(1995) discovered that breast cancer cells endogenously express PRL, did it become clear (123). PRL is now
known to stimulate its proliferative effects in an autocrine manner and can be circumvented by the application of
an anti-PRL antibody (123). Additionally up to 85% of breast cancers express PRL (124). PRL elicits its effects
via PRL receptors, which lack intrinsic kinase activity and rely on the recruitment of cytoplasmic kinases such as
JAK kinases to mediate its actions.

Cyclin D1, the G1 phase cyclin, is overexpressed in up to 50% breast primary cancers, mainly due to amplification
of the gene locus. It is also one of the most overexpressed oncogenes specific to breast cancer, more so in ER+
tumours (125). Its overexpression is regularly mistaken for being associated with a high proliferation rate.
However, it is commonly found in slow growing differentiated cancers where it is suggested to have additional
effects, apart from the activation of CDK4 that contributes to its oncogenicity. Cyclin E1, on the other hand, is
predominantly overexpressed in ER negative tumours and is a marker of enhanced proliferation.
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Angiogenesis is the growth of new blood vessels from existing vessels and is activated in response to hypoxia.
VEGF is thought to have a pivotal role in this process both in normal and tumour physiology. It is secreted by
tumour cells to induce vessel development into the tumour allowing nutrient nourishment and further tumour
growth. It does this by acting as a potent chemoattractant and mitogen for endothelial cells not to mention a
stimulant to secrete matrix degrading enzymes (126). In breast cancer, in addition to tumour hypoxia, VEGF is
deregulated by a number of growth factors, hormones, and mutations including HER2 overexpression.
TGF-β is a dual edge molecule, meaning it promotes both oncogenic and tumour suppressing functions i.e. it
stimulates metastasis but is also a potent inhibitor of growth (127). Initially TGF-β was rarely studied due to
the initial discovery of its growth inhibitory effects. This was until TGF-β demonstrated invasive capability. We
now know it suppresses outgrowth in early stage tumour but as it progresses, TGF-β begins to stimulate
oncogenesis particularly by initiating EMT, invasion, angiogenesis and ultimately metastasis (127). Even so,
most tumours are resistant to the growth inhibitory effects by up regulating cross talk pathways.

Matrix metalloproteinases (MMPs) are enzymes involved in the degradation of matrix proteins and consequently,
the remodelling of the ECM. In addition to their role in metastasis, MMPs have been implicated in tumour growth
and survival, angiogenesis and in immune system regulation. With regard to breast cancer, the gelatinases MMP
2 and 9 are predominantly secreted by stromal cells and are utilised to degrade matrix collagens, fibronectin and
gelatine. Cancer cells stimulate stromal cells to synthesise and release MMPs through paracrine interleukins,
ultimately resulting in their recruitment to the tumour cell surface.

MYC, the cellular homologue of v-myc, is a transcription factor and was originally discovered as a consequence
of retroviral transduction which allowed retroviruses to drive tumourigenesis. It was subsequently found that
genetic lesions of the MYC gene or deregulation by hormones or growth factor pathways can also result in
abnormal MYC expression (128). MYC is associated with number of cancer hallmarks including proliferation,
transformation, genetic instability and angiogenesis. Amplification and rearrangements of the MYC locus occurs
in 20% and 5% of breast carcinomas respectively (129). In addition, overexpression of its mRNA or protein has
been reported to occur in up to 45% of breast carcinomas (130). Both sets of MYC lesions are correlated with
breast tumour progression and a poor clinical outcome.

Insulin-like growth factor 1 (IGF-1) is produced by the liver (in response to pituitary GH secretion) and delivered
to tissues by endocrine means. Additionally, autocrine and paracrine mechanisms also exist within tissues. Its
actions are mediated by the type 1 insulin-like growth factor receptor which targets IRS, PI3K, MAPK and AKT
pathways. It plays key roles in regulating cell proliferation and apoptosis, body size and energy metabolism.
Similarly, in neoplasia it stimulates cancer cell proliferation and prolongs survival facilitating a quicker
accumulation of genetic damage. Individuals with increased levels of circulating IGF1 have an increased cancer
risk. And liver specific deletion of IGF1 or GH antagonism lower IGF1 levels and are associated with decreased
breast cancer incidence following exposure to chemical carcinogens (131, 132).
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EGFR (epidermal growth factor receptor, ERBB1, HER1) and ERBB2 (epidermal growth factor 2 receptor,
HER2) are the two most common receptors of the epidermal growth factor family and are frequently
deregulated in human cancers. Both are RTKs and upon dimerisation, signal through MAPK, PI3K, PLCγ
pathways to elicit functions such as mitogenesis, apoptosis motility angiogenesis and differentiation (133). In
oncogenesis, EGFR protein overexpression has been reported to occur in up to 36% of breast cancers (134,
135). ERBB2 is amplified and overexpressed in 20-30% breast cancers, particularly through gene amplification
(136). ERBB2 overexpression correlates with tumour progression, poor prognosis and an elevated probability
for metastases. As a result, EGFR and ERBB2 are targets for anticancer drugs. The humanised anti-HER2
monoclonal antibody, Trastuzumab, has been used successfully for the treatment of metastatic breast cancer.
A 20% reduction of risk of death in metastatic breast cancer overexpressing HER2 has been reported (137).

As mentioned previously, estrogen, the female sex hormone, is required for normal breast development during
puberty. In premenopausal women estrogen is primarily supplied by the ovaries with other peripheral organs
acting as a ‘top-up’. Additionally these ectopic sites can allow for tighter regulatory control over local estrogen
levels, as is the case in the mammary gland to allow coordinative development. In postmenopausal women,
estrogen is supplied by the conversion of androgens in liver, muscle and fat. Its role in breast cancer was first
noted when oophorectomies in premenopausal women resulted in tumour regression. Now it is widely recognised
that breast cancer risk is directly associated with levels of estrogen exposed throughout life. Estrogen signalling
is mediated by the estrogen receptor (ER) which is produced in alpha and beta isoforms and 70% of breast
tumours are estrogen receptor positive (ERα). Estrogen is known to stimulate mitogenesis through the activation
of subsequent auto/paracrine signals. Upon ER activation, the ligand: receptor complex, activates estrogen
response elements (ERE) in target genes including IGF-1, cyclin D1 and myc. ER+ tumours are predicted to
have a better clinical outcome, in terms of overall survival, than ER- tumours which have a more aggressive
phenotype. In the context of cancer, estrogen has the ability to activate oncogenes, genotoxicity, stimulate nucleic
acid synthesis and stimulate the production of autocrine/ paracrine growth factors including VEGF. Excessive
and cumulative hormonal stimulation of an organ which normally is under endocrine control also provides a
platform for genetic lesions to occur (138).

1.3.4.1

GROWTH HORMONE

1.3.4.1.1

The Biology of Growth Hormone

The mammary gland is one of the only organs that are affected by extensive postnatal remodelling. Growth
hormone is core to this function and acts on both epithelial and stromal components (139). It is thought that
the post menopausal replenishment of these hormones can cause the onset of localised growth in breast
tissue, characteristic of pubertal development, but in this situation results in neoplastic growth.

Growth hormone (GH) is a member of a large evolutionary related family of protein hormones which in addition
to GH comprises of the prolactins (PRL), placental lactogens (PL). More recent members include mouse
proliferin (mPFL), mouse proliferin-related protein (mPRP), rat decidual prolactin-like protein (rdecPRP) and
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somatolactin (140). The hGH locus includes five evolutionary related genes; GH-N (normal), GH-V (placental
variant), CS-A (chorionic somatomammotropin-A), CS-B and CS-L (like). The hGH protein, encoded by the
hGH-N gene is synthesised as a precursor with an N-terminal signal peptide. Through alternative splicing the
GH-N gene gives rise to two variant proteins of 22 KDa (191amino-aids) or 20 KDa (176 amino-acids) in
molecular weight. The 22 KDa form is the most predominant accounting for up to 90% of circulating GH.
However, postransmodifications and complex formation with Growth Hormone Binding Proteins (GHBP) and
other GH fragments results in a far more heterogeneous mixture of GH molecules present in the plasma
(Baumann 1991).

Human Growth Hormone is secreted in a pulsatile manner by somatotroph cells of the anterior pituitary. This
secretion is stimulated by the hypothalamic peptide, growth hormone releasing hormone, via binding of the Pit
1 transcription factor to the hGH promoter. hGH secretion from the pituitary follows a series of five large pulses
over a 24 hour period above its undetectable basal level (141). GH circulation levels vary through life with the
highest non pathological concentration in pubertal years and a marked drop-off in old age. Differences in the
GH pulse frequency between the sexes are not distinguishable but women of reproductive age show a
significantly higher level of GH, a higher pulse amplitude, and a higher baseline (142).

Following pituitary release ,GH is transported via the blood to its target tissues where it regulates cellular
metabolism (carbohydrate, lipid, nitrogen and mineral), proliferation and differentiation. The anabolic role of
growth hormone is to promote growth, development and sexual differentiation in the postnatal body.
Specifically its main function is to increase linear growth in puberty through the building of cartilage, longitudinal
bone growth and organ size. GH either acts directly on peripheral tissues or indirectly via IGF-1 released from
the liver, forming the basis for the dual effector theory of GH action (
Figure 9) (143). Like GH, IGF-1 also acts in a paracrine/autocrine and endocrine manner, however liver derived
IGF-1 predominates. In the case of breast development, GH is essential and promotes ductal elongation and
differentiation of terminal end buds by acting on epithelial and stromal components (144-146). Hypersecretion
of GH is known to lead to giantism or acromegaly, whereas hyposecretion results in dwarfism.

The growth hormone receptor (GHR) is a cytokine class 1 receptor and is expressed in multiple tissues
including muscle, adipose, bone, kidney, immune tissues and mammary gland (147). Due to the lack of intrinsic
kinase activity in cytokine receptors, the GHR needs to recruit cytoplasmic tyrosine kinases, particularly those
from the Janus kinase family (JAK1, JAK2, JAK3 and Tyk2) (148, 149) in order to permit signal transduction.
GH signals through the signal transducers and activators of transcription (STAT) molecules (STAT 1, 3, 5a,
5b). However, further recruitment of src-homology domain containing adaptor molecules onto JAK2 results in
the formation of a multiprotein signalling complex enabling GH to signal through multiple pathways (150).These
include the mitogen activating protein kinase (MAPK), phosphatidyl inositol-3 kinase (PI3K) via insulin receptor
substrate-1 (IRS-1), phospholipase Cγ and focal adhesion kinase (FAK) (151) pathways (149, 150, 152-156).
Furthermore, it has been demonstrated that Src kinases can act independently of JAK2 (157) and serve as
critical molecular pivots in GH signalling by mediating a diverse range of cellular functions (158).
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Figure 9: GH mode of action.
Growth hormone is secreted from the anterior pituitary in a pulsatile manner. Key target tissues include liver, muscle, adipose and bone,
all which a capable of producing IGF-1 which then acts in an auto/ paracrine mechanism. Negative feedback loops to the pituitary and
hypothalamus are instigated by IGF-1 and somatostatin (140).

1.3.5

THE ROLE OF HGH IN CANCER

While there several studies that link GH with the tumour development in rodents (131, 159-164), primates
(165), dogs and cats (166, 167) evidence confirming its role goes beyond animal models into humans is only
recently coming to light.

An early clinical study by Emerman et al. found breast cancer patients have increased levels of serum GH
(168). It is also well documented that hypophysectomy, the surgical removal of the pituitary gland, in breast
cancer patients has been very effective in the past with response rates of up to 50%. However, this surgery is
now restricted due to its high rate of morbidity and mortality compared with more developed treatments(169).
Wagner et al has provided several studies on the link between single nucleotide polymorphisms (SNPs) in the
GH, GHR and related genes with breast cancer risk (170-172). In a Polish and German familial breast cancer
cohort they found three SNPs in the GH1 promoter region ( G-340T, A-68G/C and A-63T/C) that increased in
allele frequency with breast cancer incidence and two (G-93delG and T-4G) that lead to a decrease in breast
cancer risk (171).

Deficiencies or overproduction in hGH lead to abnormal development and is associated with a number of
diseases. One of these, acromegaly, is a disease characterised by a higher level of endocrine hGH. In addition
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to increased body growth, these individuals tend to have an overrepresentation of malignancies in multiple
tissues including the mammary gland with one study reporting a four-fold increase in risk (173). Wennbo and
Tornell (2000) have reviewed the current status of cancer associated with endocrine GH stating that support
is not strong for circulating levels of GH. Instead, they suggest that a local production may be more
pathologically important (174) (as also suggested in progestin treated canines (166, 175, 176)).
1.3.5.1

Autocrine/ Paracrine hGH in Cancer

GH is also synthesised at several extra pituitary sites (177) such as the central nervous system, endothelial
cells of blood vessels, immune system cells, spleen, fibroblasts and the epithelial cells of the normal and
neoplastic human mammary gland (178). Apart from in the mammary gland, evidence of ectopic GH production
at sites of tumourigenesis has been localised to endometrial colorectal, ovarian, prostate, stomach, and lung.

At these sites, GH forms autocrine/ paracrine loops in both physiological and pathological tissues. In addition
to GH mRNA expression, GHR mRNA was found in normal and neoplastic tissues of human mammary gland
(178, 179). However, the GHR shows little variation throughout progression when compared to normal tissue.

Local production of GH in humans in normal, benign and malignant mammary tumours was identified by Mol
et al. (178). Liu et al. went on to suggest that this autocrine production was used to satisfy the local tissue
requirements of hGH in excess to the endocrine source or to supply GH to tissue unreachable through
endocrine means (177). This endogenous production also allows tighter control of local concentration essential
for normal growth and development. By comparing the cellular response, using, STAT promoter CAT reporter
genes, to exogenous and endogenous hGH they demonstrated that endocrine and autocrine hGH have
additive and not synergistic effects. More consistent evidence was provided by histological studies that
measured the levels of GH in hyperproliferative tissues (180) with the highest concentrations found in
metastatic/ invasive in situ ductal carcinomas. Even though autocrine hGH was detected in both normal and
malignant tissues, more was secreted in diseased tissues. In addition, hGH receptor levels were comparable
to surrounding normal tissues, indicating the oncogenic effects of GH were not due to receptor overexpression
(147). More recently, Chiesa et al. have indicated that 60% and 100% of primary carcinoma cells express hGH
and its receptor respectively (181). Additionally, hGH expression was significantly associated with lymph node
metastasis, tumor stage, HER2 status, proliferative index and associated with worse relapse-free survival and
overall survival in patients with mammary carcinoma (182).

Following on from the identification of autocrine GH, Kaulsay et al. demonstrated the existence of this loop in
human carcinoma cells and linked it to increased cell proliferation (183). Through the use of kinase inhibitors,
mitogenic effects were shown to act through p38 and p44 MAPK. Furthermore proliferation could be inhibited
using GHR antagonists. Overall, the local biosynthesis and release of GH provides a highly proliferative
environment in the mammary gland, which contributes to the development and/or progression of mammary
tumours (184). Using an identical model, it was subsequently demonstrated that autocrine GH can mediate
oncogenic transformation of mammary epithelial cells, in an IGF-1 independent manner (183), by promoting
increased cell mitogenesis through increased entry into S phase (183), inhibition of apoptosis through CHOP
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(2, 155, 185), enhanced anchorage independency, increased migration on collagen matrix in a JAK2
dependent manner (186, 187), promotes epithelial-mesenchymal transition and increased matrix
metalloproteases (MMP2 and MMP9) activity facilitating invasion in vitro and in vivo (187). Autocrine growth
hormone also has been reported to increase telomerase activity through up regulation of two mRNA binding
proteins resulting in increased stability of hTERT mRNA, allowing for immortalisation to occur (188, 189).
Autocrine hGH, by itself, was further demonstrated to transform an immortalised untransformed carcinoma cell
line, MCF-10A and when implanted subcutaneously in a mouse model it resulted in tumour formation (189).
This is significant as previously to fully transform a cell line a combination of SV40 integration, Ras mutations
and hTERT activation alterations were required. More recently, several reviews have been published, further
strengthening the role autocrine hGH in mammary gland neoplasia (190-192). Research from our lab has also
demonstrated that autocrine hGH can stimulate tumour angiogenesis in vitro and in vivo. Forced hGH
expression from mammary carcinoma cells stimulated the survival, proliferation, migration, and invasion of a
human microvascular endothelial cell line. Xenograft tumours also overexpressing hGH locally showed
increased tumour blood and lymphatic microvessel density (193). Bougen et al. implicated autocrine hGH in
chemoresistance by demonstrating overexpression expression in mammary carcinoma cells reduced
sensitivity to mitomycin, an alkylating agent utilised in the treatment of advanced metastatic breast cancer
(194).

Overall it is known that autocrine hGH causes these effects and exogenous hGH does not. However, the
precise mechanism for this differential oncogenic effect is not known. This was until Xu and colleagues
molecularly broke down this phenomenon in 2005 (195).They examined the expression of 19,000 human
genes using an oligonucleotide microarray in response to the different hGH delivery routes i.e. exogenously
(endocrine) or autocrine using the MCF-hGH cell line. From this they identified 305 genes that had altered
expression patterns in response to autocrine hGH only. This meant even though the same molecule was
stimulating the cells the route of application had an influence on which pathways were activated or inhibited.
Specifically, they highlighted several potential proteins that may mediate the oncogenic effects of autocrine
hGH on mammary carcinoma cells. These included TFF1, TFF3, laminin 3 and the postulated interleukin 27
(c19orf10/ SF20) which has growth factor characteristics. This is not surprising as it is widely accepted that
tumours develop their own autocrine growth factor loops as a means of neoplastic progression. Hanahan and
Weinberg’s six hallmarks of cancer described this as a self sufficiency of growth signals (1).

It is thought that the local microenvironment concentration of hGH is the key behind these differential
expression patterns (177, 183). As alluded to above, endocrine hGH secretion follows a pulsatile release of
high concentration. On the other hand locally produced hGH in the mammary gland exhibits constant release
but at a low concentration. Even though the latter results in low secretion levels, its microenvironment
orientation creates an increased local hGH concentration and would permit a longer window for hGH to stay
bound to its receptor. This may result in the activation of different pathways that are temporally regulated. Due
to the pleiotropic functions of hGH, targeted inhibition of its receptor or sequestration of the ligand is
unfavourable. Hence, current efforts are focused on looking downstream of the GHR to uncover more suitable
therapeutic targets. Drugs that target downstream hGH effector molecules are likely to have more tissue
specific actions hence, reducing side effects compared to broad GH targeting.
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1.4

STROMAL CELL-DERIVED GROWTH FACTOR 20 (SF20)

The human Stromal Cell-Derived Growth Factor 20 (SF20) gene is located on the short arm of chromosome
19, position 13.3. It is currently annotated as C19orf10 (GenBank™ Accession: AF282264) but also has
several aliases including IL25, IL27 and IL-27w. However, there is confusion about the accuracy of these latter
aliases as IL-17D and IL17E, two very different genes, are also referred to as IL-27 and IL-25 respectively
(196). It is flanked by two known genes, dipeptidyl-peptidase 9 and tumour necrosis factor, alpha-induced
protein 8-like 1, the prior also having been implicated in cancer (197). Weiler et al. stated SF20 is produced in
three splice variants based on a survey of available cDNA clones (198). The main isoform is composed of 6
exons (referred to as variant b) with the other two variants differing by either a missing exon 6 (variant a), or
missing several exons and acquiring an additional foreign downstream exon as is the case with the c variant.

The SF20 protein (the product of variant b) is 173 amino acids with a molecular weight of 18795 Daltons and
has been shown to be secreted with a cleavable signal peptide between residues 1 and 32. The native form is
predicted to have a disulfide bond comprised from Cys63 and Cys92, the 28 amino acids separating the two
residues being similar to that of an IgV domain. Bioinformatic analyses (Net Phos 2.0) predicted several
glycosylation (O-Linked), sumolyation and phosphorylation sites. SF20 has a theoretical pI of 6.2 and shows
no structural similarity in terms of domains and motifs suggesting a late evolvement (198). This is despite
homologues being found in 18 other vertebrate species, composed of 19% highly conserved and 28% identical
residues. The mouse and humans SF20 proteins share a 92% identity (199).

To date SF20 has been detected in adipocytes (200), plasma (201) , corneal fibroblasts (202) and fibroblastlike synoviocytes (198). Tulin et al. demonstrated by RT-PCR expression of SF20 in human lung (CCL-185),
breast (MDA-MB-468), and colon carcinomas cell lines (CX-1) but not in their non malignant counterparts
(199). Furthermore normal Human blood fractions of resting mononuclear cells, resting CD8+ and CD19+,
activated CD8+ T cells and murine bone marrow stromal cell lines (MS5, ST2 and CF-1) exhibited SF20
expression. In addition murine cDNA tissue panels have indicated SF20 expression in testis, spleen, and heart,
with lower levels detected in the lung and liver. Despite the lack of protein structure similarity this broad tissue
expression profile of SF20, it suggests the action of an essential or housekeeping gene and hence an earlier
evolvement than its structure leads on.
1.4.1

THE FUNCTION OF SF20

The first functional characterisation of SF20 was conducted by Tulin et al. who reported on a proliferative
function of SF20 on lymphocytes in a murine model (199). Specifically lymphoid proliferation, activation and
differentiation in the thymus allowing transition from CD4+CD8+ to either CD4-CD8+ or CD4+CD8- was reported.
Tulin and colleagues also identified the receptor of SF20, namely the thymic shared antigen 1 (TSA-1) protein.
However, in 2003, these results were fully retracted owing to their inability to reproduce their published findings
relating to the proliferative function of SF20 (203). Because they used this proliferative phenotype as a
screening method for the identification of TSA-1, doubt is cast on the likelihood of this being the actual receptor
of SF20. Despite their retraction, we have adopted the SF20 nomenclature to represent c19orf10.
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Wang et al. reported that during 3T3-L1 (mouse fibroblasts) adipocyte differentiation (pre to mature adipocytes)
, SF20 levels strongly increase up to 4 days and are sustained till the end of day 12 (200). SF20 secretion was
not perturbed by either 20°C (blocks ER and Golgi pathways) or BFA (Brefeldin – inhibits secretion by
interfering with Golgi apparatus). This suggests that mature 3T3-L1 –derived adipocytes possess alternative
secretion pathways. Furthermore, it indicates a potential role for SF20 in adipogenesis and adipose tissue
development

Cornea injury causes keratocytes to transform into wound healing fibroblasts resulting in opacification of the
cornea. The molecular cause behind cornea transparency has been hypothesised to be the action of water
soluble enzyme crystallins. Karring et al. investigated the proteome of cultured human corneal fibroblasts
(keratocytes ) to identify most abundant water soluble proteins (202). While no protein surpassed the 5% total
protein (criterion for enzyme crystallins) SF20 expression was detected, not surprising considering the cornea
epithelia and stroma are known to contain bone marrow-derived cells. However they do postulate that SF20
may play a role in the wound healing process of the eye through the activation and transition of bone marrow
derived cells (those involved in an immune response). Clearly this has implications with metastatic cancer.

Both Wang et al. and Karring et al. mention the proliferative function of SF20 demonstrated by Tulin et al. as
a means of unravelling adipocyte differentiation and corneal wound healing respectively, despite its retracted
nature (199, 200, 202).

In an effort to uncover low abundant, small proteins in the blood stream for potential biomarker use, Molina et
al. utilised haemodialysis fluid for their proteomic study (201). SF20 was one of the several proteins identified
but while detecting a large number of proteins previously unknown to be in plasma or serum (i.e. SF20) they
did not shed any light on the possible functional role of SF20

After Dasuri and colleagues prospectively identified C19orf10/ SF20 in a synoviocyte (from rheumatoid arthritis
patients) proteome study , Weiler and colleagues furthered this by identifying, quantifying and characterising
human SF20 in the synovial fluid and surrounding tissues of rheumatoid arthritic (RA) patients (198). They
reported large quantities of this protein, at microgram levels (7-184ug/mL), being secreted from fibroblast-like
synoviocytes (FLS). These cells form the intimal and subintimal layers of the synovial membrane. They are
responsible for secreting lubricating proteins into the joint cavity, regulating synovial fluid volume and may
have a role in directing inflammatory responses. They also secrete connective tissue proteins and MMPs to
maintain joint capsule. Immunochemistry detected ER/Golgi distribution in cultured FLSs with extracellular
staining also suggesting secretion. In tissue sections, SF20 was detected in the synovial lining, extracellular
staining in perivascular regions (suggesting binding) and irregular staining in areas of hyperplasia. SF20 was
not found in macrophage-like synoviocytes, the other cell type comprising the synovial membrane. The
pathological process that is rheumatoid arthritis draws similarities with that of cancer. RA is an autoimmune
disorder where the body’s immune system attacks the joints. Bone and cartilage destruction results from
inflammation of the joint aided by angiogenesis followed by synovial fibroblast and immune cells producing
matrix metalloproteases (namely 1 and 3) in high amounts (as well as SF20).
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Despite these reports on the detection, expression level and potential role of SF20 in a series of diseased
states, the true function of SF20 remains undetermined.
1.4.2

THE ROLE OF SF20 IN CANCER

Recently our research group has created an in vitro model based on the MCF-7 mammary carcinoma cell line
stably transfected and expressing a dual c-myc tagged human SF20 CDNA in a pIRESneo3 mammalian
expression vector. This permitted investigation into the consequences of stable overexpression of SF20 in this
cell line where the resulting phenotype can be used to delineate whether SF20 is a downstream effector
molecule used to mediate the oncogenic effects of autocrine hGH. Preliminary results demonstrated SF20
had a potential to enhance the oncogenic phenotype of mammary carcinoma cells through increased cell
motility and mildly enhanced anchorage independent growth (Figure 11). However, this oncogenic autocrine/
paracrine action awaits further confirmation. Collaborators with our research group, using the microarray
dataset of Hall et al., strongly correlated high SF20 levels with poor prognosis of breast cancer patients
irrespective if they had received chemo or hormonal therapy (Figure 10). In fact, in both sets of patients, those
with high SF20 levels have a three-fold greater mortality risk. High SF20 levels are also associated with an
increase in risk of developing metastases. To date, there still is a lack of literature on the ‘functional’ role of
SF20 and may be indicative of the complex role this protein plays in biological systems or lack of an appropriate
in vitro model. The doctoral research proposed will further continue to uncover this hidden role in the context
of breast carcinoma

Previous studies within our research group have identified SF20 is a 16KDa secreted protein found to be widely
expressed across a series of tissues including their corresponding malignant derivatives. Here it is predicted
to act in an autocrine/ paracrine loop on mammary carcinoma cells by binding to its cell surface receptor.
Preliminary results indicated that SF20 may have a role in the motility of mammary carcinoma cells and is
associated with an upregulation of vimentin mRNA expression. Furthermore SF20myc overexpression resulted
in a 45% (P < 0.001) reduction in proliferation, potentially induced by a G2 cell cycle arrest as a consequence
of decreased CDK1 levels. Cells stably overexpressing SF20myc also demonstrated enhanced anchorage
independent growth by up to 40% (P = 0.016) (Figure 11) (204).
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Figure 10: High levels of SF20 are indicative of poor survival.
Clinical data provided by research collaborators has correlated breast cancer patients according to their level of SF20 expression as
obtained from microarray data (205). Kaplan-Meier plots for (A) all patients and (B) a sub-group of patients who have received
endocrine and/or chemotherapy are illustrated, highlighting that SF20 is a prognostic factor of recurrence.

Figure 11: Stable overexpression of SF20 results in mammary carcinoma cells results in enhanced anchorage independent
growth.
MCF-SF20myc or MCF-VECTOR cells were seeded in 0.35 % agarose in full RPMI 1640 medium with 10 % serum at a density as
indicated per a well in six-well plates in triplicates. Colonies formed were counted after incubation of 14 days. The number of colonies
formed in each well was counted and presented (B). At each density MCF-SF20 overexpression resulted in a significant increased in the
number of soft agar colonies compared to MCF-VECTOR control (*, P < 0.05).
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1.5

1.5.1

GLIAL CELL LINE-DERIVED GROWTH FACTOR

GDNF BIOLOGY & SIGNALLING

Glial Cell Derived Neurotrophic Factor (GDNF) is one of four neurotrophins comprising the GDNF family and
is a distant member of the larger transforming growth factor - β (TGF-β) superfamily. GDNF was originally
purified from a rat glial cell line (B49) (206). The GDNF gene is found at locus 5p13.1-p12 and produces three
isoforms, differing in the length of their 5’UTR region and a shortened exon 2. The GDNF protein is produced
as an inactive preproGDNF precursor and depending on the transcript translated yields peptides of 211, 185
or 134 amino acids. Cleavage of the signal sequence yields active proGDNF followed by proteolysis of the NTerminus (67 amino-acids) by unknown enzymes produces the 134 amino-acid mature protein (207, 208). The
other members of the GDNF family include Neuturin (209), Artemin (210) and Persphin (211).

The GDNF crystal structure was solved in 1997 by Eigenbrot and Gerber (212) (Figure 12). They demonstrated
that each GDNF monomer has a cystine knot topology which consists of two anti-parallel β-strands which are
linked by this cystine knot; a covalent ring composed of two cystines with a third cystine passing through the
centre of the ring. These strands act as fingers while a ‘wrist’ α-helix is held between them. To form the GDNF
dimer, cysteine residues that are not involved in the cysteine knot form ‘head-to-tail’ interchain disulphide
bonds and the α-helix from one monomer interacts with the opposing monomer’s fingers (212). The cysteine
knots are concentrated to the centre of the dimer and form a flexible ‘hinge’ responsible for the two
conformations of GDNF dimer. Despite only a 19% protein sequence similarity between GDNF and TGF-β2
it is this structural motif and the seven similarly arranged cystines that makes GDNF a distant homologous
relative to the TGFβ super family (212).

GDNF acts as a biologically active, covalently linked glycosylated homodimer and classically signals through
the transmembrane tyrosine kinase Rearranged During Transfection (RET) receptor (213, 214). This is
facilitated through GDNF binding to a plasma membrane bound accessory protein/ receptor, glycosyl
phosphatidylinositol-linked (GPI) GDNF Family Receptor α (GFRα) co-receptor (215). There are four subtypes
of GFRα, GFRα1 to 4. GDNF primarily binds to GFRα1 (216) but has been postulated to cross talk with GFRα2
(217) and GFRα3 (218) as well. These GFRα receptors are linked to the plasma membrane by a glycosyl
phosphatidylinositol (GPI) anchor localising them to the lipid rafts and allowing the compartmentalisation of
signalling molecules. Upon the GDNF-GFRα complex binding to RET monomers, RET dimerisation occurs
and results in activation of intrinsic tyrosine kinase initiating several phosphorylation cascades down various
pathways. In a sense, GFRα provides the ligand binding capabilities while RET provides the signalling
component. In neurons, TGFβ is responsible for recruiting GFRα1 to the plasma membrane and is actually
required to illicit its survival response (219-221). Neuturin, Artemin and Persphin exhibit similar binding
mechanism.

RET was initially discovered through its ability to mediate the neurotrophic effects of GDNF (213). The RET
receptor tyrosine kinase has three functional regions; extracellular domain containing four cadherin-like
domains (CLD1 to 4) followed by a cysteine-rich domain (CRD), a hydrophobic transmembrane region and an

- 30 -

intracellular two-part tyrosine kinase domain (TK1 and TK2) (222). At least one of the CLDs are required to
bind Ca2+ in order for RET signalling to take place (208). RET has several glycosylation sites graduating the
mature protein from 150kDa to 170KDa. Three isoforms of RET exist, the two major being RET 51(1114aa)
and RET 9 (1072aa) which differ by 51 or 9 amino acids at the C-terminus respectively. As discussed later,
the different C-terminus lengths of the RET isoforms has an effect of which signalling pathways can be
activated due to the availability of adapter protein binding points.

Amoresano et al. utilised mass spectrometry to elucidate the binding interactions between the three molecules;
GDNF, GFRα1 and RET. GFRα1 has a central ligand binding region between 191-197 amino acids which
interacts with a C-terminal region of GDNF (125-134 amino acids) and the CLD4 and CRD domains of RET
(223) (Figure 12). Upon complex binding, subsequent conformation change within the three-component
complex is responsible for a second interaction taking place between amino acids 91 and 97 of GFRα1 and
the N-terminus of GDNF. In effect, RET binding increases the affinity of GFR α1 for GDNF. The large Nterminus, found on GDNF, is unique to this molecule as it is not found on any other Glial-Derived Growth Factor
family members (215). GFRα1 has 3 cystine rich regions approximately 100 amino acids in length with flexible
regions between them (207, 208). RET is known to weakly bind to GFRα1 without the presence of GDNF and
conversely, GDNF with GFRα1 without the presence of RET. The latter, through the processing by
phospholipases or proteases, is especially seen with soluble forms GFRα1 (224). Soluble GFRα1 forms can
at as a chemoattractant for axons (225) as it is able to activate cells in the presence of GDNF (215). Despite
recent advances in GDNF structural data and binding interactions the order of events, stoichiometry and
kinetics are still not fully understood i.e. does GFRα1 need to link with GDNF in order for it to bind to RET
(Model 1)? Or can RET and GFRα1 form a two-component complex prior to GDNF binding (Model 2)?
Bordeaux et al. demonstrated that GFRα1 is able to signal through RET without the presence of GDNF (226).
In either case all 3 components are required for downstream signalling as mice homozygous deletion in either
RET or GFRα1, a similar phenotype as seen in GDNF-/-, both die shortly after birth due to kidney defects and
no enteric innervation.
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Figure 12: GDNF structure and binding.
(Top) Eigenbrot and Gerber (1997) solved the structure of the Rat GDNF dimmer in 1997 (212). Note the cystine knots and the
placement of the α-helix within the opposing monomers β-strand fingers. (Bottom) The binding of RET, GDNF and GFRα1 (EC-RETwtextracellular portion of RET wild type) (223).

GDNF is known to traditionally signal through RET, activating several pathways including the PI3K, RAS/
MAPK, PLCγ and JNK pathways (Figure 13). These pathways elicit the cellular effects of RET such as cell
survival, proliferation, differentiation, migration, branching morphogenesis, chemotaxis and oncogenesis.
Based on the traditional model, upon GDNF dimer binding to GFR α1 (monomer or dimer, the prior recruiting
an additional molecule later on), two molecules of RET are recruited into the complex (Figure 13) (215). This
homodimerisation of RET causes the auto-phosphorylation of the four main tyrosines, Tyr905, Tyr1015,
Tyr1062 and Tyr1096, by their opposing tyrosine kinase domains and is responsible for initiating downstream
phosphorylation cascade. Only the long isoform (RET 51) has the latter two tyrosines (227). Tyr905, Tyr1015
and Tyr1096 represent binding sites for GRB10/7, PLCγ, and GRB2 adapter proteins respectively. Tyrosine
1062 on the other hand has at least five docking proteins; SHC (Src homology 2 domain containing), FRS2
(fibroblast growth factor receptor substrate 2), IRS1/2 (insulin receptor substrate 1 or 2), DOK4/5 and Enigma.
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GAB1/2 (GRB associated binding protein) and GRB2 (growth factor receptor-bound protein 2) both bind to
SHC and also act as adaptor proteins. This allows the activation of the PI3K/AKT and RAS/MAPK pathways
respectively, both which activate CREB and NFKB transcription factors. In addition, RAS is essential for cell
differentiation and PI3K activity independent of AKT for lamellipodia formation. Furthermore, the FRS2 lipid
anchored protein binds to Ty1062 and associates with GRB2 activating MAPK/RAS. Hence, there is a balance
between SHC and FRS2 activated MAPK/RAS. It has been proposed that RET preferentially associates with
FRS2 when translocated to lipid rafts i.e. GDNF binds to immobilised GFRα1 which then recruits RET into the
lipid rafts where FRS2 is also located. Whereas outside the rafts, RET utilises the soluble SHC adaptor (Figure
13). Activation of RET outside rafts is mediated by soluble GFR α1 that has bound extracellular GDNF. Tyr1062
is also the binding site for IRS1/2, DOK4/5 and Enigma, the latter occurring independently of phosphorylation.
In addition to these tyrosines, Ser696 can become phosphorylated once cAMP levels are increased and lead
to protein kinase A (PKA) activation. PKA is required for Rac activity and hence lamellipodia formation. It is
thought that GDNF associate cAMP increases is mediated by crosstalk between RET and G-protein linked
receptors that activate adenylyl cyclase. JNK activation through Tyr1062 is still not understood but it is
suggested that PI3K activates small Rho/Rac related GTPase such as CDC42 which in turn switch on JNK.
Enigma is thought to have a role in transporting RET to the plasma membrane (228). Through GRB2, Ty1096
acts as another route for PI3K/AKT activation, with a minor role in MAPK/RAS regulation. Tyr1015 mediated
PLCγ activation regulates intracellular Ca2+ levels through inositol-3-phosphate which is known to activate
protein kinase C (PKC) and several transcription factors (especially in muscle).

As mentioned, the PI3K pathway is important for cell survival, proliferation and neurite outgrowth, branch
morphogenesis. Its survival and proliferation functions are mediated by AKT, by inactivating pro-apoptotic
factors by phosphorylation. PI3K activated Rho GTPase is responsible for focal adhesion kinase (FAK)
activation whose main function is cell migration and cytoskeleton rearrangement. This is assisted by FAK
activated paxillin which interacts with integrins (229).

There are currently two negative feedback pathways that down regulate RET after prolonged GDNF stimulation
(230, 231). Pierchala et al. reported that after GDNF stimulation RET is translocated out of the lipid rafts to
enable ubiquination and proteasome mediated degradation (232). Alternatively, if proteasomal degradation is
inhibited, RET is internalised and is degraded by lysosomes, a model suggested by Richardson et al. (230,
232). Recently Tsui and Pierchala (2008) have reported a new mechanism that involves a dual action between
CD2AP (adaptor involved with internalisation of ubiquinated RTKs, associates with RET under unstimulated
conditions) and Cbl-3 (Cbl-3 - E3 ligase, interacts with unphosphorylated RET. After activated dissociates)
interacting with each other and the RET receptor. By itself Cbl3 promotes stability of the receptor, however,
when combined with CD2AP this is reversed, triggering receptor downregulation (233).

A recent development in GDNF signalling is the essential interaction of heparan sulfate proteoglycans
(HSPGs) (such as syndecans and glypicans) (234-236) with GDNF and its receptors. HSPGs are simply
proteoglycans composed of a protein core with multiple glycosaminoglycan (GAG) chains on it. FGF2 and
HGF both rely on HSPGs to interact with their respective receptors and since the initial isolation of GDNF,
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where heparin (a highly-sulfated glycosaminoglycan that is made up of similar GAG disaccharide units as
found in HSPGs) was used, an interaction with GDNF and HSPGs has always been suspected (237).
Evidence was further boosted when it was observed that kidney development failed in vitro under heparan
sulphate deprivation, as seen under GDNF deprivation as well (234, 235, 238). Artemin, a GDNF related
neurotrophic factor, is also known to bind heparan sulphates (238). Barnett el al (2002) demonstrated that the
presence of heparin sulphates is required for GDNF activation of RET in a MDK cell lines (234). They also
went on to suggest that the low affinity GDNF:GFRα1 interaction identified by Jing et al. in RET deficient cells
is likely to be due to binding with heparan sulphate. Furthermore Barnett and colleagues identified both GDNF
and GFRα1 as having two consensus heparan sulphate binding sequences (234). It has been found that
HSPGs have a role in facilitating RET activation, acting to increase the local GDNF concentration through low
affinity binding in the vicinity of the receptors (208) and provide the linking component signalling through Src
kinases to activate Met in RET-independent signalling (239).

Given that all GDNF family ligands utilise RET and activate similar signalling profiles, how do these molecules
elicit their discrete functions? Adaptor proteins, GFL-GFRα-RET internalization rates and RET stimulation in
trans (via soluble GFRα) can partially explain this. However, RET-independent signalling mechanisms hold
more promise. It has been demonstrated that many tissues express GDNF and GFRα1, but not RET,
suggesting the presence of RET-independent pathways (240). In addition to the aforementioned HSPGdependent signalling, other mechanisms exist through GFL interactions with other growth factor receptors,
Neural Cell Adhesion Molecule (NCAM) or integrins (241). In the absence of RET, GDNF can continue to
signal through lipid raft associated SRC family kinases (SFKs). Despite the report of the coimmunoprecipitation of GFRα1 and Src (239) a direct interaction is not plausible due to their positions on
opposite sides of the lipid bilayer (240). Hence, the existence of a new transmembrane receptor linking Src
and GDNF:GFRα1 (208, 239) has been postulated. A potential candidate is the Met tyrosine kinase receptor,
as Met phosphorylation in cultured RET-deficient epithelial and neuronal cells is dependent on SFKs (242).
Additionally, there is an overlap between GDNF: RET and hepatocyte growth factor (HGF): Met signalling
pathways resulting in similar cellular phenotypic consequences (242) e.g. chemotactic and branching
influences on MDCK cells. This suggests a non-direct GFRα-Met association considering Met does not
immunoprecipitate with GFRα (242). This association may be modulated by HSPGs and mediated by NCAM
molecules (225). The integration of the Met pathway is significant, as it is known to drive cell invasion and
metastasis. Somatic mutations in Met are known to breed an aggressive form of cancer. In breast carcinomas
and glioblastomas it is known to associate with its ligand, HGF, in the formation of autocrine/ paracrine
mechanisms. More so increased expression levels of Met have been detected in breast, prostate, pancreas
and colorectal carcinomas where they have adopted a metastatic phenotype with a poor prognosis. Met is
reported to crosstalk with Wnt and Notch pathways which are central in stem cell renewal. It also responds to
hypoxia and generates an invasive growth (243).
The GDNF: GFRα1 complex is also able to bind to NCAM with high affinity to activate the SFKs and FAK
(241). GDNF signalling through NCAM is known to occur independently of GFRα1 by direct interaction with
the third immunoglobulin domain of NCAM. However, the introduction of GFRα1 results in a higher binding
affinity to NCAM. In fact, GFRα1 can also signal through NCAM in the absence of GDNF (241, 244). NCAM is
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expressed in many carcinomas including mammary and small cell lung carcinoma, and NCAM expression in
biliary carcinoma correlates with perineural invasion. In other physiological contexts aside from cancer, GDNF
can utilise NCAM pathways to promote axonal growth (241) and may play a role in regulating cell adhesion
and synaptic plasticity in the brain (245). The effects of GDNF in survival and growth of midbrain dopaminergic
neurons can be suppressed by anti-NCAM antibodies (246).
The recent discovery of growth arrest specific gene 1 (GAS1), a protein structurally similar to the GFRα family
of receptors, has been shown to regulate RET-signalling by binding and sequestering the receptor tyrosine
kinase to lipid rafts in the plasma membrane in a similar fashion to the “classic” GFL receptors (247). Like the
GFRα molecules, GAS1 is a GPI-linked protein constitutively expressed in the lipid raft compartment of the
plasma membrane. It is a protein with pleiotropic functions depending on its spatiotemporal expression in
development. Such functions include growth inhibition, proliferation and apoptosis (248). GAS1 has also been
shown to be co-expressed with RET in various tissues (249, 250). As a co-receptor, GAS1 modulates RET
signalling in a ligand- and GFRα1-independent fashion, specifically through the reduction of AKT
phosphorylation and without MAPK activation (247).
With regard to integrin involvement in GDNF signalling, GFRα1 has recently been shown to coimmunoprecipitate with integrin beta 1 implying a direct binding interaction (251). Integrin beta 1 has also been
extensively studied in the context of regulating cell adhesion and migration through GDNF: RET in pancreatic,
colorectal and papillary thyroid carcinoma (252-255). Similarly, integrin αv and NCAM mediate the effects of
GDNF on dopaminergic neuron survival and outgrowth during development and on dopamine turnover and
motor function during adulthood (246).
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Figure 13: GDNF signalling models
(Top) The interaction of the GFLs and GFRαs with RET (207). (Middle) RET signalling within and outside lipid rafts recruits different
adaptor molecules (224). (Bottom) The traditional GDNF:GFRα1:RET binding models adapted from (215).
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1.5.2

THE FUNCTION OF GDNF

GDNF, originally purified from a rat glial cell line (B49) (206), is widely expressed throughout the rat and mouse
central and peripheral nervous system, as well as the inner ear, corneal keratinocytes, olfactory epithelium,
skin, submandibular gland, bone, seminiferous tubules, cochlea, oocytes, kidney, teeth, GI tract and carotid
body (256-258). In both embryonic mouse and rat it is found primarily in the mesenchyme and its derived
tissues, specifically in tissues where epithelial- mesenchymal interaction occurs such as the previously
mentioned kidney, submandibular gland and tooth (257, 258). Similarly in humans, GDNF is known to be
produced in the nervous system (central and peripheral), retina, kidney, lung (259), pituitary gland (260),
skeletal muscle (261), testis and breast (231).

GDNF was first identified as a promoter of survival and morphological differentiation of rat embryonic midbrain
dopaminergic neurons (262). This had dramatic implications for the pursuit of a treatment for Parkinson’s
disease. But despite success during early human trials (263, 264), treatment by the direct brain infusion of
GDNF failed to improve the symptoms, in addition to raising some serious safety concerns (265).
Recently, it has been reported that GDNF’s protection of dopamine neurodegeneration is due to an inhibition
of caspase-3 activation and suppression of endoplasmic reticulum stress-related genes (266). Additionally,
GDNF is significantly more potent (75-fold) than the neurotrophins (brain derived neurotrophic factor (BDNF),
ciliary neurotrophic factor (CNTF ) and cholinergic differentiation factor-leukemia inhibitor factor (CDF-LIF) as
a survival factor for motor neurons, successfully rescuing facial motor neurons from atrophy after deprivation
of other survival factors following lesions (267). Further evidence is provided by studies of GDNF and GFRα1
knockout mice, which experience a substantial loss of motor neurons through increased cell death. In these
mice, enteric neurons, where GDNF stimulates migration, proliferation, differentiation and survival of
multipotent enteric precursor cells, fail to develop and the mice die soon after birth. Interestingly, mice lacking
other GFLs or co-receptors are viable and fertile. Ramer et al. demonstrated GDNF induced regeneration of
spinal motor neurons after injury (268). Suzuki et al. revealed that GDNF is produced by skeletal muscle and
was significantly localized at plasma membrane, especially near neuromuscular junctions, providing a source
of

GDNF

for

nearby

motor

neurons

(261).

Reports of GDNF functions outside the nervous system are accumulating. Most notable is a pivotal role for
GDNF in kidney morphogenesis and spermatogenesis. Firstly, GDNF is expressed in the developing kidney
by the nephrogenic mesenchyme, located in immediate proximity to the RET expressing tips of the ureteric
bud. GFRα1 is localized to both the mesenchyme and ureteric bud. This mesenchymal-epithelial interaction
sets up a system that induces the initial branching from the Wolffian duct, continuing into morphogenesis of
ureteric bud (269). While mesenchyme derived GDNF expression is initially quite sparse across the Wolffian
Duct. Upon branching, RET and GDNF become more concentrated around distal tips of the ureteric bud and
periphery respectively. GDNF is essential for kidney development as GDNF knockout mice show defects in
this respect and die soon after birth (270). However, while GDNF is essential it cannot promote development
on its own (271). It does appear that RET-independent pathways are utilized as RET-deficient mice to some
degree exhibit metanephric development (272).
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The enteric nervous system (ENS) develops following the migration of neural crest cells (NCC). GDNF is an
essential trophic factor for the developing ENS, as knockout mice with deletions in GDNF or GFRα1 lack
enteric neurons (273). RET knockout mice lack enteric neurons in the small and large intestines, but do develop
them in the esophagus (214), although the density of neurons in this region is significantly reduced (274).
GDNF is chemoattractive to NCC, thereby promoting their migration into the gastrointestinal tract (274, 275).
Additionally, GDNF supports the survival, proliferation and differentiation of NCC (276-278).

GDNF is secreted by Sertoli cells, somatic cells of the seminiferous tubule, ensuring the self renewal of
spermatogonial stem cells (SSC) and preventing terminal differentiation (279), predominantly acting in the
perinatal period (280). GDNF achieves this through the upregulation of Numb, which results in the inhibition of
Notch signalling, halting differentiation and promoting the expansion of the stem cell pool (281). Evidence of
GDNF’s role in SSC cell fate has been extensively established in mouse GDNF knockout models, in which it
results in the depletion of the SSC population (282). Conversely, overexpression of GDNF results in a larger,
undifferentiated spermatogonia population, leading to the shutdown of spermatogenesis and generation of a
non-metastatic, seminoma-like tumour (282). To complete this autocrine interaction, both RET and GFRα1 are
located on undifferentiated spermatogonia and are routinely used as markers for their isolation (279). Artemin
and Neurturin also exhibit the capacity to regulate spermatogonial stem cell proliferation (283).

GDNF is also known to interact with BMP4, a key inhibitory protein of embryonic stem cell differentiation during
kidney development (284). Further evidence for a role in stem cell/differentiation biology include the implication
of GDNF:RET signalling in the differentiation control of hematopoietic cells (285) and the co-localization of
GDNF and GFRα1 with ABCG2 and p63, two known stem cell markers within the human corneal epithelium
(286). The authors suggested that GDNF and GFRα1 may represent a phenotypic property that identifies a
population of stem-like precursor cells (286). GDNF also interacts with integrin β1, observed to be upregulated
in mammospheres , neurospheres, and hematopoietic and embryonic stem cells (287) while also capable of
dimerizing with α6 integrin, an adhesion molecule required for cancer stem cell tumorigenicity (288). Moreover,
cancer stem-like cells derived from medullary thyroid carcinoma (MTC) on the basis of CD133 positivity have
demonstrated a dependence on RET for their self renewal and differentiation (289). Lastly, significant crosstalk
exists between the Notch and RET: GFRα1 signalling pathways during nephrogenesis (290).

GDNF also functions in oocyte development (291, 292), hair growth regulation (293), tooth innervation (294),
corneal regeneration and wound healing (229, 286, 295), immune homeostasis and response, and psychoregulation including drug abuse (296). A recent study correlated reduced blood GDNF and Artemin mRNA
levels in patients with major depressive disorder compared to those same individuals in a remissive state (297).
Furthermore, GDNF may promote angiogenesis due to its ability to increase production of IL-8, a potent
angiogenic factor, in SK-N-MC human primitive neuroectodermal tumour cells (298). Finally GDNF is known
to exhibit signal crosstalk with the VEGF:VEGFR and NGF:TrkA pathways (299, 300).

GDNF expression and activity is regulated by a complex network of factors and mechanisms ranging from
epigenetic regulation in peripheral blood cells (301), regulation by a host of small molecule drugs such as

- 38 -

antidepressants (302-305) to glucocorticoids (306, 307) and follicle-stimulating hormone (FSH) (308). This
extends to the neurotransmitters dopamine, serotonin, glutamate and adenosine (309, 310) which induce
GDNF mRNA expression. Additionally, lipo-polysaccarides and inflammatory cytokines such as IL-1β, IL-6,
TNF-α and TNF-β regulate GDNF in C6 glioma cells (311-314). An extensive review of the driving forces
behind GDNF expression in neuronal tissues included the Six family of homeobox containing transcription
factors, namely Six2 which activates GDNF expression in kidney development (315, 316).

While the neuroprotective effects of estrogens may be mediated by neurotrophic factors (317), it appears that
GDNF is not estrogen regulated in certain tissues. Instead its signalling can be significantly modulated by, or
can participate in, cross talk with estrogen. The estrogen receptor modulator tamoxifen had only a limited
effect on GDNF levels in C6 glioma cells (318), and ERα knockout mice demonstrated no alteration of GDNF
expression within the murine midbrain (319). Paradoxically, 17β-Estradiol stimulates GDNF expression in
developing mice hypothalamic neurons (320). This effect, however, appears to manifest itself through a nonclassical estrogen action since treatment with ER antagonist ICI 182,780 (fulvestrant) does not alter GDNF
expression. This non-classical action is mediated by Ca2+ and cAMP/PKA signalling (321). Conversely in
mammary carcinoma (to be discussed later) RET and GFRα1 are highly regulated by estrogen resulting in
enhanced GDNF signalling.
Like SF20, there is also evidence to suggest that GDNF is growth hormone regulated. Immunochemistry colocalisation studies by Japon et al. highlighted a possible link between the GDNF and hGH pathways in a
cancer context (260). They examined the expression of GDNF in normal anterior and tumourigenic pituitaries
and found GDNF and RET (Rearranged during transfection) was predominantly (95 %+) expressed in almost
all somatotrophs but absent in most of the other cell types in normal pituitaries. GDNF was expressed in all
GH-secreting pituitary adenomas and absent in almost all others, whereas RET was detected in 5 out of 10
ACTH-producing adenomas in addition to all GH-secreting pituitary adenomas. GFRα1 expression was
detected in 90% of somatotropinomas with almost a 100% co-staining with c-RET. Even though they failed to
ascertain the role of pituitary derived GDNF, this co-expression of GDNF and it receptors with GH provides
evidence to postulate a similar situation may be taking place at extrapituitary sites of GH synthesis. If so,
GDNF, a known survival growth factor, may be acting in para/ autocrine loops to stimulate tumour development
outside its traditional neuronal localisation. Furthermore, it suggests a form of regulation between the two
pathways i.e. GH regulating GDNF expression/ secretion or vice versa. Somatotrophs are the only pituitary
cells to express RET, GFRα1 and GDNF (322). Canibono et al. further demonstrated that RET controls
somatotroph population numbers by activating Pit-1 (remember Pit 1 is a transcription factor to the hGH
promoter stimulated by GHRH), resulting in increased p53 levels and enhanced apoptosis (322). However,
upon the application of GDNF, Pit-1 expression and apoptosis are suppressed. Somatotrophs therefore control
GH production through an apoptotic/ survival pathway, regulated by a GDNF autocrine/ paracrine mechanism.
Despite these findings, Urbano et al. previously carried out similar experiments on rat anterior pituitaries and
demonstrated that GDNF was predominantly synthesised in gonadotrophs and corticotrophs with exclusive
RET expression being localised to target somatotroph cells (323). GDNF represses excess Pit-1 expression
preventing excess GH, without it RET becomes intracellularly processed and induces strong Pit-1 expression,
leading to p53 accumulation and apoptosis (324).
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1.5.3

1.5.3.1

GDNF AND GFLS IN CANCER

RET Germ-line Mutations and Neuroendocrine Tumours

Germ-line activating mutations of the RET proto-oncogene, which is highly expressed by several cell lines of
the neural crest lineage (325), cause several forms of neuroendocrine cancer including multiple endocrine
neoplasia (MEN) type 2A and 2B, familial medullary thyroid carcinoma (FMTC), papillary thyroid carcinoma,
pheochromocytomas and neuroblastomas (326-328). Not all cases of MEN2 have mutated RET, GFRα4 has
been proposed as a modifying factor for this set of diseases. This is because it is only detected in MTC, and
not other thyroid tumours such as follicular thyroid adenomas (FTA), follicular thyroid carcinomas (FTC), or
papillary thyroid carcinomas (PTC) (329). Due to its limited expression pattern, the source of Persephin as
GFRα4/RET ligand in MTC is unclear. MTC cells secrete calcitonin, which is used as a marker of tumour
burden. Exogenously-applied Persephin appears to regulate the expression of calcitonin in MTC, a process
mediated by the oncogenic forms of RET (330). Alternatively, one particular mutation of GFRα4 results in the
formation of a truncated, soluble form of the receptor, capable of activating RET independent of its ligand
Persephin (331). However, use of calcitonin as a biomarker in MTC may need to be reassessed, in light of the
evidence that treatment with a RET inhibitor results in a dose-dependent reduction of calcitonin levels, while
tumour volumes remain the same (330).

Japon et al. examined the expression of GDNF in normal anterior and neoplastic pituitaries (260). GDNF and
RET are predominantly expressed in almost all somatotrophs but absent in most of the other cell types
(corticotrophs and gonadotrophs) in normal pituitaries. Furthermore GDNF was expressed in all GH-secreting
pituitary adenomas and absent in almost all other types of pituitary tumours. These findings suggest a link
between the GDNF and GH pathways, although the physiological significance has not been ascertained at
present (260). One role may be the regulation of cell population; Canibono et al. demonstrated that RET
controls somatotroph population numbers through a p53 apoptotic pathway (322). This is mediated by RET
activating Pit-1, a potent transcription factor that also binds and activates the hGH promoter. However, upon
the application of GDNF, Pit-1 expression and apoptosis are suppressed. In contrast, Hirschsprung disease is
a congenital malformation associated with aganglionosis of the gastrointestinal tract resulting from inactivating
mutations in RET (227). These individuals tend to lack certain parts of the enteric nervous system (328).
Polymorphisms in the GFL genes do not appear to be a modifying factor in Hirschsprung disease phenotypes
(332).

Beyond these neuroendocrine disorders, GFLs have also been implicated in a series of other cancers of
epithelial origin particularly pancreatic, testicular, bile duct, colon, glioma, mammary, endometrium, ovarian,
and lung. It is a major focus of our research group, particularly with regards to much of the recent progress in
the latter four tissues.
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a. Pancreatic Cancer

Artemin may be involved in chronic pancreatitis, a precursor disease to pancreatic cancer characterized by
progressive and irreparable damage to the organ, severe fibrosis, and intense abdominal pain leading to
functional insufficiency (333, 334). In this condition intrapancreatic nerves increase in both number and size,
and show extensive damage to the perineural sheaths such that the nerves are no longer protected from the
extracellular environment. GDNF is upregulated following acute induction of pancreatitis in mice (335), and
both Artemin and its associated receptor GFRα3 appear to be upregulated in chronic pancreatitis of different
etiologies (alcoholic, idiopathic, and autoimmune) (336). Expression in normal pancreatic tissue is localized to
vascular smooth muscle cells (with additional GFRα3 immunohistochemical staining in ducts and islets),
whereas in chronic pancreatitis there is additional staining in tubular complexes and intrapancreatic nerves.
The investigators also found positive correlations between Artemin expression and neural alteration (area and
density of pancreatic nerves), severity of inflammation, severity of fibrosis, and severity of pain in the study
cohort, but not the activity of perineural inflammation. GFRα3 showed a negative correlation with the activity
of perineural inflammation, and a positive association with neural hypertrophy (336).

Ito et al. found that both GDNF and Artemin are strongly expressed in the endocrine cells and intrapancreatic
nerves of normal pancreatic tissue, as well as in pancreatic cancer tissue using immunohistochemical methods
(337). Intra-pancreatic neural invasion is correlated to GDNF expression and is facilitated through the
PI3K/AKT and NFкβ pathways (338). GDNF and RET were both found to correlate with survival rate and
various clinical malignancy parameters. GDNF enhances the expression of integrins in the pancreas,
specifically the β1 subunit (253, 254) which combined with GDNF-induced upregulation of matrix
metalloproteinase-9 (MMP-9) production and activation facilitates metastasis (253, 254, 337, 339-341).
Another group found that both Artemin and its receptor complex GFRα3/RET were both overexpressed in
cases of pancreatic cancer, with strong expression in both primary cancer cells, liver metastases and in
surrounding tissues (the strongest of which was in hypertrophic nerves and arterial walls) (342). Most notably,
Artemin appeared to increase cell migration and invasion in pancreatic cancer cell lines in a similar manner to
GDNF but did not have an effect on proliferation (342). This was not mediated by MMP-9 expression, as found
previously with GDNF (337), so the signal transduction pathways involved need to be further investigated.
Ceyhan et al. also make the conjecture that the invasion of pancreatic cancer cells into nerves results in injury
and inflammation, which in previous research has shown to result in the upregulation of GFLs in Schwann
cells, in an effort to regenerate nerves; GFLs then act in a paracrine/autocrine fashion to perpetuate further
intravasation by pancreatic cancer cells (336). Additionally, certain RET polymorphisms can increase the effect
of GDNF induced pancreatic cell invasion (343).

b. Glioma

GDNF expression is abundant in the highly invasive C6 rat glioma cell line, but is significantly lower in the noninvasive Hs683 human glioma cell line, suggesting that an autocrine/paracrine mechanism stimulates glioma
cell migration (344). Upon treatment with recombinant GDNF, Hs683 cell migration becomes comparable with
C6 levels. Furthermore they demonstrated that cell migration in glioma cell lines is mediated by MAPK and
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JNK pathways. RET and GFRα1 are also reported to be highly expressed in glioma cells (344, 345). GDNF
appears to also confer chemoresistance while promoting mitogenesis in glioblastoma cell lines (346). Hansford
and Marshall reported that GDNF addition permitted neuroblastoma cells to proliferate in the presence of a
range of cytotoxic chemotherapeutic agents (347). They also experimented with the mammary carcinoma cell
line MCF-7, but no changes in cell viability with the exogenous treatment of GDNF were observed.

There is a contentious role for Neurturin and GDNF in neuroblastomas. Hishiki et al. found that NRTN and
GDNF potentiated retinoic acid-induced differentiation in neuroblastoma (348). This effect was much more
pronounced in nonaggressive tumours compared to aggressive ones. Conversely, Hansford and Marshall
(347) found that GDNF and NRTN induce faster growth of neuroblastoma cell lines, conferring protection
against chemotherapeutic drug treatment.

c. Colorectal Cancer
GDNF significantly enhanced the expression of β 1 integrin in colorectal cancer, in a similar fashion to
pancreatic cancer. Consequently the enhancement and associated increase in adhesion and invasive abilities
in response to GDNF were inhibited by blocking the GDNF receptor or the integrin β 1 subunit (255). In a case
of intestinal ganglionneuromatosis associated with colon adenocarcinoma, GDNF and Neurturin was found to
be highly expressed in the adenocarcinoma cells, while co-receptors GFRα1 and RET were expressed in
surrounding ganglion and glial cells (349).

d. Breast Cancer
Recently it has been reported that there is increased expression of GFRα1 and RET transcripts in mammary
carcinoma compared to normal breast tissue (350). In these tumour samples, 59% were GFRα1 positive, and
GFRα1 expression is associated with ER receptor presence and lymphovascular invasion/lymph node
metastasis at diagnosis. GFRα1 was inversely correlated with p53, EGFR, basal markers and basal-like
tumours, but positively correlated with luminal-type tumours. In agreement with this, mining of the Oncomine
database identifies numerous studies indicating significant correlation between GFRα1 and RET receptors
with both estrogen and progesterone receptor positive status (351). Likewise, elevated GFRα1 levels in
mammary carcinoma has been reported in several studies (352-354). Of the 212 tumour samples surveyed by
Esseghir et al., RET was only expressed in 29.7% of tumours and only 18.1% co-expressed with GFRα1 (231).
This suggests that in mammary carcinoma, GDNF (or other GFL acting through GFRα1) predominantly acts
via a RET-independent signalling mechanism.

Similarly Kang et al. recently provided a comprehensive analysis of data extracted from the Oncomine
database for GDNF in human normal mammary tissue and mammary carcinoma (355). They identified a lack
of repeatable correlation between GDNF expression and grade, which had been previously demonstrated by
other groups (356-358). However two studies detected GDNF upregulation in mammary carcinoma (359, 360),
and GDNF is significantly linked to luminal/apocrine but not basal tumours (361). Despite this, GDNF lacked
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significant correlation with disease and outcome in comparison to Artemin. GDNF correlates consistently with
ERBB2/HER2/neu positive status (360, 362), but not ER status (355, 360, 363).

Esseghir et al. also demonstrated that exogenous GDNF stimulation of MCF-7 cells results in a slight increase
in S-phase entry, enhanced cell survival measured by cell attachment after serum starvation and induced cell
scattering (231). The latter was also evident through the loss of cortical actin organisation and formation of
actin stress fibres. In wild type MCF-7 xenograft mouse models they also detected strong GDNF-producing,
infiltrating fibroblasts around the tumour and a low level of GDNF expression produced by the tumour itself
localized on the invasive margin of the tumour (231). Untreated MCF-7 cells showed very little endogenous
GDNF mRNA but treatment with inflammatory cytokines TNFα and IL-1 β resulted in a substantial increase
(231). Together these results suggest that mammary carcinoma cells not only secrete GDNF in response to
inducing cytokines, but also respond to paracrine and autocrine derived GDNF sources. Additionally, MCF-7
cells have been found to have robust expression of both GFRα1 and RET proteins (231, 355, 364).

Boulay et al. examined the role of RET in mammary carcinoma cells, demonstrating that GDNF stimulates
anchorage independent proliferation through RET, an effect mediated by p44/42 MAPK and JNK. RET
stimulation or inhibition had an effect on proliferation and survival under anchorage-independent and
suspended conditions, but not in monolayer culture (365). Within a panel of mammary carcinoma cell lines
they noticed a significant variation in mRNA expression of GDNF, RET, and GFRα1. Such variability was also
reported within breast cancer biopsies. Although GDNF was detected in all breast cancer specimens, a lack
of receptor co-expression was also evident (365).

While RET has previously been reported to contain an estrogen response element (ERE) located in its
promoter region (366) Boulay et al. demonstrated that mRNA levels of both RET and GFRα1 were strongly
increased following estradiol treatment with similar kinetics to that of early response genes such as TFF1 and
c-myc (365). It appears that rather than altering GDNF levels, estrogens contribute to an enhanced level of
GDNF signalling albeit in a cell line dependent manner (365).

Brophy et al. demonstrated that PAX2 (Paired Box 2 gene), a transcriptional activator, coordinates GDNF
expression by binding to the GDNF 5’UTR of exon 1, driving kidney development (367). This is interesting not
only because GDNF may be under similar transcriptional control within the breast, but also because PAX2 has
recently been implicated in mediation of tamoxifen resistance through an interaction with ER and the HER2
promoter (368).

Unlike GDNF, Artemin appears to play more of an autocrine role within mammary carcinomas. Artemin protein
expression was detected in 65% of human mammary carcinoma samples and correlated to HER2/neu
positivity, higher tumour stages, residual disease after chemotherapy, metastasis, relapse, and death (355).
No correlations were observed with tumour size, ER or PR status. Forced expression of Artemin in MCF-7
mammary carcinoma cells increased cell survival, promoted anchorage independent growth and enhanced
cell migration and invasion, and exhibited a more aggressive morphology with formation of proliferative and
disorganized colonies in a three dimensional basement membrane culture model (355). Contradictory to this,
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Boulay et al. demonstrated that exogenous Artemin had no effect on anchorage-independent proliferation
(365). This may be due to differences in autocrine versus exogenous action, or the difference between native
and recombinant proteins. Artemin differentially regulates well known apoptosis (Bcl2) and metastasis
(SERPINE1, MMP1, PLAU) markers, as demonstrated by quantitative real-time PCR (355). Forced expression
of Artemin significantly promoted tumour formation, and Artemin tumour progression in vivo exhibited at least
a two-fold size increase after six weeks compared to control (355). Additionally, Artemin is correlated with ERpositive status in mammary carcinoma, and its expression is correlated with poorer distant metastasis-free
survival (369). Artemin both increases ER transcriptional activity and function, as well as mediates resistance
to anti-estrogen therapies (369).

Boulay et al. and more recently Kang et al. and Plako-Menacho et al. have solidified a role for RET and
particularly ARTN in estrogen mediated breast carcinoma (365, 370, 371). ARTN was confirmed to be estrogen
regulated and correlated with ER+ carcinomas in addition to directly regulating ER expression. Following
treatment with tamoxifen, high ARTN expression was linked to decreased survival patient tumour samples.
ARTN also regulated resistance to tamoxifen and fulvestrant in vitro and in vivo which was shown to be
mediated by Bcl2 upregulation. In addition, ARTN expression was higher in tamoxifen-resistant cells.
Treatment with anti-ARTN antibody led to sensitisation of tamoxifen-resistant cells to tamoxifen. The group
proposed that ARTN could be a possible adjuvant therapy to enhance anti-estrogen efficacy in ER-positive
mammary carcinoma. Plaka-Menacho et al. on the other hand focused on RET signalling using rGDNF to
stimulate. This induced increased phosphorylation of ERα and was mediated by MTOR. Like Kang et al. they
demonstrated down regulation of RET signalling increased sensitivity to tamoxifen treatment and stimulation
by rGDNF induced a protective effect. RET expression was also found significantly increased in patient
samples following tamoxifen treatment. Additionally, Boulay et al. demonstrated the functional interaction of
the ER and RET pathways by showing that RET signalling enhanced estrogen driven proliferation (365).

e. Endometrial Cancer

Artemin exhibits similar oncogenic effects in endometrial carcinoma to mammary carcinoma (372). Expression
of Artemin was significantly associated with higher grade tumours and myometrial invasion. Artemin stimulated
the in vitro proliferation and cell survival of RL95-2 and AN3 cells, regulating such key genes CDC25A, CDK2,
Bcl2, p53, Bad, Bax and TERT. Furthermore, anchorage-independent growth was enhanced, while Artemin
overexpression also induced a mesenchymal phenotype which was correlated to deregulation of vimentin,
Met, MMP1, MMP9, PLAUR, SERPINE1, and SERPINEB5. Mechanistically, AKT phosphorylation was
indicated as pivotal to the survival and invasive response demonstrated by Artemin. In vivo xenografts yielded
almost two-fold larger tumours that were poorly differentiated and significantly more invasive, infiltrating
surrounding supporting tissues. Enhanced proliferation and survival were also evident in vivo. Pandey and
colleagues went on to demonstrate that Artemin confers endometrial carcinoma chemoresistance through
transcriptional activation of CD24 (373). Specifically Artemin alleviates the G2/M arrest initiated by doxorubicin,
and the apoptosis induced via microtubule disruption by paclitaxel treatment. Additionally, Artemin inhibition
by functional antibody or siRNA delivery enhanced the efficacy of the respective chemotherapeutic drug
treatments.
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f.

Lung Cancer

Artemin, RET and GFRα3 has been demonstrated to be deregulated in primary lung neoplasms relative to
their normal counterparts, while high Artemin expression also correlated with lymph node metastasis and
increasing grade of non-small cell lung carcinoma (NSCLC), according to an examination of the Oncomine
database (374). Transcriptional activation of Bcl-2 by Artemin enhances in vitro survival in monolayer and
anchorage-independent conditions. Furthermore, Artemin significantly enhanced invasive capability of H1299
and H1975 NSCLC cell lines (374). The former, when injected into immunodeficient mice, yielded 63% larger
tumours at day 30 compared to control. Tumours exhibited increased S-phase entry and reduced apoptotic
levels (374). Conversely, these oncogenic effects abated following siRNA or functional antibody inhibition.
GDNF and GFRα1 on the other hand lacked any significant correlation between normal and cancerous lung
tissue (374). GFRα2 in a majority of cases exhibited a down regulation in the neoplastic setting (squamous
cell carcinoma and adenocarcinoma) (374).In terms of RET mutations causing SCLC, Futami et al. detected
novel somatic RET mutations in squamous small cell lung carcinoma cell lines and tumour samples (375).
However Mulligan et al. were unable to detect the same RET mutations in 54 SCLC cell lines, nor was there
any consistent pattern of RET, GDNF or GFRα1 expression in 21 SCLC cell lines assayed (376). Therefore
they concluded that RET mutations are unlikely to be an important step in the tumorigenesis of SCLC.

g. Ovarian and Testicular Cancers
GDNF/GFRα1 are localized to follicles at various stages of development, being actively secreted by oocytes
and acting in an autocrine/paracrine fashion (292). GDNF has also been implicated in ovarian tumorigenesis,
being influenced by androgens (377, 378). Interestingly, the expression of GDNF in the ovary is distinct to that
in the testes, where it is the somatic Sertoli cells which produce GDNF. Mice which overexpress GDNF
specifically in spermatogonia develop invasive testicular tumours late in life (379). These mimic the classic
seminoma and thus can act as an animal model for the disease.

h. Prostate Cancer

Our group has unpublished evidence examining the role of Artemin in prostate carcinoma (380).
Immunohistochemistry indicated a significant increase in the expression of Artemin in cases of human prostate
carcinoma in comparison to benign prostate hyperplasia. Artemin does not appear to regulate cell proliferation
or survival, as forced Artemin expression, siRNA and antibody treatment had negligible effects (380). This was
also the case for chemotherapeutic resistance to doxorubicin and paclitaxel. However, Artemin overexpression
increased the metastatic potential of cells, registering significant changes in monolayer and 3D Matrigel™
culture cell morphology, lamellipodia formation, cell migration and invasion, and characteristic deregulation of
mRNA species involved in EMT (380). Artemin also promoted anchorage-independent growth, an effect which
is inexplicably not abrogated by antibody or drugs.
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1.6

BREAST CANCER TREATMENT AND THERAPEUTICS

Surgery remains the preferred option for treatment and involves either the direct removal tumour or the whole
breast (mastectomy). However, the viability of this heavily depends on the stage of tumour progression.
Chemotherapeutics are employed prior to and following surgery. They include doxorubicin and paclitaxel and
act by targeting key cellular functions common to both normal and tumour cells, typically processes that have
role in cell proliferation. Considering these agents also adversely affects healthy cells, successful
chemotherapy relies on the fact that cancer cells have increased proliferation hence making them more
susceptible. Like that of chemotherapy, radiotherapy is given after surgery to reduce recurrence, by removing
residual cancer cells through oxidative damage.

The influence of steroid hormones on breast cancer development is well known and has become the source
successful hormone/ endocrine therapeutics, the most pivotal in breast cancer being the estrogen pathway.
Approximately 70% of the breast tumours are ER-positive (381). This means cancers are estrogen dependent
and can be treated with estrogen receptor antagonists such as Tamoxifen (91). Tamoxifen treatment normally
spans a 5 year period resulting in a 50% annual reduction in the recurrence rate and a 28% annual reduction
in the death rate (382, 383). However, its differential side effects in different tissues have prompted the search
for more selective estrogen receptor modulators (SERMS) such as raloxifene (new formulation called Evista).
Aromatase inhibitors such as Anastrozole (Arimidex) also target the estrogen pathway. They block that final
stage of estrogen biosynthesis, the conversion of androgens into estrogens, by inhibiting aromatase, an
enzyme of the cytochrome P-450 superfamily (384). Femara (letrozole), another aromatase inhibitor has
recently demonstrated to reduce the risk of breast cancer returning after completing tamoxifen therapy by 63%
(385).
New potential chemotherapeutic drugs progressing through late stage development include Novartis’s
Everolimus for the treatment of early stage ER+HER2- breast cancer. Everolimus is a selective inhibitor of
mTOR currently being used for advanced renal cell carcinoma. It has recently completed phase 3 trialling with
combined hormonal therapy (386) where it successfully reduced progression risk by 57% compared to
exemestane alone. Progression-free survival (PFS) improved to 6.9 months for those on Everolimus compared
to 2.8 months for patients on exemestane alone. Sunitinib, a non specific tyrosine kinase is currently
undergoing phase 3 trial in combination with paclitaxel (387). Sanofi’s BSI-201 PARP-1 inhibitor for the
treatment of triple negative metastatic breast cancer recently failed phase 3 trial as it exhibited no increase in
survival compared to conventional chemotherapy regime (388).

A more recent division of breast cancer therapeutics have been in the form of cancer immunotherapy or
biological therapy. This is where therapeutic antibodies are administered and the patient's immune system is
recruited to destroy tumour cells.

One mechanism therapeutic antibodies can act through to elicit their inhibitory effects is to simply exploit their
specific targeting and binding characteristics towards tumour associated antigens, resulting in the obstruction
of growth factor signalling pathways, mitigating further progression. There are currently two monoclonal
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antibodies (mAbs) approved for clinical breast cancer treatment, namely bevacizumab (Avastin) and
trastuzumab (Herceptin). They both predominantly act via the perturbed signal transduction mechanism by
either clearance of the ligand or blocking physical ligand: receptor interactions respectively. For example
Avastin targets the vascular endothelial growth factor, a potent tumour angiogenic factor. Herceptin on the
other hand targets the epidermal growth factor receptor-2 (HER2/ neu) which through amplification of its
genomic locus is reported to be overexpressed in approximately 10-35% of breast cancers (389-391). Binding
of Herceptin to its target receptor results in the inhibition of downstream pathways and is primarily employed
as a first line treatment for metastatic breast cancer in combination with chemotherapeutics, particularly
paclitaxel (392). Approximately15% of metastatic breast cancer patients overexpressing HER2 respond to
treatment.

Other therapeutic antibodies mediate mechanisms include antibody dependent cellular cytotoxicity which
initiates a directed immune system response against tumour cells, complement –dependent cytotoxicity and
they can deliver radioisotopes/ drugs, or enzymes to activate prodrugs, to the tumour (393). mAbs are
generally viewed as having less toxic side effects compared to chemotherapeutic agents, however they are
still known to occur. Trastuzumab patients display cardiac toxicity as the heart also expresses HER2. Similarly
the VEGF targeting mAb bevacizumab can induce bleeding, thrombosis and hypertension due to interference
with the normal physiological roles of VEGF (393). However recently, the breast cancer indication has been
removed from bevacizumab by the FDA. Like that of chemotherapeutics, resistance to mAb therapies can and
has developed with patients who initially respond to treatment, beginning to further progress within a year
(394). There are only two other monoclonal antibodies that have passed through phase three clinical trials.
They include trastuzumab-DM1 (TDM1) an antibody-drug conjugate consisting of the antibody trastuzumab
linked to the cytotoxin mertansine, and pertuzumab – a HER2 dimerisation inhibitor.
Another form of cancer immunotherapy where by the patient’s own immune system is trained to identify and
destroy tumour cells. This achieved by vaccination using cancer specific antigens. A recent example of this
therapy is Dendreon’s prostate vaccine Provenge; an FDA approved cellular immunotherapy for the treatment
of metastatic castrate resistant prostate cancer (395). They are also developing Neuvenge, a vaccine targeting
the HER2 protein in breast cancer which is currently in phase 1 trials.

The rise of RNA interference (RNAi) technology as a tool in functional genomics is firmly established and
efforts are now turning towards exploiting RNAi as a form of gene therapeutics for disease treatment, cancer
included. RNAi involves the generation of 21-23 bp small interfering RNAs (siRNAs) complementary to target
mRNA sequences. Successful binding of the siRNA to its target results in mRNA degradation and/or translation
interference hence a knockdown of protein levels. Past gene therapy approaches have focused on adding or
repairing lost functions, RNAi seeks to do the reverse by targeting cancer pathways particularly the cell cycle
and apoptosis (396). Martinez et al. demonstrated that synthetic siRNAs specifically targeted to a mutant form
of p53 in heterozygous cells could restore the wild type function of p53 (397). Considering that p53 is mutated
in 50% of human malignancies the therapeutic potential of such research is obvious. Correction of other genes
commonly mutated or deregulated in cancer have also been investigated including Ras (398), Bcr-Abl
(399)and β-catenin (400). Despite the advantages of this technology, there are still several technical hurdles
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before clinical reality is evident such as immune system neutralisation, transfection limitations, off target effects
and uncertainty with the use of viral vectors to deliver the RNAi payload.

1.7

NOVEL ONCOGENE DISCOVERY: MODEL SYSTEMS AND RESEARCH TECHNIQUES

Breast cancer is a collection of breast diseases which presents a challenge to accurately model this complex
situation. Despite this, subsets of tumours can be identified which show similar molecular and biological
abnormalities. Understanding how genes function in these subsets is critical for the development of therapies.
Due to the specific limitations of each method below and their ability to accurately model human breast cancer,
Vargo-Gogola and Rosen (2007) suggest that rather selecting one model, the future of research will depend
on approaches that integrate multiple systems to model this heterogeneous disease.

1.7.1

CELL LINE MODELLING

Breast cancer cell lines are the most widely used models and are responsible for generating much of our
knowledge to date about this disease. This is particularly due to their ease of culture and repeatable and
quantifiable results. They also provide the vital human element, compared to murine models, while still being
able to use them in xenograft modelling. However, as they can acquire further genetic and epigenetic changes
through continuous propagation, different variants of the same cell line exist in different research laboratories
and can create disparities between studies.

Supporting the use of cell line models, Neve et al. have recently profiled the molecular and biological features
of 51 breast cancer cell lines and compared them to 145 tissue samples (364). They found cell lines display
similar differences in gene copy number and genomic and transcriptional aberrations that are seen in primary
tumours. Interestingly, they maintain this similarity genomic heterogeneity, stable expression patterns and
abnormalities despite multiple passages and, in fact, are quite resistant to accumulating substantial new
aberrations. However, they do tend to carry more aberrations. They were able to split up cell lines into three
histological subsets based on the expression of markers used in histology which corresponded well to previous
reports. They were luminal (more differentiated, form solid cell junctions), Basal B (morphology less
differentiated and more mesenchymal like, highly invasive) and Basal A (in between). However, A and B are
not distinguishable in tumours and the two luminal subsets evident in tumours are not apparent in cell lines.
They postulated this may be due to lack of normal epithelial and stromal cells present so that subsets resolve
more clearly in cell lines or that the differences are due to interactions of these two other groups of cells. More
copy numbers were found in basal compared to luminal in primary breast tumours but in cell lines the difference
is minimal. This is significant as little regard given to the type of breast cell (basal or luminal) when studying
cell lines. Another limitation of using cell lines is that they exclude other components of the tumour environment
such as stromal cells and blood vessels which promote progression. However, progress has been made
through co-culture systems.

- 48 -

In the Breast Cancer Research Group, The Liggins Institute, the main cell line used is MCF-7 (Michigan Cancer
Foundation cell line 7) a luminal, ER+, PR+, HER2 low, invasive ductal carcinoma (IDC). MCF-7 was extracted
in 1970 from a 69 year Caucasian female with a mammary carcinoma (401). It is considered to be a
transformed cell line and therefore it displays most cancer hallmarks including anchorage independent growth.
The specific lineage of MCF-7 this project utilises lacks the capability to invade surrounding tissues and has
little migratory ability. The doubling time of MCF-7 cells is approximately 29 hours compared with normal
mammary epithelial cells of 59 hours. It is a widely used and accepted cell line for modelling neoplastic
mammary tissue in vitro. Specifically MCF-7 acts as an ideal transfection host to model hormone responsive
breast cancer i.e. it expresses the estrogen and hGH receptor. However, important for this study is MCF-7 do
not produce endogenous hGH which would otherwise mask any oncogenic role exhibited by SF20. However,
as the literature recommends the lab makes use of its other breast cancer cell lines to replicate in vitro results
before progressing to animal models. The endogenous levels of the gene of interest is also a criterion for
selecting an appropriate model for forced expression or gene silencing studies. The other cell lines that are
routinely utilised include; ZR75.1 (Luminal, ER+, PR-, Her2 low, IDC), T47D (Luminal, ER+, PR+, HER2+,
IDC), BT549 ( Basal B,ER- PR-, IDC, papillary, HER2 low), BT474 (luminal, ER+, PR+, HER2+,IDC) and MDAMB-231 ( Basal B, ER-, PR-, HER2 low, adenocarcinoma).

Due to the surprisingly similar nature of breast cancer cell lines to their primary counterparts, this makes them
very suitable models of typical breast cancer pathophysiology and therefore an accurate basis to study the
functional consequences of gene deregulation. It is also worthy to note that because many cells lines are
derived from the most malignant forms of breast cancer that could be cultured, this may account for the
differences that we see between cell lines and primary tumours. However, unlike a panel of cell lines, no single
cell line is representative and so it is recommended that it is essential to encompass a variety of cell lines in
ones research (402).

1.7.2

TWO AND THREE DIMENSIONAL CULTURING OF CANCER CELLS

Typically cells are cultured as monolayers on plastic substratum or in soft agar assays, both which don’t
recapitulate the in vivo gland environment. Cells are known to be regulated by the surrounding extracellular
matrix for growth and metastasis. Stroma interactions are a vital component of the tumour niche and in fact
80% of the in vivo gland is composed of fibroblasts, adipocytes, endothelial cells and inflammatory cells (112).
Hence the use of BD Matrigel/ Engelbreth-Holm-Swarm ECM extract/ laminin rich extracellular matrix to model
tumours in three-dimensions was created (403). This provides a more physiologically relevant means of
investigating gene function and cell phenotype. In 3D culture, normal cells proliferate as organised
spheroids/acini with a hollow lumen made of polarised cells (Figure 14). Tumours on the other hand form non
polarised colonies with limited differentiation and a full lumen. These differences are not necessarily obvious
in 2D monolayer culture (112). Based on these observations, this provides a tool to identify genes and/ or
mechanisms that induce this tumourigenic phenotype from normal cells (or less transformed) (404). Many
research labs have demonstrated cell transformation of immortalised cell lines by introducing oncogenes such
as mutated Ras, AKT, Met, Cyclin D1 or ErbB2 (405). More so motility can be greatly affected by cell: cell and
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cell: matrix interactions. The typical migration mechanism in 2D consists of the extension of cytoplasm,
adhesion, break down ECM connections, move forward and retraction of the tail. However, it has been
demonstrated that in 3D there are additional cell motility mechanisms that exist in addition to the additional
ECM signals provided (16, 406). Evidence of the in vivo similarity in acinar structures of these 3D methods
has been reported by comparing MCF-10A transfected with ErbB2 and DCIS(407). Kenny et al. recently
analysed the morphologies, gene expression profiles and genetic aberrations of 27 breast cancer cell lines
and compared them when culturing in 2D and 3D. The found that while culturing in 3D doesn’t promote
profound differences causing a huge shift, 14 annotated genes within the signal transducing ontology displayed
a statistically significant difference in expression

Image subject to Copyright Act 1994

Figure 14: In vitro 2D and 3D cell culture.
Different morphologies of normal (top) and malignant (bottom) breast epithelial cells in different culturing methods. Bar represents
50um(403). Note the 3D on-top method without the top layer of Matrigel is a defined as 2D Matrigel Culture. (REF)

1.7.3

XENOGRAFT MODELLING

Xenotransplation of human breast cancer cell lines into immunodeficient mice (nude mice or SCID severe
combined immunodeficiency mice) via injection into the mammary fat pad or flank is a common and essential
technique in the validation of in vitro mammary carcinoma cell line results. This technique allows us to examine
a cell line in a heterotypic environment, is relatively inexpensive, easy to generate, tumours appear quickly
and as opposed to genetically engineered mouse models estrogen response can be investigated. Preliminary
assessments of the effectiveness of novel therapeutics can also be established in xenograft models. However,
cancer cell lines have been adapted to grow in vitro tissue culture and are likely to have different environmental
requirements compared to primary tumours. Suspension of cells in a basement membrane matrix such as
Matrigel can facilitate successful uptake of a tumour. Furthermore because human cells are being injected into
a foreign murine stroma, the result is a chimerical tumour (408). Also, because the immune system has a role
both in tumour progression and metastasis, we are limited in xenograft models as these mice lack a functioning
immune system. Information about metastasis is limited in mice xenografts as metastases tend to accumulate
in lungs preferentially, unlike in humans where mammary tumours target the bone, liver and lungs primarily.
Tail vein injection of carcinoma cell lines directly into the blood circulation can also act as model for assessing
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in vivo metastatic capability. Like subcutaneous xenografts cancer cells target the lungs and establish
themselves as micrometastases.

1.7.4

RNAI: A TOOL FOR PHENOTYPIC SCREENING

The use of gene knockouts has long been the method of choice to characterise the function of a gene based
on its perturbed phenotype. However, due to its difficulty and the discovery of the RNA interference (RNAi)
phenomenon, a new method for silencing gene expression has been developed that uses short interfering
RNA (siRNA). Like gene knockouts RNAi uses loss of function phenotypic screening where the functional roles
of individual genes are defined by their reverse physiological phenotypes after artificially silencing their
expression. Over the past few years the use of this method has rapidly expanded allowing for pathway
dissection in multiple cell processes including endocytosis (409), apoptosis (410), and cell cycle (411). This
has also been the case in functional cancer genomics where novel oncogenes and tumour suppressors have
been uncovered. For example the silencing of the chemokine receptor CXCR4 in the breast cancer cell line
MDA-MB-231 significantly decreased cell expansion implicating it in neoplasm development (412).

RNAi is a naturally occurring process in eukaryotes and is yet another method for regulating gene expression
through the degradation of targeted mRNAs (complementary to siRNAs), preventing protein translation. The
siRNA technology exploits this natural mechanism and was first described in Caenorhabditis elegans (413).
The active siRNA silencing agents can be generated via several methods including chemical synthesis and in
vitro transcription (414). Long dsRNAs introduced and processed intracellularly have been the traditional
method of use in other organisms such as plants. However, in mammals, dsRNAs greater than 30 nucleotides
cause a non specific interferon response, a shutdown of global translation and degradation of the nucleic acid.
To overcome this, synthetic/ chemically synthesised siRNA (typically 21bp in length) have been developed.
They bypass the dicing machinery and directly combine with the RNA-Induced Silencing Complex (RISC) for
targeting and no non-specific effects in early studies have been reported. This form of RNAi has been widely
adopted as the method of choice in the development of therapeutics. However, they are limited by their
transient nature and their silencing is determined by the rate of cell growth and dilution of siRNAs past a
threshold as the duration of silencing is related to number of cell doublings. Furthermore siRNAs may not work
for proteins with long half life due to the transient nature of the silencing. Conversely siRNA transfections are
more efficient than plasmid-based methods as silencing with siRNA is immediate due to the bypassing of
processing. siRNA can be efficiently transfected using lipophilic reagents and cationic molecules and now
several organisations offer custom synthesis including Ambion and Qiagen. Of late Life Technologies have
developed next generation siRNAs which include proprietary chemical modifications that provide higher
specificity and increased stability (RNAi Stealth Select).

A more recent method and the one relevant for this study is their expression in plasmid vectors in cell culture
or in vivo. Seeing as siRNAs are not able to replicate in humans as in plants fungi etc, DNA vector based
constructs have evolved to convert to siRNA intracellularly (415). Primarily these vectors are used to express
transcripts, using the RNA polymerase III promoter (U6 or H1 promoters), containing inverted repeats that fold
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into short hair pin RNAs (shRNA). This approach exploits the endogenous RNAi machinery (Dicer & RISC)
which converts these hairpins into the actively targeting 21-23 bp siRNAs. The benefit of using plasmid vectors
is they can be stably expressed in cell culture (forming a heterogeneous population of different levels of
silencing if clones are not picked and cultured) and in vivo facilitating the long-term silencing of endogenous
transcripts (416). However, this method is highly dependent on Dicer processing but is thought to enter the
RISC slicing step more efficiently than siRNAs (417) . Because of its plasmid based origin, these vectors can
be easily regenerated. ShRNA vectors have been shown to down regulate Beta-catenin and hTERT in colon
and bladder cancer respectively, both inhibiting cell proliferation (418, 419). Furthermore, shRNA directed at
STAT 6 also represses proliferation and induces apoptosis in the HT-29 colon cancer cell line (420).

The effectiveness of silencing, via either method, is affected by several factors including the rate of translation,
position of siRNA binding region, secondary structures of mRNA, siRNA binding efficiency to target mRNA,
binding of RNA proteins, mRNA abundance and half life and subcellular location of mRNA (417). As a result
siRNAs that target different parts of the same gene differ markedly in effectiveness can have a profound
influence.

1.7.5

ANTIBODY PRODUCTION

Traditionally antibody production in mouse, rabbit or goat has been the favoured approach as opposed to
chicken for the use in therapeutic development, protein identification, isolation and purification. This is despite
the first description of hens conferring passive immunity to their offspring by transferring serum
immunoglobulins to egg yolk, being reported by Klemperer in 1893 (421). As a result, this technology has only
recently come into use. Egg yolk boasts as a rich source to develop highly specific antibodies against
mammalian antigens owing to a sparse phylogenetic distance between birds and mammals.

The generation of chicken IgY (the mammalian homolog to IgG immunoglobulins) raised against human
antigens is inexpensive, involves a non-invasive extraction as to not stress the host, fast and simple isolation
and purification and has vast applicability. Typical yield of conventional IgG is 200mg per month of which 5%
is the desired antibody, whereas IgY yields can reach 2-10% of 1500mg per month and can be generated for
more than 2 years from the same animal (422). Furthermore, eggs can be stored at 4°C for at least a year,
IgY is easily separable from IgM and IgA due to the compartmentalisation of eggs and it does not activate its
mammalian complement. Lastly, due to significant phylogenetic distance, a highly conserved human antigen,
does not mediate inflammatory responses in the hen. IgY is a heavy (67-70kda) less flexible immunoglobulin
compared to IgG (50Kda). However, IgG is able to bind protein A or G allowing simple isolation and
immunoprecipitation unlike IgY.

Several groups have produced and utilised IgY technology in a wide array of in vitro and in vivo research. IgY
raised against human IL-6 was comparable to IgG generated in sheep (423). IgY against a 31 amino acid
peptide from the C Terminus of Human HeLa Thymidine Kinase Enzyme (TK1) detected the native protein in
sera of gastric cancer patients. Furthermore, TK1 was strongly identified in tissue samples of breast, liver and
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thyroid carcinomas suggesting potential use in early prognosis and monitoring treatment (424). Bauerle et al.
used a chicken polyclonal against Human Bone Sialoprotein to treat bone metastases derived from MDA-MB231 breast cancer cells in rats. Up to 400µg/ml produced a significant reduction in proliferation colony
formation, cell motility and untimely reduced osteolytic lesions in rats (425). IgY generated towards human
hypoxia inducible factor 1 alpha was able to detect human, mouse, canine, swine and monkey homologues. It
also recognised native HIF1 but not the closely related HIF 2 protein. Furthermore, the antibody was able to
immunoprecipitate and localise via immunofluorescence, the protein. Compared with mouse IgG, the
monoclonal failed to detect a selected fragment obviously absent from its recognising epitope, and was also
affected by SDS denaturation in SDS-PAGE as it did not detect the denatured form of HIF1. Additionally, IgY
technology has been used to reduce dental plaque (426) and in the generation of anti-venoms (427).

Prior to generating antibodies the protein of interest needs to be synthesised, isolated and purified, ready for
injection into the host. The glutathione S–transferase (GST) gene fusion system is a common method for
expressing and purifying fusion proteins produced in Escherichia coli. GST, a 26kDa native protein, of parasitic
worm Schistosoma japonicum is fused to the N-Terminal end of the protein of interest and accumulates in the
cytoplasm. pGEX plasmids are amongst the most commonly used vector in the GST system and utilise an
IPTG-inducible tac promoter. Using immobilised glutathione, the fusion protein is purified out from bacterial
culture and eluted using reduced glutathione (non denaturing). If an enzyme cleavage site (such as a thrombin
recognition site) is incorporated into the multiple cloning site before the protein of interest, this allows the
cleavage of the fusion protein.

In summary, the production and use of IgY antibodies in therapeutic research is viable option but despite these
selected examples there is still a lack of literature.
1.7.6

CANCER STEM CELL ANALYSIS: MEASURING ‘STEMNESS’

The re-emergence of the cancer stem cell hypothesis has demanded the development of new in vitro methods
for identifying, isolating, purifying/ enriching and culturing prospective populations of cancer stem cells for their
study. These have included mammosphere culture, side population analysis, cell surface antigens and
aldehyde dehydrogenase activity. In addition, immortalised cancer cell lines are now becoming routinely used
for investigating cancer stem cell biology since several groups have validated their use (71, 428, 429).

Mammospheres are suspended spherical growths of mammary gland derived cells cultured in non adherent
non differentiating culture conditions and are enriched for mammary stem cells, or in the context of cancer,
cancer stem cells (CSC). The term ‘mammosphere’ was coined from neurospheres, undifferentiated nonadherent colonies grown from single cells in non-adherent and are enriched in neural stem (60), by Dontu and
colleagues cells derived from reduction mammoplasties . Cells that were capable of surviving and proliferating
in these conditions formed discrete clusters of cells which were enriched for prospective cancer stem cells
which could differentiate into the different lineages of the mammary gland (59). The mammosphere culture
system has now been used to identify, culture and enrich for cancer stem cells in breast cancer cell lines (61,
287, 288), primary tumours (430) and distant metastases (431). Limiting dilution experiments are an extension
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of the initial mammosphere culture which validates the self renewal capability of the cells that compose the
mammosphere. This typically involves single cells or diluted cell populations in vitro or in vivo to establish
whether the original enriched population is actually enriched with sphere or tumour initiating cells. It also
determines what concentration they are found within the original population.

The ability to exclude nuclear dyes such as Hoechst and Rhodamine has been linked to stem cells due to their
increased levels of drug efflux pump proteins (84). CSCs in particular expel chemical these dyes because of
increased expression of the ATP-binding cassette membrane efflux protein ABCG2/BCRP1(432). Under flow
cytometer analysis this property identifies a small ‘side population’ (SP) containing stem or stem-like cells that
exhibit a low staining intensity or high efflux activity. Mouse mammary stem cells have been isolated in this SP
and shown to retransplant in vivo (84). Likewise a similar side population has also been identified in human
breast tumours varying from 0.2 to 5% in size (84). These cells have been shown to be primitive stem cell like
populations, exhibting longevity, self renewal, increased resistance to chemotherapeutics agents, increased
migratory potential, highly proliferative and highly tumourigenic (433). And only SP cells and not non SP cells
were capable of forming mammospheres (59). Patrawala et al. reported that 30% of cultured human cancer
cells possess a detectable side population (434). Within the mammary carcinoma cell line, MCF7, this side
population typically comprises approximately 0.2-2% which is capable of initiating tumours from low inoculums
in NOD/SCID mice and can regenerate the heterogeneity of the original cell population (435).

CSCs can be isolated by immune recognition of surface antigens expressed in these cells. Such a technique
was pioneered by John Dick and colleagues who identified the highly tumourigenic AML CSCs based on the
CD34+ CD38+ phenotype (56). Al-Hajj et al. identified a cell subpopulation within primary breast tumours
characterised by the surface markers CD44+ CD24-/low and absence of lineage-specific antigens CD2, CD3
CD10, CD16, CD18, CD31, CD64, and CD140b (Lin-) (436). This population was capable of initiating tumours
from just 200 cells in NOD/SCID mice, whilst 20,000 cells that did not display this phenotype were devoid of
tumorigenicity. CD44+ CD24-/low CSCs exhibit proinvasive phenotype and are capable recapitulating primary
tumour heterogeneity, including non-tumourigenic populations, indicating that these cells are capable of both
self-renewal and differentiation (437). Other markers of breast CSCs have been suggested including α6integrin, CD133, and β1-integrin/CD29. Identification based on cell surface markers has been hampered due
to the lack of mammary stem cell specific markers which has resulted in impure isolations. CD133 has
particular relevance to brain and colon cancers. Ponti et al. demonstrated that approximately 95 % of
mammospheres stained negative for CD24 (61).

Aldehyde dehydrogenase 1 (ALDH1) is a detoxifying enzyme implicated in regulating stem cell differentiation
through oxidation of retinol to retinoic acid, and is expressed in various tissues (438). ALDH1 activity has
recently been demonstrated to be a marker of mammary CSCs (439). ALDH1 positive/ high cells are enriched
for functional CSC characteristics including tumorigenicity, self-renewal, and multi-lineage differentiation.
ALDH1 expression is correlated with the proliferation marker Ki67 and ER-/ PR- (440). The overlap between
ALDEFLUOR-positive and CD44+ CD24-/low lin- subpopulations is approximately 1%, suggesting there may be
redundancy in CSC markers. The cell fraction possessing both phenotypes was highly enriched for
tumorigenicity, able to initiate tumours from 20 cells. Importantly, ALDH1 expression is a powerful predictor of
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poor clinical outcome in mammary carcinoma. Interestingly, ALDH1 may be associated with favourable
prognosis in ovarian cancer, suggesting the enzyme may be functionally variable across tissues (441). Stem
Cell Technologies have developed an assay that measures ALDH1 activity through the production of a
fluorescent substrate. Although originally designed to identify primitive human hematopoietic progenitor cells,
the ALDEFLOR assay kit has been validated for use not only on primary breast cancer samples but for use in
mammary carcinoma cell line models. Wicha and colleagues demonstrated that transfection of HER2 into
normal mammary epithelial cells and the MCF7 cell line resulted in an increase ALDH-expressing ‘cancer stem
cell’ population which displays increased expression of stem cell regulatory genes and enhanced
tumorigenicity in NOD SCID mice (71).
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CHAPTER 2:
2.1
2.1.1

MATERIALS AND METHODS

MATERIALS
CHEMICALS, REAGENTS, ANTIBODIES, PRIMERS AND OLIGONUCLEOTIDES
Table 1: List of chemicals and reagents.
Material
1Kb plus DNA ladder
3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)
Acrylamide/Bis solution (40%)
Agarose (ultra pure)
AlamarBlue
Ammonium persulfate (APS)
Ampicillin
Anti-β-actin mouse monoclonal Ab
B27 Supplement 50x
Bacto TM tryptone
Bacto TM Yeast extract
Bromophenol Blue
Bovine serum albumin (BSA)
Bradford reagent concentrate
Chloroform
Complete Minitab protease inhibitor
Cyclophosphamide
Dimethyl-sulphoxide (DMSO)
Disodium Phosphate
Dithiothreitol (DTT)
DC protein assay reagents
Doxorubicin hydrochloride
EDTA
Estradiol (Beta)/ E2
Ethanol (absolute, analytical grade)
Ethidium bromide
Exemestane
Falloidin-TRITC dye
F-12K, Kaighn’s Modification Media
Fetal bovine serum (FBS)
FuGENE HD Transfection reagent
Recombinant GDNF
Geneticin (G418)
Glycerol
Glycine
HBSS
Hoechst 33258
Hydrochloric acid
Hygromycin B
Isopropanol
L-glutamine
Magnesium Chloride
Matrigel
Methanol
Mercaptoethanol
NP-40
Paraformaldehyde
Paclitaxel
Penicillin/ Streptomycin
Phalloidin, FITC Labelled
Poly-HEMA
Propidium Iodide
Puromycin
PVDF membrane
Qiagen OneStep RT-PCR kit
Qiagen plasmid maxi prep kit
Invitrogen plasmid mini prep kit
RPMI 1640 medium
Saint mix transfection reagent
Seeblue plus2 protein marker
Sodium dodecyl sulfate (SDS)
Sodium Phosphate
Supersignal west Dura extended duration substrates
SYBR GreenER qPCR SuperMIX
T4 DNA ligase
Tamoxifen
Tetramethyl-ethylendiamin (TEMED)
TRIzol reagent
Tris

Source
Invitrogen Life Technologies, Carlsbad, CA, USA
Sigma Chemical Company, St Louis, MO, USA
Bio-Rad laboratories, Inc., Hercules, CA, USA
Invitrogen Life Technologies, Carlsbad, CA, USA
Biosource International, Camarillo, USA
Serva Electrophoresis GmbH, Heidelberg, Germany
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Invitrogen Life Technologies, Carlsbad, CA, USA
BD Biosciences, Franklin lakes, NJ, USA
BD Biosciences, Franklin lakes, NJ, USA
Sigma Chemical Company, St Louis, MO, USA
Immuno Chemical Products Ltd, Auckland, New Zealand
Biorad laboratories, Inc., Hercules, CA, USA
Scharlau Chemie SA, Barcelona, Spain
Roche Diagnostics GmbH, Mannheim, Germany
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Biorad laboratories, Inc., Hercules, CA, USA
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Scientific Supplies Ltd, Auckland, New Zealand
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Gibco New Zealand Ltd., Auckland, New Zealand
Gibco New Zealand Ltd., Auckland, New Zealand
Roche Diagnostics GmbH, Mannheim, Germany
Invitrogen Life Technologies, Carlsbad, CA, USA
Invitrogen Life Technologies, Carlsbad, CA, USA
Sigma Chemical Company, St Louis, MO, USA
Applichem GmbH, Darmstadt, Germany
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Scientific Supplies Ltd, Auckland, New Zealand
Sigma Chemical Company, St Louis, MO, USA
Scientific Supplies Ltd, Auckland, New Zealand
Gibco New Zealand Ltd., Auckland, New Zealand
Scientific Supplies Ltd, Auckland, New Zealand
BD Biosciences, Franklin lakes, NJ, USA
Scientific Supplies Ltd, Auckland, New Zealand
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Gibco New Zealand Ltd., Auckland, New Zealand
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Invitrogen Life Technologies, Carlsbad, CA, USA
Biorad laboratories, Inc., Hercules, CA, USA
Qiagen Inc, Valencia, CA, USA
Qiagen Inc, Valencia, CA, USA
Invitrogen Life Technologies, Carlsbad, CA, USA
Invitrogen Life Technologies, Carlsbad, CA, USA
Synvolux Therapeutics B.V., Groningen, The Netherlands
Invitrogen Life Technologies, Carlsbad, CA, USA
Invitrogen Life Technologies, Carlsbad, CA, USA
Scientific Supplies Ltd, Auckland, New Zealand
Pierce Biotechnology, Inc., Rockford, Illinois, USA
Invitrogen Life Technologies, Carlsbad, CA, USA
Roche Diagnostics GmbH, Mannheim, Germany
Sigma Chemical Company, St Louis, MO, USA
Sigma Chemical Company, St Louis, MO, USA
Invitrogen Life Technologies, Carlsbad, CA, USA
Serva Electrophoresis GmbH, Heidelberg, Germany
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Triton x 100
Trypan Blue
Trypsin
Tween-20
Vectashield (DAPI)
Wizard SV gel and PCR clean-up system

Sigma Chemical Company, St Louis, MO, USA
Gibco New Zealand Ltd., Auckland, New Zealand
Gibco New Zealand Ltd., Auckland, New Zealand
Sigma Chemical Company, St Louis, MO, USA
Vector Laboratories, Burlingame, USA
Promega Corporation, Madison, WI, USA

Table 2: List of antibodies.
Antibody

Company

Concentration for Western Blot

Anti-SF20 mAB

Abnova, Taiwan

1:500 – 1:1500

Anti- E-cadherin

Zymed, USA

1:2000- 1:5000

Anti-GDNF pAB

Santa Cruz Biotechnologies, CA,USA

1:500 – 1:1000

Anti-Beta Catenin

Santa Cruz Biotechnologies, CA,USA

1:2000- 1:5000

Anti- p65

Santa Cruz Biotechnologies, CA,USA

1:1000

Anti-GFRα1

Abnova, Taiwan.

1:1000

Anti-AKT

Cell Signalling Technologies, USA

1:1000

Anti-SF20 pAB IgY BATCH #1

Commonwelath Biotech, Australia

1:500 – 1:1000

Anti-SF20 pAB IgY BATCH #2

Commonwelath Biotech Australia

1:500 – 1:1000

Anti-MET

Santa Cruz Biotechnologies, CA,USA

1:1000

Anti- β-actin

Sigma, NZ

1:20,000

Anti-cMyc

Sigma, NZ

1:2000

IgY (control for anti-SF20 IgY)

Sigma, NZ

n/a

Table 3: List of oligonucleotides.
RT-PCR PRIMERS
Name

Gene Target

SF20
GDNF 5
GDNF 3

C19orf10
Glial cell line derived neurotrophic factor

F or R

SEQUENCE 5-3’

Forward

GCGGCGCCCAGCGGAGGGTGGAAC

Reverse

CCAAGGCATCGCGCATGAGCT

Forward

ATCGCCGCCACCATGAACTTATGGGATGTCGTGGC

Reverse

AGACTCGAGTCAGATACATCCACACCTTTTAGC

RET F

ret proto-oncogene

Forward

CGTGAA GAGGAGCCAG GGTC

RET51R

ret proto-oncogene

Reverse

CTCTATGGCA TGTCAGACCC G

RET9R

ret proto-oncogene, short isoform

Reverse

CTAGAATCTAGTAAATGCATGGGA

RET R

ret proto-oncogene, total

Reverse

TAACCATCATCTTCTCCAGGTCT

RET51R1

ret proto-oncogene, long isoform

Reverse

AG ACCTGGAGAA GATGATGGTTA

GFRΑ1F

GDNF family receptor alpha 1

Reverse

TTGCAGGACTCCTGCAAGACG

GFRΑ1R

GDNF family receptor alpha 1

Forward

GACCACAGCTTGGAGGAGCAG

GFRΑ1a

GDNF family receptor alpha 1

Reverse

CATATCAGATGTTTTTCAGCAA

GFRΑ1b

GDNF family receptor alpha 1

Forward

TGGTCCATTCATATCAGTGGA

GFRΑ1R1

GDNF family receptor alpha 1

Reverse

GCAAGGCGAGATCTGCAGATGT

Forward

CAGCTGCTCCTATGAGGACAAG

Reverse

CTGGGATGATATTTGTCGTGAGC

Forward

CTGCTCACTTTCTTCGAGAAGG

Reverse

CAGGGTTTTCATTCTGGTGTGC

Forward

ATGGTGCCATTCAGGCCTTTGC

Reverse

ATGGTCTCTGACCTGCTCTAGG

Forward

TGCTGAGCAGCGTCGCAGAG

Reverse

GCTCTTCCACTGCACCAGCG

Forward

GAC CAT CTG CCG CTTTGA GGCTCTG

Reverse

GCG CCG GTT ACA GAACCA CACTCGG

Forward

ACACCATGGACAAGTTTTGGTG

Reverse

ACTTCCAGACGCCATTTGGATTG

Forward

CTACCCACGCAGATTTATTCCAG

Reverse

ACTTCCAGACGCCATTTGGATTG

Forward

ATGATATCGCCGCGCTCG

Reverse

CGCTCGGTGAGGATCTTCA

Forward

CCACCAACCAGTGCACCATT

Reverse
Forward
Reverse

GGTCTTTTCGTATCCCACCTTTC
AGAGTCCCTGGTGTGAAGCAAG
ACAGCGCAGAAGTGAGCATC

GFRA2
GFRA3
GFRA4

GDNF family receptor alpha
GDNF family receptor alpha
GDNF family receptor alpha

ARTN

Artemin

Oct-04
CD44

POU class 5 homeobox 1
CD44 molecule (Indian blood group)

CD24

CD24 molecule

Beta-Actin

Actin, Beta

ERα

Estrogen receptor, alpha

ERβ

Estrogen receptor, beta

qPCR PRIMERS
Name

Gene Target

GAPDH

Glyceraldehyde 3-phosphate dehydrogenase

SERPINE1

plasminogen activator inhibitor type 1

IL8

Interleukin 8

Type

SEQUENCE 5’-3’

Forward

TGCACCACCAACTGCTTAGC

Reverse

GGCATGGACTGTGGTCATGAG

Forward

CACAAATCAGACGGCAGCACT

Reverse

CATCGGGCGTGGTGAACTC

Forward

GAATGGGTTTGCTAGAATGTGATA
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VEGF
COL18A1
CD24
SMO
PTEN
BMI1
NOTCH1
BMP4
CTNNB1
CTNNA1
FN1
PLAU
PLAUR
SLUG
SNAIL
TGFB1
TWIST
CDH1
VIMENTIN
BAD
BCL-XL

vascular endothelial growth factor
COL18A1 collagen, type XVIII, alpha 1
CD24 molecule
Smoothened
Phosphatase and tensin homolog
BMI1 polycomb ring finger oncogene
Notch 1
bone morphogenetic protein 4
catenin (cadherin-associated protein), beta 1
catenin (cadherin-associated protein), alpha 1
Fibronectin 1
plasminogen activator, urokinase
plasminogen activator, urokinase receptor
snail homolog 2 (Drosophila)
snail homolog 1 (Drosophila)
transforming growth factor, beta 1
twist homolog 1 (Drosophila)
cadherin 1, type 1, E-cadherin (epithelial)
vimentin
BCL2-associated agonist of cell death
BCL2-like 1

BAX

BCL2-associated X protein

FOS

v-fos FBJ murine osteosarcoma viral oncogene
homolog

P21
CCND1
CCNE1

CDKN1A
cyclin D1
cyclin E1

JUN

v-jun sarcoma virus 17 oncogene homolog

MYC

v-myc myelocytomatosis viral oncogene homolog
(avian)

TP53

Tumor protein p53 (Li-Fraumeni syndrome)

TERT

telomerase reverse transcriptase

MET

met proto-oncogene (hepatocyte growth factor
receptor)

ANGPT1
AKT1
CDC25A
MMP 1

angiopoietin 1
v-akt murine thymoma viral oncogene homolog 1
Cell division cycle 25A
Matrix metallopeptidase 1

Reverse

CAGACTAGGGTTGCCAGATTTAAC

Forward

TACCTCCACCATGCCAAG

Reverse

GGTACTCCTGGAAGATGTC

Forward

TACCACTTCCCCAGCCTCTTCT

Reverse

TGCACCAGGTTCTGTGTAGAGC

Forward

CTCCTGAGGCTTTGGATTTG

Reverse

GTTGCTCAGGATGCTTGGAT

Forward

CTGGTGTGGTTTGGTTTGTG

Reverse

GTGAGGACAAAGGGGAGTGA

Forward

GATGGCACTTTCCCGTTTTA

Reverse

GCAAAGGGGTAGGATGTGAA

Forward

TGGACTGACAAATGCTGGAG

Reverse

GGCAAACAAGAAGAGGTGGA

Forward

GACCTCCCCAACACCTACAA

Reverse

TGCCGTTGTTAAAGCACTTG

Forward

TTCCTGGTAACCGAATGCTGA

Reverse

CCCTGAATCTCGGCGACTTTT

Forward

CCTATGCAGGGGTGGTCAAC

Reverse

CGACCTGGAAAACGCCATCA

Forward

CCATGCAGGCAACATAAACTTC

Reverse

AGGGTTGTAACCTGTGTAACAAG

Forward

CCCATCAGCAGGAACACCTT

Reverse

GGCTCACTGCAAAGACTTTGAA

Forward

CACGCAAGGGGAGATGAA

Reverse

ACAGCATTTTGGTGGTGACTT

Forward

AATGGCCGCCAGTGTTACAG

Reverse

CAGGAGACATCAATGTGGTTC

Forward

GCTCTGACATGAATGGCTATTGT

Reverse

TGTTCACATCGGACACCAGTAT

Forward

AATCGGAAGCCTAACTACAGCG

Reverse

GTCCCAGATGAGCATTGGCA

Forward

GCCCTGGACACCAACTATTG

Reverse

CGTGTCCAGGCTCCAAATG

Forward

GTCCGCAGTCTTACGAGGAG

Reverse

GCTTGAGGGTCTGAATCTTGCT

Forward

TGAGTGTCCCCCGGTATCTTC

Reverse

CAGTATCAGCCGCTTTCAGATTTT

Forward

CCTTGAACGCAAAGTGGAATC

Reverse

GACATGCTGTTCCTGAATCTGAG

Forward

CCCAGAGTTTGAGCCGAGTG

Reverse

CCCATCCCTTCGTCGTCCT

Forward

ATGGCAGCAGTAAAGCAAGC

Reverse

CGGAAGAGTTCATTCACTACCTGT

Forward

GGGTGGTTGGGTGAGACTC

Reverse

AGACACGTAAGGAAAACGCATTA

Forward

TGCCTCTCCTCAATGACCCTGA

Reverse

ATAGGTCCATGTCTGGCACGGA

Forward

CCTCATCCCGTGTTCTCCTTT

Reverse

GTACCACCCAGCGGACAAGT

Forward

ACGAAGGTCTGCGCGTGTT

Reverse

CCGCTGGCCATGAACTACCT

Forward

ATCAGCACTTTCTTGAGCAACA

Reverse

TTGTGCCAAGTAAAAGGTCTCC

Forward

CTCCAAGTGCCGAAAAAGGAAG

Reverse

CACCTGTTCCCTGAGCATGTTG

Forward

TGCTGCCAAGAGGGTCAAGT

Reverse

GTGTGTTCGCCTCTTGACATTC

Forward

TCTTCCTCTGAGGCGAGC

Reverse

AGGTGTGTGTGTCTGAGCCC

Forward

GGAGCAAGTTGCAAAGCATTG

Reverse

TCCCACGACGTAGTCCATGTT

Forward

TGGTGCAGAGGAGCAATGG

Reverse

CATTCTGGATGGGTGTTTCCG

Forward

CTCGCTGCCATTCTGACTCAC

Reverse

GACAGTTGCCATCGTGTTCTG

Forward

GCACAAACGAGGGGAGTACAT

Reverse

CCTCACGTTGGTCCACATC

Forward

TAAGACCTGTATCTCGTGGCTG

Reverse

CCCTGGTTCACTGCTATCTCT

Forward

AGCTAGCTCAGGATGACATTGATG

Reverse

GCCGATGGGCTGGACAG
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Forward

CAAAAACAAGAAGACATACATCTT

Reverse

GCTTCCAAACTTCACGCTC

Forward

TGGGGGGCAACTCGGC

Reverse

GGAATGATCTAAGCCCAG

Forward

ATCATGGCACCCTTTTACCA

Reverse

AGCGCTCCTTGAAGACAAAC

Forward

GCTGTTACACCACACAGTCTT

Reverse

GGACTCATGTTACTGCGGTTT

Forward

CCGACGGCCTTATGCTCCT

Reverse

CTGGGCCACCAGATCTTTGAC

Forward

GATGAGCAACTTGGACAGCAA

Reverse

CTGGGCTGCTTATCTGGGAAG

Serpin peptidase inhibitor, clade E (nexin,
plasminogen activator inhibitor type 1)

Forward

CACAAATCAGACGGCAGCACT

Reverse

CATCGGGCGTGGTGAACTC

TNFRSF1A

Tumor necrosis factor receptor superfamily, member
1A

Forward

TGCCTACCCCAGATTGAGAA

Reverse

ATTTCCCACAAACAATGGAGTAG

TNFRSF25

Tumor necrosis factor receptor superfamily, member
25

Forward

ACTGCCAACCATGCCTAGACTG

Reverse

GAGCCTCCATCCCAGCTTC

TNFRSF10B

Tumor necrosis factor receptor superfamily, member
10b

Forward

AAGACCCTTGTGCTCGTTGT

Reverse

AGGTGGACACAATCCCTCTG

RB1

Retinoblastoma 1

Forward

GAACATCGAATCATGGAATCCCT

Reverse

AGAGGACAAGCAGATTCAAGGTGAT

CDK2

Cyclin-dependent kinase 2

Forward

GCTAGCAGACTTTGGACTAGCCAG

Reverse

AGCTCGGTACCACAGGGTCA

CDK4

Cyclin-dependent kinase 4

Forward

CTGGTGTTTGAGCATGTAGACC

Reverse

AAACTGGCGCATCAGATCCTT

CDKN1A

Cyclin-dependent kinase inhibitor 1A (p21, Cip1)

Forward

CCTCATCCCGTGTTCTCCTTT

Reverse

GTACCACCCAGCGGACAAGT

CDKN2A

Cyclin-dependent kinase inhibitor 2A (melanoma,
p16, inhibits CDK4)

Forward

CAACGCACCGAATAGTTACGG

Reverse

AACTTCGTCCTCCAGAGTCGC

ATM

Ataxia telangiectasia mutated

Forward

TGGATCCAGCTATTTGGTTTGA

Reverse

CCAAGTATGTAACCAACAATAGAAGAAGTAG

BRCA1

Breast cancer 1, early onset

Forward

CATGCTGAAACTTCTCAACCAGAA

Reverse

TGTAGGCTCCTTTTGGTTATATCATTC

CHEK2

CHK2 checkpoint homolog

Forward

AGTGGTGGGGAATAAACGCC

Reverse

TCTGGCTTTAAGTCACGGTGTA

E2F1

E2F transcription factor 1

Forward

AGATGGTTATGGTGATCAAAGCC

Reverse

ATCTGAAAGTTCTCCGAAGAGTCC

APAF1

apoptotic peptidase activating factor 1

Forward

TGTCTGTCACCAGGGTACAGT

CFLAR F

CASP8 and FADD-like apoptosis regulator

CASP7

Caspase 7, apoptosis-related cysteine peptidase

ERBB2

MMP2

Matrix metallopeptidase 2

MMP9

Matrix metallopeptidase 9

MMP14

matrix metallopeptidase 14 (membrane-inserted) /
MT1-MMP

MTA1

Metastasis associated 1

MTA2

Metastasis associated 2

S100A4

S100 calcium binding protein A4

SERPINE1

Reverse

CGTTGTGGCCCCTCAATTCA

Forward

GTGGAGACCCACCTGCTCA

Reverse

GGACACATCAGATTTATCCAAATCC

Forward

AGTGACAGGTATGGGCGTTCG

Reverse

GCATCTATCCCCCCTAAAGTGG

v-erb-b2 erythroblastic leukemia viral oncogene
homolog 2

Forward

ACTGGCCCTCATCCACCATA

Reverse

GGTTGGCAGTGTGGAGCAG

ETS2

v-ets erythroblastosis virus E26 oncogene homolog
2

Forward

CCCCTGTGGCTAACAGTTACA

Reverse

AGGTAGCTTTTAAGGCTTGACTC

OCLN

Occludin

Forward

TGCCGCGTTGGTGATCTTT

Reverse

GCCCAGGATAGCACTCACTATT

NME1

Non-metastatic cells 1, protein (NM23A)

Forward

CTGCAGCCGGAGTTCAAAC

Reverse

GCAATGAAGGTACGCTCACAGT

PIKER1

Phosphoinositide-3-kinase, regulatory subunit 1
(p85 alpha)

Forward

GATTCTCAGCAGCCAGCTCTGAT

Reverse

GCAGGCTGTCGTTCATTCCAT

MAPK1

Mitogen-activated protein kinase kinase 1

Forward

CAATGGCGGTGTGGTGTTC

Reverse

AGCTCCCTTATGATCTGGTTCC

NFKB1

Nuclear factor of kappa light polypeptide gene
enhancer in B-cells 1 (p105)

Forward

TGCCAACAGATGGCCCATAC

Reverse

TGTTCTTTTCACTAGAGGCACCA

NFKBIA

Nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, alpha

Forward

CTCCGAGACTTTCGAGGAAATAC

Reverse

GCCATTGTAGTTGGTAGCCTTCA

RAF1

v-raf-1 murine leukemia viral oncogene homolog 1

Forward

TTTCCTGGATCATGTTCCCCT

Reverse

ACTTTGGTGCTACAGTGCTCA

SNCG

Synuclein, gamma (breast cancer-specific protein 1)

Forward

TGAGCAGCGTCAACACTGTG

Reverse

GAGGTGACCGCGATGTTCTC

TEK

TEK tyrosine kinase, endothelial

Forward

GCTTGCTCCTTTCTGGAACTGT

HTATIP2

HIV-1 Tat interactive protein 2,

ABCG2

ATP-binding cassette, sub-family G (WHITE),
member 2

GDNF

Glial cell line derived neurotrophic factor

Reverse

CGCCACCCAGAGGCAAT

Forward

CGGAGGGATTTGTTCGTGTTG

Reverse

AGCTCCTTTAGAGGATAGCAAGT

Forward

CACAAGGAAACACCAATGGCT

Reverse

ACAGCTCCTTCAGTAAATGCCTTC

Forward

GACTTGGGTCTGGGCTATGA
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RET
GFRΑ1

ret proto-oncogene
GDNF family receptor alpha 1

Reverse

ACATGCCTGCCCTACTTTGT

Forward

TAGGAGAAGGCGAAT TTGGA

Reverse

AGGCGTTCTCTT TCAGCATC

Forward

GGACCTGAACCCCTAAAAGC

Reverse

GCTCCATCCAGTGAAAGAGG

Oligonucleotides
Type

SEQUENCE 5’- -3’

siSF20-A
SENSE

Oligo

GATCCATATACGTGTATGTTCACTTTCAAGAGAAGTGAACATACACGTATATTT
TTTTGGAAA

siSF20-A
ANTISENSE

Oligo

AGCTTTTCCAAAAAAATATACGTGTATGTTCACTTCTCTTG
AAAGTGAACATACACGTATAT

siSF20-B
SENSE

Oligo

GATCCGTCCTATCTGTACTTCACATTCAAGAGATGTGAAGTACAGATAGGACTTTTTTG
GAAA

siSF20-B
ANTISENSE

Oligo

AGCTTTTCCAAAAAAGTCCTATCTGTACTTCACATCTCTTG
AATGTGAAGTACAGATAGGAC

siSF20-C
SENSE

Oligo

GATCCGCTGAGGAATTTGAAGTGACTTCAAGAGAGTCACT
TCAAATTCCTCAGTTTTTTGGAAA

Oligo

AGCTTTTCCAAAAAACTGAGGAATTTGAAGTGACTCTCTT
GAAGTCACTTCAAATTCCTCAGCG

siSF20-D
SENSE

Oligo

GATCCGCTGGGAAGAGATGAAATGTTTCAAGAGAACATTTCATCTCTTCCCAGTTTTTT
GGAAA

siSF20-D
ANTISENSE

Oligo

AGCTTTTCCAAAAAACTGGGAAGAGATGAAATGTTCTCTTGAAACATTTCATCTCTTCC
CAGCG

siSF20-E
SENSE

Oligo

GATCCGGGCCAGCACATCACTGGTTTCAAGAGAACCAGTGATGTGCTGGCCCTTTTTT
GGAAA

siSF20-E
ANTISENSE

Oligo

AGCTTTTCCAAAAAAGGGCCAGCACATCACTGGTTCTCTTGAAACCAGTGATGTGCTG
GCCCG

siSF20-F
SENSE

Oligo

GATCCAGGGCCAGCACATCACTGGTTCAAGAGACCAGTGATGTGCTGGCCCTTTTTTT
GGAAA

siSF20-F
ANTISENSE

Oligo

AGCTTTTCCAAAAAAAGGGCCAGCACATCACTGGTCTCTTGAACCAGTGATGTGCTGG
CCCTG

Name

siSF20-C
ANTISENSE

siGFRΑ1A
SENSE
siGFRΑ1A
ANTISENSE
siGFRΑ1B
SENSE
siGFRΑ1B
ANTISENSE

Gene Target

C19ORF10

GDNF family receptor alpha 1 variant 1

GDNF family receptor alpha 1 variant 2

siRNA
oligo
siRNA
oligo
siRNA
oligo
siRNA
oligo

GATCCGATGTTTTTCAGCAAGTGGTTCAAGAGACCACTTGCTGAAAAACATCTGA
AGCTTCAGATGTTTTTCAGCAAGTGGTCTCTTGAACCACTTGCTGAAAAACATCG
GATCCCATATCAGTGGAGCACATTTTCAAGAGAAATGTCCTCCACTGATATGAAA
AGCTTTTCATATCAGTGGAGCACATTTCTCTTGAAAATGTGCTCCACTGATATGG
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2.2

METHODS

2.2.1

CELL CULTURE METHODS

2.2.1.1

Human Cell Lines

The human cell lines utilised in this body of research, their culturing conditions and their origins are outlined in
Table 4.
Table 4: List of wild type cell lines.
Cell Line

Description

Culturing Conditions

Obtained from:

Breast cancer cell line from a pleural
effusion of an infiltrating ductal carcinoma
MCF-7

(Engel and Young 1978). The cell line is
well differentiated, epitheliod, estrogen
receptor positive and non-invasive.
The human breast cancer cell line, BT-549,
line was isolated from a papillary, invasive
ductal tumor which had metastasized to 3 of

BT549

7 regional lymph nodes. The established
population was polymorphic with epithelial
like components and multinucleated giant
cells. The cell line is ER negative and highly
invasive.
Human breast cancer cell line which is
derived from a pleural effusion from a 51
year old Caucasian patient with
adenocarcinoma of the mammary gland.

MDA-MB-231

Culture in RPMI 1640 medium (Invitrogen,
CA,USA) supplemented with 10% heat inactivated fetal bovine serum (Gibco,
Invitrogen, NZ), 2 g/L NaHCO3,100IU/ml
penicillin, 100ug/ml streptomycin (Invitrogen,
CA,USA) and 2mM L-Glutamine (Invitrogen,
CA,USA).

ATCC (Manassas
VA, USA)

ER negative and invasive. Tumourigenic in
immunosuppressed mice and also in ALS
treated BALB/c mice and also forms poorly
differentiated breast adenocarcinoma
(grade III).
Human breast cancer cell line derived from

ZR-75-1

ascites from the mammary duct of a 63 year
old Caucasian patient with ductal carcinoma
of the mammary gland. ER positive.

HMEC-1

Human dermal microvascular endothelial

Culture in MCD-MB-131 medium

cells extracted from newborn foreskin

supplemented with 20% heat in-activated

exhibit typical cobblestone morphology

fetal bovine serum, 2 g/L NaHCO3, 100IU/ml

when grown in monolayer culture.

penicillin, 100ug/ml streptomycin and 2mM LGlutamine. Tissue culture flasks precoated
with a 1% gelatin layer.

Other cell lines that were also utilised in the course of this study include A549, T47D, PC3, DU145, HepG2,
RL95, AN3, DLD1, Colo 320, AGS, BxCP3. All which were cultured under the supplier’s (ATCC, Manassas
VA, USA) conditions.
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2.2.1.2

Culturing, Sub-culturing, Harvesting, Storage and Revival of Human Cell Lines

The human cell lines were maintained using ATCC recommended conditions. Penicillin and streptomycin were
added to the media to discourage bacterial infection. Cells were grown in NUNC tissue culture treated
flasks/plates at 37°C with 95% air, 5% CO2 and kept in a humidified incubator. All tissue work was undertaken
in a laminar flow hood under sterile conditions.

Sub-culturing (passaging) of cells was undertaken once cells reached 70% confluence (50% for HMEC-1 cells)
by removing media, washing once with PBS followed by the addition of Trpysin (0.25% w/v)/ EDTA solution
for 30 seconds. Trpysin was removed and cells were incubated for three minutes at 37°C to allow cell
detachment. Cells were then washed with serum containing media followed by centrifugation at 1100 rpm for
five minutes. The supernatant was discarded and cells were resuspended in fresh growth medium, part of
which was transferred to a new culture flask.

Liquid nitrogen cell stocks were established by suspending 1.5 million cells into 1.5ml of freezing mix. The mix
consisted of 60% serum free base medium, 30% heat inactivated fetal bovine serum and 10% DMSO. Each
1.5ml aliquot was delivered into a 1.8ml NUNC cryovial (Nalgene, Rochester, NY, USA). All vials were placed
into an isopropanol containing freezing chamber (Nalgene, Rochester, NY, USA) and put into a -80°C freezer
for at least eight hours to allow gradual cooling and freezing for cell preservation. Eventually, frozen cells were
stored in the vapour phase of liquid nitrogen for long-term storage.

Cell stocks were revived from liquid nitrogen stores by thawing in a 37°C waterbath and immediately
transferred to 10ml of pre-warmed serum supplemented culture media in a falcon tube. They were then
centrifuged at 1100 rpm for five minutes, supernatant removed, pellet resuspended in 8ml fresh culture media
in a T25 tissue culture flask and cultured at 37°C.
2.2.2
2.2.2.1

CELLULAR BIOLOGY METHODS
Establishing Stable Cell Lines

Stably forced expression cell lines were established by transfecting cells with a mammalian expression plasmid
construct using the transfection reagent Fugene HD (Roche Diagnostics GmbH, Mannheim, Germany) or
SAINT-MIX (Synvolux Therapeutics B.V., Groningen, Netherlands) according to the manufacture’s protocol.
Using cells grown to 70-80% confluence in a T75 tissue culture flask, 10μg of plasmid construct was
transfected into the cells.

Optimal ratios of DNA to Fugene were predetermined, in most cases this was a 2µg DNA: 5µl of Fugene HD
ratio. The DNA was diluted to 2µg per 100µl of serum free media, void of antibiotics, to which 5µl Fugene HD
(per 2µg DNA) was added and vortex. The plasmid: Fugene HD solution was incubated at room temperature
to allow complex formation before adding to tissue culture vessel. Following 36 or 48 hours post-transfection
incubation in a 37°C humidified incubator, antibiotic selection was applied at the desired concentration (Table
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5) in serum supplemented culture media for a period of approximately three weeks until single clones were
established. Following this, individual clones were pooled, up scaled and stocks frozen down for long term
storage.

For SAINT-MIX, 10µg of DNA was diluted up to 1ml with HBS in parallel with 200µl of SAINT-MIX reagent in
800µl of HBS in a separate tube. This was incubated for five minutes at room temperature before combining
for 20 minutes and then topping up with 8ml media and delivering on to cells in a T75 flask. This was incubated
at 37°C for 4 hours before topping up with another 10ml. Similarly, antibiotic selection was added 36 hours
post-transfection incubation and continued for three weeks.
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Table 5: Table of stably transfected cell lines
Cell Line Designation

Parent Cell Line

Transfected Construct

MCF-VEC

MCF-7

pIRESneo3

MCF-SF20

MCF-7

pIRESneo3-SF20

MCF-CK

MCF-7

pIRESneo3

MCF-siSF20 – X (where X = A  F)

MCF-7

pIRESneo3-SF20

BT-VEC

BT549

pIRESneo3

BT-SF20

BT549

pIRESneo3-SF20

MDA-VEC

MDA-MB-231

pIRESneo3

MDA--SF20

MDA-MB-231

pIRESneo3-SF20

MCF-Vec

MCF-7

pIRESneo3

MCF-SF20myc

MCF-7

pIRESneo3-SF20myc

MCF7-VECTOR

MCF-7

pIRESneo3

MCF7-GDNF1

MCF-7

pIRESneo3-GDNF1

MCF7-GDNF2

MCF-7

pIRESneo3-GDNF2

BT549-VECTOR

BT549

pIRESneo3

BT549-GDNF1

BT549

pIRESneo3-GDNF1

BT549-GDNF2

BT549

pIRESneo3-GDNF2

MDA-VECTOR

MDA-MB-231

pIRESneo3

MDA-GDNF1

MDA-MB-231

pIRESneo3-GDNF1

MDA-GDNF2

MDA-MB-231

pIRESneo3-GDNF2

MCF7-VECTOR-VEC

MCF7-VECTOR

pIRESpuro

MCF7-VECTOR-GFRΑ1A

MCF7-VECTOR

pIRESpuro-GFRΑ1A

MCF7-VECTOR-GFRΑ1B

MCF7-VECTOR

pIRESpuro-GFRΑ1B

MCF7-GDNF1-VEC

MCF7-GDNF1

pIRESpuro

MCF7-GDNF1-GFRΑ1A

MCF7-GDNF1

pIRESpuro-GFRΑ1A

MCF7-GDNF1-GFRΑ1B

MCF7-GDNF1

pIRESpuro-GFRΑ1B

MCF7-VECTOR-CK

MCF7-Vec

pIRESpuro-CK

MCF7-VECTOR-siGFRΑ1A

MCF7-Vec

pIRESpuro-siGFRΑ1A

MCF7-VECTOR-siGFRΑ1B

MCF7-Vec

pIRESpuro-siGFRΑ1B

MCF7-GDNF1-CK

MCF7-GDNF1

pIRESpuro-CK

MCF7-GDNF1-siGFRΑ1A

MCF7-GDNF1

pIRESuro-siGFRΑ1A

MCF7-GDNF1-siGFRΑ1B

MCF7-GDNF1

pIRESpuro-siGFRΑ1B

BT549-VECTOR-VEC

BT549-VECTOR

pIRESpuro

BT549-VECTOR-GFRΑ1A

BT549-VECTOR

pIRESpuro-GFRΑ1A

BT549-VECTOR-GFRΑ1B

BT549-VECTOR

pIRESpuro-GFRΑ1B

BT549-GDNF1-VEC

BT549-GDNF1

pIRESpuro

BT549-GDNF1-GFRΑ1A

BT549-GDNF1

pIRESpuro-GFRΑ1A

BT549-GDNF1-GFRΑ1B

BT549-GDNF1

pIRESpuro-GFRΑ1B

BT549-VECTOR-CK

BT549-VECTOR

pIRESpuro-CK

BT549-VECTOR-siGFRΑ1A

BT549-VECTOR

pIRESpuro-siGFRΑ1A

BT549-VECTOR-siGFRΑ1B

BT549-VECTOR

pIRESpuro-siGFRΑ1B

BT549-GDNF1-CK

BT549-GDNF1

pIRESpuro-CK

BT549-GDNF1-siGFRΑ1A

BT549-GDNF1

pIRESuro-siGFRΑ1A

BT549-GDNF1-siGFRΑ1B

BT549-GDNF1

pIRESpuro-siGFRΑ1B

MDA-VECTOR-VEC

MDA-VECTOR

pIRESpuro

MDA-VECTOR-GFRΑ1A

MDA-VECTOR

pIRESpuro-GFRΑ1A

MDA-VECTOR-GFRΑ1B

MDA-VECTOR

pIRESpuro-GFRΑ1B

MDA-GDNF1-VEC

MDA-GDNF1

pIRESpuro

MDA-GDNF1-GFRΑ1A

MDA-GDNF1

pIRESpuro-GFRΑ1A

MDA-GDNF1-GFRΑ1B

MDA-GDNF1

pIRESpuro-GFRΑ1B

MDA-VECTOR-CK

MDA-VECTOR

pIRESpuro-CK

MDA-VECTOR-siGFRΑ1A

MDA-VECTOR

pIRESpuro-siGFRΑ1A

MDA-VECTOR-siGFRΑ1B

MDA-VECTOR

pIRESpuro-siGFRΑ1B

MDA-GDNF1-CK

MDA-GDNF1

pIRESpuro-CK

MDA-GDNF1-siGFRΑ1A

MDA-GDNF1

pIRESuro-siGFRΑ1A

MDA-GDNF1-siGFRΑ1B

MDA-GDNF1

pIRESpuro-siGFRΑ1B

Antibiotic/ concentration
700µg/ml Geneticin (G418)

200µg/ml Hygromycin B

700µg/ml Geneticin (G418)

1200µg/ml Geneticin (G418)

700µg/ml Geneticin (G418)

700µg/ml Geneticin (G418)

700µg/ml Geneticin (G418)

1200µg/ml Geneticin (G418)

1.5ug/ml Puromycin

1.5ug/ml Puromycin

0.5ug/ml Puromycin

0.5ug/ml Puromycin

0.5ug/ml Puromycin

0.5ug/ml Puromycin

NB: Outlines cell line designations, parental cell lines generated from, plasmid construct transfected and antibiotic selection conditions.
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2.2.2.2

Transient Transfection

Transient transfections were accomplished by using the transfection reagents Fugene HD (Roche Diagnostics,
GmbH, Mannheim, Germany), Fugene 6 (Roche Diagnostics, GmbH, Mannheim, Germany), Lipofectamine
RNAi Max (Invitrogen, Carlsbad, CA, USA) (for RNAi STEALTH) or SAINT-MIX (Synolux) using the same
method as outlined for stable cell line creation. The only exception being cells were harvested or assayed as
opposed to placing into antibiotic selective media.
Three validated GDNF Stealth™ RNAi duplexes (CAT#:1299003, labelled #1, #2 and #3) and Stealth™ RNAi
negative control duplexes for GDNF were purchased from Invitrogen, Carlsbad, CA, USA (CAT#:12935-300).
RNAi and control duplexes were transfected into MCF-7, MDA-MB-231 and BT549 cells using Lipofectamine
RNAiMax (Invitrogen, Carlsbad, CA, USA) (final concentration of RNAi when added to cells was 50 nM) and
“knock down” of gene mRNA expression was measured by quantitative Real Time PCR to identify the most
efficient RNAi duplex 12 hours post transfection.
2.2.2.3

Total Cell Number Assay

Cells were seeded at a density of 2-5x104 cells per well into six well plates. For each cell line, cells were
seeded in triplicates, in serum free or complete media, for every two days over a 10 day period. To count, the
cells were detached from each well by removing the media into an eppendorf or falcon tube and applying 0.5
ml Trpysin/ EDTA solution for 30 seconds. Each well had its respective falcon tube. Excess trypsin was
removed and the 6 well plate was incubated for 5 minutes at 37°C. Cells were washed three times with serum
free media to help detachment disposing the cells into the same falcon tube mentioned above. Cell detachment
was verified under the light microscope. The cells were then centrifuged at 1100rpm for 4 minutes, supernatant
was removed and the cells were resuspended in 0.5ml – 3ml media. The total number of cells in each well/
tube was counted by taking a 10 µl sample from the well mixed cell suspension and placing it into a
haemocytometer. Cells that fell into the four large corner squares of the haemocytometer were counted. The
average number of cells in each corner multiplied by 10,000 represented the number of cells per ml in the cell
suspension. By calculating the volume of each cell suspension, the total number of cells from the original well
could be obtained. Cell culture media was topped up 1ml every 2 days. A variation of this method used an
endpoint measurement at 8 days as opposed to 10 day time course counts.
2.2.2.4

MTT Assay for Cell Viability

Time course cell viability was measured using 3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT). Upon the presence of mitochondrial enzymes yellow MTT is metabolised to intracellular purple
formazan crystals. 2.5 x105 or 5x105 cells per well were seeded into 96 well tissue culture plates, in 200µl of
complete media. This included wells destined for deplete media treatment which after 24 hours they were
gently washed with PBS before replenishing with the desired new media. To measure cell viability, 20µl of
MTT (0.2µm filtered, 5mg/ml MTT in PBS) was added to the 200µl cell medium. Depending on the cell type,
plates were incubated at 37°C for 3 or 4 hours after which 100µl of acidified 10% SDS solution was added to
each well to induce cell lysis and solubilise the formazan crystals. Cell viability was determined by the measure
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of the absorbance at 590nm (minus background 695nm absorbance) using the Synergy2 multi-mode
microplate reader and Gen5 data analysis software (BioTek, Winooski, VT, USA).
2.2.2.5

AlamarBlue Cell Viability Assays

This assay was used to measure the viability of cells following 96 well Matrigel culture, suspension culture,
monolayer growth and soft agar growth assays. For Matrigel and suspension culture 100μl of alamarBlue 1X
substrate (Invitrogen, Carlsbad, CA, USA) in serum free media was added to each well. For soft agar and
monolayer growth cultures the overlaying media was removed before adding appropriate dilutions of
alamarBlue. As outlined in the manufacture’s protocol all were incubated for four hours at 37°C before cell
viability was determined by measuring fluorescence (excitation wavelength at 530nm and emission wavelength
at 590nm) using Synergy2 multi-mode microplate reader and Gen5 data analysis software (Biotek, Winooski,
VT, USA). The average of the readings of the background of three wells empty of cells was subtracted from
each reading.
2.2.2.6

5-bromo-2-deoxyuridine (BrdU) Assay

Cells were seeded at the density of 3 x105 cells /well in on sterilised glass microscope slides held in a 6 well
tissue culture plate in triplicate. Plates were incubated overnight in 2 ml of complete media at 37°C to allow
cells to attach and achieve at least 60% confluence. Media was then removed and cells washed three times
with PBS. 2 ml serum free media was added and incubated for 18 - 48hours. Cells were then pulse labelled
with 10 mM BrdU for 60min at 37°C in serum free media, washed twice with PBS, and fixed in 70% ethanol
for 30 minutes at 4°C. BrdU detection was performed by using the BrdU staining kit from Zymed Laboratories
Inc (aka Invitrogen, Carlsbad, CA, USA; CAT #:93-3945) (442). This protocol used a horseradish peroxidase
(HRP) detection method. Alternatively BrdU incorporation was detected using an Alexa-488 conjugated antiBrdU antibody (BD Pharmingen CAT#: 558599; Becton, Dickinson and Company, Franklin Lakes, NJ, USA ).
To do this, after fixing, cells were permeabilised using a 1:1000 TX100 in PBS solution for 15min. Cells were
then blocked for 1 hour and incubated with antibody (1:1000) in blocking buffer (1% BSA, 1:1000 TX100 in
PBS) for 1 hour before visualising under fluorescent microscope. The number of BrdU positive cells (stained
brown for HRP or fluorescent green for Alexa488 anti-BrdU) as a proportion of the total cells attached was
established by counting five random fields from each well under the microscope.
2.2.2.7
2.2.2.7.1

Apoptosis Assay
Hoechst 33258 Staining

Cells were seeded in 6-well culture plates at the density of 3 x105 cells/well in triplicates and incubated
overnight in 2 ml complete media at 37°C. After that cells were washed twice with PBS and the media replaced
with serum free media followed by incubation for a further 24 hours. Media was removed and 1 ml of the fixing
and staining solution (4% paraformaldehyde, 1% Triton X 100 and 1μg/ml Hoechst 33258 in PBS) was added
to each well. Cells were incubated at room temperature for 15 minutes, the solution was carefully removed
and replaced with 1 ml PBS. Five random fields from each well were counted under fluorescent microscope to
estimate the number of apoptotic cells as a proportion of total cell number.
2.2.2.7.2

Annexin V/ Propidium Iodide Staining & Flow Cytometry
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Cells were grown to approximately 70% confluence in T25 culture flasks (approximately 106 cells).Then media
was replaced with serum free media and incubating for 24 or 48 hours. Cells were then trypsinised, collected,
centrifuged and resuspended, as per the manufacture’s protocol (Roche Annexin V –FLUOS Staining Kit
CAT#: 11858777001), in 100µl of assay buffer (20µl of Annexin V-fluos labelling reagent diluted in 1ml of
incubation buffer, and 20µl of propidium iodide (PI)). Non-stained and single stained controls were also
prepared. Analysis was performed on BD FACS AriaII flow cytometer (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) after the addition of 0.5ml of incubation buffer. An excitation wavelength of 488nm
was used. Emission spectra was captured at 515nm (fluorescein) and >600nm (PI). Live cells are identified by
low Annexin V and PI staining intensities, early apoptotic cells have high Annexin V and low PI and finally late
apoptotic cells exhibit both high Annexin and PI staining. At least 104 cells were analysed per sample.
2.2.2.8

Flow Activated Cell Sorting Analysis – Cell Cycle Analysis using Propidium Iodide.

Cells were cultured to 70-80% in a T25 flask before harvesting along with tissue culture medium into a 15ml
falcon tube. Samples were centrifuged at 1100 rpm for five minutes, supernatant removed, cell pellet washed
with 2ml of PBS followed by another centrifugation. After removing the supernatant again, cell pellet was
resuspended in 2ml of ice cold 80% ethanol slowly while under a slow vortex followed by gentle mixing.
Samples were stored at -20°C until ready to proceed with cell staining and flow analysis (< 7days). Samples
were centrifuged at 1100 rpm for five minutes, supernatant removed and pellet cell was washed in 2ml of PBS
followed by another centrifugation. Then the supernatant was removed, the cell pellet resuspended in 500µl
of staining solution (5µg/ml RNAse A, 1% TX100 in PBS) and incubated for 40 minutes at room temperature.
This was followed by the addition of 1µl of 10mg/ml of propidium iodide which was incubated for 5 minutes.
Samples containing propidium iodide were shielded from the light at all times. A non-stained control was also
prepared. Samples were then run on BD FACS AriaII Flow Cytometer analysing propidium iodide staining
intensity was analysed using the BD FACS Diva Analysis Software Package (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA). Data was analysed using the ModFit software package (Verity Software House,
Topsham, ME, USA).
2.2.2.9

Migration Assay

Migration assays were performed in 6, 12 or 24 wells format using Transwell cell inserts (8 µm pores; BD
Biosciences Falcon from Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and companion plates
(6, 12 or 24 wells format; BD Biosciences Falcon from Becton, Dickinson and Company, Franklin Lakes, NJ,
USA) according to the manufacturer instructions. Inserts were coated with 5ug/ml poly-D-lysine in PBS for 15
minutes before plating the cells. Cells were suspended in serum depleted media and loaded into the upper
chamber. Complete media was added to the lower chamber and incubated at 37°C for 24 – 48 hours. After
incubation cells (both non and migrating cells) were fixed with 4% paraformaldehyde in PBS and stained in a
Hoechst33258 Dye (5µg/ml)/ TX100 (1:1000) solution for 15 minutes before suspending inserts in PBS. Non
migrated cells attached to the upper side of the translucent membrane were removed with a cotton swab. Cells
that had migrated were quantified by counting either the entire area or 10 representative views of each
membrane at 20x magnification. Migration Assay parameters are shown in Table 6.
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Table 6: Plating cell densities and volumes used in migration assays depending on the format.

Format (wells)

Volume Upper (ml)

Volume Lower (ml)

Cell Density

6

1.5ml

2.0ml

1-3 x105/ well

12

0.75ml

1.5ml

5 x104– 1 x105/ well

24

0.5ml

0.75ml

2.5 x104– 5 x104/ well

2.2.2.10 Invasion Assay
The method for carrying out the invasion assay is identical to the migration assay protocol with the exception
of some minor additions. In particular, before the seeding of cells, an artificial Matrigel basement membrane
(BD Biosciences Cat #:354234 from Becton, Dickinson and Company, Franklin Lakes, NJ, USA) is set on top
of the Transwell membrane. All materials used were pre-cooled to 4°C before commencing. The Matrigel was
thawed to 4°C before diluting it in cold serum free media (1/10 or 1/30 dilution). 500 µl to 1ml of the diluted
Matrigel was then added into the upper chamber of Transwell inserts followed by incubating at 37°C for 4 hours
to allow gelling. Matrigel was gently washed with warm serum free media before cell seeding cells in serum
free media into the upper chamber of the Transwell inserts. The rest of the procedure is as described above
(see Migration Assay above).
2.2.2.11 Wound Healing Assay
Cells were seeded at 4x105 per well in triplicate into six well culture plates in complete media and allowed to
reach 95% confluence. While growing, media was replaced every 2 days. Using a 1 ml sterile pipette tip the
cell monolayer was scrapped in a continuous linear motion across its width. At least three wounds were created
in the cell monolayer for each well. Cells that had become detached by the scrapping were removed by
washing with PBS gently and replacing with 5% FBS containing media. Cells were then incubated over a 72
hour period at 37°C, regularly observing for morphological changes in the cells bordering the wounds as they
began to heal through cell proliferation and migration. Daily photographs were taken of the same wound sites.
2.2.2.12 Chemotaxis Co-Culture Migration Assays
To establish a chemoattractive gradient across a membrane, cells were firstly seeded into the bottom of a 24
well Transwell companion plate (the lower chamber) at a density of 1x10 5 cells per well in complete media.
When the cells had reached 70% confluence the media was changed to serum free preceded by a gentle PBS
wash and left for 24-48 hours to condition. Wells were set up in triplicate. Following conditioning, media was
pooled from identical triplicate wells, centrifuged to pellet debris and 0.75ml of the supernatant was re-aliquoted
back into each well. Next poly D lysine treated Transwell inserts (8µm pore) were inserted into each well and
5x104 cells in 0.5ml of serum free media was seeded in the upper chamber. Cells were allowed to respond to
the chemoattractive gradient established by the conditioning for 24-48hours. Inserts were subsequently
processed as outlined in the migration assay protocol (Section 2.2.2.9). A similar method has been validated
using glioblastoma cells and pancreatic cancer cells which also investigated GDNF chemoattraction (341).
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2.2.2.13 Soft Agar Assay/ Colony Formation in Soft Agar
Six well culture plates were covered in 1.5 ml of 0.5% agarose in serum free media (base agar). Plates were
left at room temperature for 10 minutes to allow the agarose to set. Then 5-10x104 cells per well were
suspended in 0.35% agarose serum free media (top agar) and seeded on top of the base agar in triplicate.
The agar was allowed to set in the incubator for 1 hour before adding 2 ml complete media. Cells were left at
37°C for 10-14 days, changing the media every three days. After the appropriate incubation period, the media
was removed and the agar was washed once with ice cold PBS. Cells were stained with 2 ml of 0.01%
aqueous crystal violet reagent for 1 hour on gentle rocking and destained twice with ice cold PBS (10 minutes
each). The total number of colonies in each well was counted under light microscopy.
Alternatively a 96 well plate format was used, in which 50µl base agar and 150µl top layer containing 2.5 – 5
x103 cells per well was prepared. After the agar had set, wells were topped up with 100µl of complete medium
and incubated for 7 days. End point analysis was conducted by measuring the alamarBlue® (Invitrogen,
Carlsbad, CA, USA) activity of each well by replacing medium with a 100µl solution of 1x alamarBlue® diluted
in complete medium followed by incubation for 2, 4 and 6 hours (as outlined in Section 2.2.2.5).

2.2.2.14 Three – Dimensional Tissue Culture using Basement Membrane Matrix
Growth Factor Reduced Matrigel (Cat #:354234 from Becton, Dickinson and Company, Franklin Lakes, NJ,
USA) was used for both two and three-dimensional cell culture experiments to replicated the in vivo
environment. Experiments were conducted in 96 well culture plates or multi-chambered culture slides (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA). Matrigel was thawed on ice at 4°C. Once thawed, the
Matrigel was stored as 1ml aliquots at −20°C. For 3D cultures a 100% Matrigel base was first created using
50μl per well for 96 well plates and 150μl for 4 well BD culture slides. They base layer was held at 37°C in a
humidified incubator for 15 minutes to solidify. Cells were suspended in 4% Matrigel in full medium at a density
of 1-5x103 cells per well in 150μl (96 well) or 250μl (chamber slide). Cultures were left for 1 hour in a humidified
incubator at 37°C before topping up with 100μl of complete medium. Cultures were grown for up to 15 days,
taking photographs periodically.
2.2.2.15 Cell Suspension Culture
To analyse cell growth in suspended conditions (as an indication of anchorage independent growth) 6 or 96well

tissue

culture

plates

were

precoated

with

a

cationic

polymer

polyHEMA

(

0.12g

polyhydroxyethylmethacrylate per ml of 95% ethanol) to stop cells attaching to the bottom of the well. Six well
plates were treated with 1ml and 0.5ml coatings applied over consecutive nights at room temperature, under
UV sterilisation, in a laminar flow hood. For 96 well plates two lots of 50µl/ well coatings were applied. After
washing the wells with PBS, cells were seeded at a density of 5x105 cells per well, in the six well plate format,
in 2ml (or 1x105cells per well for the 96 well format) of complete or depleted medium. Each cell sample was
seeded in triplicate (or six replicates for 96 well format) for each measurement day. Plates were then incubated
for their respective times at 37°C. Total cell number at each time point was measured by pelleting the
suspended cells, trypsinising and dispersing them before counting using a haemocytometer. In the 96 well
format cell viability was measured by either MTT assay (Section 2.2.2.4) or alamarBlue assay (Section 2.2.2.5).
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2.2.2.16 Drug Treatment
A panel of common chemo and targeted therapeutic drugs were used to investigate resistance capabilities of
the cell lines including Tamoxifen, Exemestane, Cyclophosphamide, Doxorubicin, and Paclitaxel (Sigma
Chemical Company, St Louis, MO, USA). Optimal concentrations had previously been established in our
laboratory for identical parent cell lines. Cell viability was measured by MTT as outlined in 2.2.2.14. A vehicle
control with and without cells was included.
2.2.2.17 Angiogenesis Co-Culture Migration Assay
A variation of the chemotaxis migration co-culture assay methodology (Section 2.2.2.22) was used to assess
the angiogenic potential of GDNF, particularly through its ability to induce chemoattraction of HMEC1 cells.
MCF7-VECTOR and MCF7-GDNF1 cells were seeded into the lower chamber and allowed to condition serum
depleted media for a period of 48 hours. Next 3x104 HMEC1 cells were seeded into the upper chamber on top
of a poly-D lysine and 1% gelatin treated porous membrane, in serum free MCD-131 media. Cells were
incubated for 18 hours before assessing the number of migrated cells as outlined in the migration assay
method (Section 2.2.2.6.).
2.2.2.18 Angiogenesis Tube Formation Assay
This assay utilised a variant of the chemotaxis migration co-culture assay apparatus (Section 2.2.2.22) and
was performed in two stages. Firstly 5x104 MCF7-VECTOR or MCF7-GDNF1 cells were seeded into upper
chamber of Transwell inserts (0.4µm pore size Falcon, Becton, Dickinson and Company, Franklin Lakes, NJ,
USA). These inserts were of a smaller pore size than conventional migration assay inserts to restrict cells to
the upper chamber. Cells were grown to 80% confluence on the upper membrane before replenishing with
RPMI serum free media in the upper chamber and serum free MCD-131 media in the lower chamber. This
was to condition the serum free MCD-131 media (for 12 hours). Next this media was removed and a 100%
Matrigel base layer was applied to the lower chamber. Next, 6x104 HMEC-1 cells suspended in the now
conditioned, serum free MCD-131 media were seeded on top of the solidified Matrigel layer. The appropriate
upper chamber, containing either MCF7-GDNF1 or MCF7-VECTOR cells was returned to the well.

Tube

formation was allowed to take place for 24 hours, taking photos every 12 hours under light microscope. The
number of tube formations and their length were measured using the Image J software suite (National Institute
of Health, Bethesda, MD, USA).
2.2.2.19 Paracrine GDNF Treatment of HMEC-1 cells with Subsequent qPCR Expression Analysis
To study the effect of paracrine GDNF on endothelial cells and hence angiogenesis a modified chemotaxis coculture migration assay (Section 2.2.2.22) was set up using 0.4 µm pore Transwell inserts (instead of 8µm) of
which 5x104 MCF7-VECTOR or MCF7-GDNF1 cells were seeded into the upper chamber. HMEC-1 cells
(5x104) were seeded into the lower chamber of Transwell apparatus in complete MCD-131 medium. Both sets
of cells were cultured in separate wells until 60-70% confluence was reached when all media was replaced
with serum free media and MCF7-VECTOR and MCF7-GDNF1 containing inserts were placed into the wells
containing HMEC-1 cells. This was left to incubate for 36 hours after which RNA was harvested from HMEC1 cells and expression of genes commonly involved in angiogenesis was assessed by qPCR (see Section
2.2.3.5).
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2.2.2.20 Breast Cancer Stem Cell Analysis for CD44 and CD24 Antigens using Flow Activated Cell
Sorting Analysis
Cell membrane expression of breast cancer stem cell markers CD44 and CD24 was analysed using antibodies;
FITC Mouse Anti-Human CD44 ( BD Pharmingen CAT: 555487; Becton, Dickinson and Company, Franklin
Lakes, NJ, USA) PE Mouse Anti-Human CD24 (BD Pharmingen CAT: 555428), FITC Mouse IgG2b кIsotype
Control (BD Pharmingen CAT: 555742; Becton, Dickinson and Company, Franklin Lakes, NJ, USA), PE Mouse
IgG2b к Isotype Control (BD Pharmingen CAT: 555574; Becton, Dickinson and Company, Franklin Lakes, NJ,
USA). Cells were cultured to 70-80% confluence before trypsinising and resuspending it in complete media.
The cell solution was centrifuged, pellet was washed with 5ml washing buffer (PBS + 2%FBS), re-centrifuged
and then resuspended in 100µl wash buffer. The appropriate antibodies were added to the cell suspension
and incubated at 4°C for 40 minutes in the dark. Subsequently, cells were washed, pelleted and resuspended
in fresh wash buffer to the cell density was approximately 1x106 cells per ml. Analysis on BD FACS AriaII Flow
Cytometer for four phenotypes (CD44+CD24+, CD44+CD24-, CD44-CD24+, CD44-CD24-) as well as differences
in geomeans of each antigen was carried out. Data was analysed using the BD FACS Diva software suite
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA).
2.2.2.21 ALDEFLUOR Assay
The ALDEFLUOR Assay (Stem Cell Technologies, Vancouver, British Columbia, Canada; CAT#:01700) has
become the gold standard for identifying and isolating cancer stem cells. After the cells were harvested and
suspended in pre-warmed full culture media the assay was performed as outlined in the manufacturer’s
protocol before analysing on BD FACS AriaII flow cytometer (Becton, Dickinson and Company, Franklin Lakes,
NJ, USA).
2.2.2.22 Hoechst Side Population Assay
Cells were harvested and suspended at 1x106 cells/ ml in 5% FBS supplemented RPMI media with 8µg/ml of
Hoechst 33342 in 15ml Falcon tube. These were incubated for 90 minutes at 37°C in the dark with frequent
mixing. Following this, samples were pelleted by centrifugation at 1200rpm for 5min and washed with 3ml PBS
supplement with 2% FBS twice before resuspending in 500μl of 2% FBS PBS in a FACS sample tube (BD
Biosciences). Note these sample tubes have a filter cap which the cell sample was strained through to remove
cell clumps prior to analysis on a BD FACS AriaII flow Cytometer (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA). Excitation was set 350nm and emission was captured at 402-446nm (blue Hoechst) and
650-670nm (red Hoechst). Cells with a cancer stem cell phenotype exhibit a low staining intensity and typically
separate into a distinct population. A negative control was incorporated using 50μM of the ABC transporter
inhibitor, verapamil (Sigma Chemical Company, St Louis, MO, USA) along with Hoechst 33342 dye in the
incubating solution. The gating parameters were set according to the negative control reading.
2.2.2.23 Mammosphere Culture
Cells were initially seeded into 24 well ultra low adherent culture plates (Costar® CAT# # 3473; Corning
Incorporated, Corning, NY, USA) at a density of 1x103 cells per well in 1ml of selective growth media. This
media was composed of DMEM-F12 media, 20 ng/ml epidermal growth factor (Invitrogen, Carlsbad, CA, USA),
5 μg/ml insulin (Sigma Chemical Company, St Louis, MO, USA; CAT#: 91077C), 0.4% FBS (Invitrogen,
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Carlsbad, CA, USA), 1x Penicillin-Streptomycin (Invitrogen, Carlsbad, CA, USA), 2% B27 supplement 50x
(Invitrogen, Carlsbad, CA, USA) and 20ng/ml basic fibroblast growth factor (Invitrogen, Carlsbad, CA, USA).
Cells were allowed to culture at 37°C for 10 days, toping up media 100µl each day. Individual floating cell
spheres/ mammospheres were counted at day 10.

Mammospheres were then collected, gently trypsinsed and filtered through 40µm cell strainer (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA) to yield a single cell suspension. The resulting suspension
was diluted to 1 cell per 100µl before seeding each cell line into 300 wells in 96 well ultra low adherent culture
plates. Single cell aliquoting was verified under a light microscope. After 7 days of culture those cells which
had successfully proliferated into floating mammospheres were counted (Figure 15).

Figure 15: Micrograph of a second generation mammosphere.

2.2.2.24 Antibody Cell Viability Assays
The effect of anti-SF20 polyclonal antibody on mammary carcinoma cell viability was assayed using the MTT
assay as outlined in Section 2.2.2.14. Cell viability was assayed after 48 and 72 hours of antibody exposure
using antibody concentrations varying from 0 to 1000µg/ml. Chicken IgY was used as the control. All antibodies
were filter sterilised using a 0.2 µm pore syringe filter (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA) before use.

2.2.3
2.2.3.1

MOLECULAR BIOLOGY METHODS
Construction

of

pEGFP-SF20,

pIRESneo3-GDNF

and

pIRESneo3-SF20

mammalian

expression plasmids
Using pTOB7-SF20 EST (Open Biosystems CAT#:3346359, Thermo Fisher Scientific, Waltham, MA, USA)
the SF20 EST fragment (approx 1kb) was cut out using EcoRI-Bgl2, purified and ligated into a compatible
EcoRI-BamHI treated pEGFP plasmid. The ligated product was transformed into DH5α E.coli and plated onto
ampicillin containing agar plates. Positively selected colonies were grown up in LB and plasmid purified as
outlined in Section 2.2.3.13 before screening with XhoI. Correct clones released a 1065bp fragment and were
subsequently sent for DNA sequencing.
Using GDNF specific primers (GDNF5 and GDNF3 in Table 3) MCF7 cDNA was subjected to Vent PCR. The
amplified fragments (GDNF transcript a (NM_001190468.1) and transcript b (NM_001190469.1) variants) were
purified and restriction enzyme (RE) digested using EcoRI-EcoRV and ligated into a pIRESneo3 empty vector
with corresponding RE sites followed by transformation into DH5α E.coli. Colonies were screened for positive
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clones following mini prep culture and plasmid purification (Section 2.2.3.13). Because GDNF has two
transcript isoforms, these were identified during clone screening. Both were cloned and were designated
pIRESneo3-GDNF1 (variant a) and pIRESneo3-GDNF2 (variant b). Positive clones were confirmed by DNA
sequencing.

pIRESneo3-SF20 was generated by Vent PCR using IRES5/hPT-R1 primers from the previously constructed
pIRESneo3-SF20myc construct. The resulting fragment was digested using EcoRI and EcoRV and ligated into
an EcoRI/ EcoRV digested pIRESneo3 empty vector. Following transformation into DH5α E.coli and
minipreparation culturing and plasmid purification (Section 2.2.3.13), clones were screened with EcoRI and
EcoRV. Correct clones were confirmed by DNA sequencing.
2.2.3.2

Construction of pIRESneo/puro-GFRα1a and GFRα1b mammalian expression plasmid

Endogenous GFRα1a and b was PCR amplified from MCF-7 cDNA using the high fidelity Vent polymerase
(New England Biolabs) using GFRα15 and GFRα13 primers. Amplicon fragments were double digested by
NsiI and NheI. The digested product was purified using a Gel Extraction Kit (Qiagen Inc, Valencia, CA, USA;
CAT # 28704) before ligating it into a previously prepared pIRESpuro (puromycin resistance gene containing).
Screening of positive clones was performed by Nhe1/Nsi1 and Stu1/Nde1 digestions. In most cases GFRα1
isoform B was isolated. Clones that were initially positive for isoform A failed to clone. Hence another approach
was taken that involved creating two fragments from the GFRα1 PCR Vent product with the inclusion of a Kpn1
site. These fragments were separately cloned and religated in the final product. Correct clones were grown up
in maxi prep culture, purified and confirmed by DNA sequencing.
2.2.3.3

Construction of pSiU6-GFRα1a, pSiU6-GFRα1b of pSiU6–siRNA-SF20 V-F mammalian
expression plasmids.

Custom GFRα1 siRNA oligonucleotides (Table 3) were synthesised by Invitrogen, Auckalnd, New Zealand.
The corresponding sense and antisense oligonucleotides ere annealed by incubating at 95 °C for 5 minutes
followed by a 60 minutes at 37°C, in the incubation buffer . Annealed oligonucleotides were ligated (Table 7)
into the empty pre-digested (BamHI, HindIII) pSiU6 vector (hygromycin resistance gene). Clones were screen
by SmaI/ XbaI digesting and confirming by DNA sequencing. SF20 siRNA oligonucleotides (refer to Table 3)
were constuctured in an identifical manner.
Table 7: Ligation reaction mixture.

10x ligation buffer
diluted annealed oligo
digested vector
H2O
Ligase
2.2.3.4

2 µL
2 µL
1 µL
14 µL
1 µL

Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

A One-Step RT-PCR kit (Qiagen, Inc, Valencia, CA, USA; CAT #: 210212 ) was used to perform semiquantitative RT-PCR reactions. RNA samples, primer solutions (Invitrogen, Auckland, New Zealand), dNTP
Mix, 5x Qiagen One-Step RT-PCR buffer, and RNase-free water were thawed on ice. A master mix was
prepared according to the recipe below for each primer set (Table 8). The master mix contained all the
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components required for RT-PCR except the template RNA. A volume of master mix 10% greater than that
required for the total number of reactions was prepared and a negative control (without template RNA) was
included in every experiment.

Template RNA was added to the individual PCR tubes followed by the master mix aliquot. Samples were
centrifuged for 30 seconds. For each set of genes different RT-PCR programmes were applied on a
GeneAmp® PCR System 9700 (Applied Biosystems, Foster City, CA, USA). Common to each RT-PCR
reaction was the initial Reverse Transcription step (60 minutes, 50°C) followed by strand denaturation (95°C,
15 minutes). Standard PCR cycles consisting of: 94°C, 20 seconds; 50°C-65°C, 30 seconds; 72°C, 2 minute;
were modified to optimise amplification. The PCR reaction was carried out for 25-40 cycles (gene dependent)
with the final extension of 10 minutes at 72°C.

The outlined RT-PCR method was used to confirm SF20 overexpression, SF20 silencing and semi-quantify
the mRNA expression of key cancer related genes.
Table 8: RT-PCR reaction master mix.
Component
RNase-free water
5x Qiagen One-Step RT-PCR Buffer
Qiagen One-Step RT-PCR Q solution
dNTP mix (containing 10 mM of each dNTP)
Primer Forward (200 ng / µL)
Primer Reverse (200 ng / µL)
QIAGEN One-Step RT-PCR Enzyme Mix
Template RNA from 0.1 μg/ μl RNA solution
RNAse Inhibitor
Total Volume

2.2.3.5

Volume per Reaction
Variable
5 µL
5 µL
1 µL
2 µL
2 µL
1 μL
5 μL
1 μL
25 μL

Real Time Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was converted to cDNA using SuperScript III First-Strand Synthesis SuperMix for qRT-PCR
(Invitrogen, Carlsbad, CA, USA) as per manufacturer’s instructions. Real-time PCR was performed using an
ABI 7700 real-time PCR system (Applied Biosystems, Foster City, CA, USA) and the SYBR GreenER qPCR
SuperMix for ABI PRISM fluorophore system (Invitrogen, Carlsbad, CA, USA). cDNA (5ng/ reaction) was
added to a 20µl reaction mixture containing SYBR GreenER qPCR SuperMix for ABI PRISM and 200nM of
each primer (primer list Table 3). Triplicate reactions were performed for each marker in a 384-well plate
(Applied Biosystems, Foster City, CA, USA) using a two-step amplification program; initial denaturation at 95C
for 10 min, followed by 40 cycles of 95°C for 20 seconds and 60°C for 30 seconds. A melting curve analysis
step was carried out at the end of the amplification, consisting of denaturation at 95°C for one minute and reannealing at 55°C for one minute. Standard curves were generated from each experimental plate using serial
5-fold dilutions of untreated cDNA. The geometric mean of the cycle threshold (Ct) value for each reaction was
calculated. Amplification efficiencies were calculated according to the equation E = 10(–1/slope) and ranged
from 90–104% for all gene markers; no nonspecific amplification or primer dimer was observed in any of the
reactions as confirmed by the melting curve analysis.

- 74 -

Each experiment was performed three or more times with independent samples. Each change in gene
expression is expressed as fold change and is the average of three experiments (P value < 0.05). Positive and
negative fold change indicates a respective increase or decrease in mRNA levels. To compensate for potential
differences between markers, the relative expression was computed, based on the efficiency (E), normalized
by a panel of housekeeping genes (HKG), β-actin or GAPDH, and the Ct difference of sample vs. control.
Relative expression = 2^–((Ct,Sample – Ct,HKG) – (Ct,Control – Ct,HKG)).
2.2.3.6

DNA Gel Electrophoresis

In order to visualise RT-PCR products, a 1-2% agarose (Ultrapure Agarose CAT #:15510-027 Invitrogen,
Carlsbad, CA, USA) gel, dissolved in TAE buffer containing 0.5μg/ml of ethidium bromide solution stock (CAT
#:15585011, Invitrogen, Carlsbad, CA, USA), was made. Each RT-PCR product was mixed with 6x DNA
loading dye and loaded into the wells. 6.0 μl of the 1 kb plus DNA ladder (CAT #: 10787-026, Invitrogen,
Carlsbad, CA, USA) was also loaded as a molecular weight standard. Electrophoresis was carried out at 120
V for 30 minutes before visualising under UV light and imaged on UVP Gel Doc Imager (UVP LLC, Upland,
CA, USA).
2.2.3.7

Western Blotting

A 12% polyacrylamide separating/ bottom gel was made up and poured into gel plates (1mm) three-quarters
of the way up before overlaying with Milli-Q water. The gel was allowed to set for 30-45 minutes. Next a 4%
stacking gel was made up and poured on top of separating/ bottom gel. A gel comb was inserted and left to
set for 30 minutes. Protein samples (20 μg protein and SDS sample buffer: 5% β-Mercaptoethanol, 5 µl 6x
SDS Loading Dye) were heated up for 5-10 minutes at 98°C. The gel comb was removed and gel plates were
placed into the gel electrophoresis apparatus. 1x Electrophoresis Buffer was added to the appropriate
chambers. Protein markers (CAT #: LC5925 Invitrogen, Carlsbad, CA, USA) and samples were loaded into
gel wells (include a β-actin loading control). Electrodes were attached and electrophoresis was run at 120V
until all dye has reached the bottom of the plates (typically 90 minutes). The polyvinyldifluoride transfer
membrane (CAT #1620184 Bio-Rad Laboratories Inc, Hercules, CA, USA) was then pre-soaked in methanol
followed by transfer buffer for 5 minutes.

When the electrophoresis finished running, the gel was removed and placed gel onto filter paper. Filter paper
was placed onto sponge and the polyvinyldifluoride membrane onto the gel. This was followed by another
sheet of filter paper and a sponge on top. The transfer cassette was secured and transfer buffer was poured
into transfer tank. An ice block was also added to the chamber. The standard transfer protocol was run transfer
at 100V for 1 hour, after which the membrane was removed and blocked in 5% non-fat milk powder dissolved
in PBS-tween for at least 1 hour at room temp (or overnight at 4°C) with slow rocking. Next the blocking buffer
was decanted and the membrane washed in PBS-tween 3 times, 5 minutes each wash. Primary antibody in
milk PBS-Tween was applied to the membrane and incubated for at least 4 hours at room temperature with
slow rocking (or overnight at 4°C). Primary antibody solution was removed and the membrane was wash in
PBS-tween 3 times for 5 minutes each.
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Next, the secondary (Horseradish peroxidise)-conjugate antibody (Anti-rabbit IgG peroxidase (CAT#:A0545,
Sigma Chemical Company, St Louis, MO, USA) or Anti-mouse IgG peroxidase (CAT#:A6782, Sigma Chemical
Company, St Louis, MO, USA)) in milk PBS-Tween was applied to the membrane and incubated for 1 hour at
room temperature with slow rocking. This solution was removed and the membrane was wash in PBS-tween
3 times for 5 minutes each. Lastly 10 ml chemiluminescence substrate:buffer solution (CAT#34075, Super
Signal West Dura Extended Duration Substrate, Pierce Biotechnology, Rockford, IL, USA) was applied to the
membrane on a plastic sheet, incubated for 5 minutes at room temperature before visualising with a
phosphoimager (Eastman Kodak Company, Rochester, NY, USA)
2.2.3.8

RNA Extraction and Concentration Analysis

RNA extraction was undertaken according to the TRIzol reagent (CAT#:15596-018, Invitrogen, Carlsbad, CA,
uSA) manufacturer’s specifications (443). RNA concentration and purity was examined by UV
spectrophotometry on a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). The A260/ A280 and A260/ A230 ratios were used to assess the purity of RNA. Only samples with ratios
of > 1.60 used in subsequent analysis.
2.2.3.9

Protein Extraction

Cells were grown to approximately 70% confluence before removing the media then washing the cells three
times with ice-cold PBS and storing in -80°C for a period of at least 1 hour. Following this, 300μl/ T75 culture
flask of 2% SDS Lysis Buffer (refer to Appendix) was added. Using a cell scrapper, cells were removed from
the surface and collected into eppendorf tubes. To ensure total lysis samples were then subjected to sonication
(Bandelin electronic, Berlin, Germany). Samples were centrifuged at 20,000 rpm for 20 minutes, supernatant
was transferred into a fresh eppendorf. Protein concentration was measured using the DC Protein Assay.
Refer to DC Protein Assay (Cat #:500-0116, Biorad Laboratories Inc, Hercules, CA, USA) Instruction manual
for a detailed method using the microplate (96 well) assay protocol to determine protein concentrations prior
to Western analysis (444).
2.2.3.10 Conditioned Media Western Blot
Cells were seeded at 70-80% confluence in T75 tissue culture flask in full media. Following 24 hours medium
was removed, cells were washed four times with prewarmed 1xPBS before adding 8ml of serum depleted
RPMI medium. Cells were incubated at 37°C for 24-48 hours before removing the media and centrifuging at
1500rpm to pellet debris and suspended cells. The supernatant was transferred to a fresh tube and put on ice.
Using Vivaspin 20 (MWCO 5,000, GE Healthcare, Buckinghamshire, United Kingdom) media was
concentrated down to a volume of 1ml before transferring it to a Vivaspin 500 (MWCO 5,000, GE Healthcare,
Buckinghamshire, United Kingdom) to reduce it further down to 100µl. For Western blotting, samples were
combined with 6x sample buffer dye and reducing agent before boiling and then running on the appropriate
gel as outlined in Section 2.2.3.7.
2.2.3.11 Gelatin Zymography
Cells were seeded in six well tissue culture plates at a density of 3x105 cells per well. Once a confluence of
70% was reached, the media was replaced with 2ml of serum free media and left to condition for 24-36 hours.
Next, 1ml of media per well was transferred from each well into a falcon tube and centrifuged for 10 minutes
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at 1100rpm to pellet cell debris. The supernatant was then collected and concentrated down to 100µl using a
protocol similar to Section 2.2.2.24. This was then combined with 6x sample buffer dye and loaded into a
gelatin containing 8% BisTris SDS PAGE gel (refer to buffers and solutions – Appendix). Samples were not
boiled/ heated prior to loading as to maintain enzyme activity. The gel was run for 90 minutes at 120 volts.
After electrophoresis the stacking gel was removed and separating gel washed twice in 100ml of Triton X 100
renaturation buffer (Triton X 100 2.5% (v/v) in ddH2O) by gentle agitation on a rocking platform at room
temperature. After the second wash renaturation buffer was decanted and replaced with 100ml of Novex
developing buffer (Invitrogen, Carlsbad, CA, USA). The gel was left to equilibrate by incubating at room
temperature with gentle agitation for 30 minutes followed by replacing with fresh developing buffer and
incubating at 37°C for 16-20hours. Following this the developing buffer was discarded and replaced with
comassie blue solution for at least 30 minutes and destained in fixing/detaining solution until the bands were
clearly visible and contrasted well against the background. Gels were photographed using a BIORAD GS-800
densitometry scanner (Biorad Laboratories Inc, Hercules, CA, USA).
2.2.3.12 DNAse Treatment of mRNA Samples
RNA extracted from transiently transfected cells was pre-treated with DNAse (CAT #:04716728001, Roche
Diagnostics GmbH, Darmstadt, Germany) before continuing with RT-PCR analysis. For every 500 ng of RNA,
the mixture outlined in
Table 9 was added (a 10% excess master mix was made up. Aliquots were then taken from this) and incubated
at room temperature for 15 minutes. The reaction was stopped with 1 µl of 50 mM EDTA followed by an
incubation at 70°C for 15 minutes. Samples were cooled on ice before continuing with RT-PCR. DNAse
treatment was also conducted on RNA samples before proceeding with cDNA conversion for real time qPCR.
Table 9: DNAse treatment reaction solution
DNAse

0.1 µl

Incubation Buffer

1 µl

MilliQ Water

3.9 µl

RNA

500ng

2.2.3.13 Heat Shock Transformation of DH5α Escherichia coli
A frozen 100 µL aliquot of DH5α E.coli was thawed before adding 10 µl of ligation product and placing on ice
for 30 minutes. The mixture was then subjected to a 43°C waterbath for 50 seconds before returning to ice for
5 minutes. For non-ampicillin transformants 400 µL of Luria broth (LB) was added to the transformed cells and
preincubated for 1 hour at 37 °C. Otherwise the mixture was directly inoculated onto plate and spread. This
was followed by centrifugation at 3000g at room temperature for 3 minutes after which 400 µL of supernatant
was removed and the cells were resuspended in the remaining 100 µL before being plated onto a LB agar
plate supplemented with the appropriate antibiotic.
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2.2.3.14 Plasmid purification
Plasmid purification was carried out as per the manufactures’ specifications. Minipreparation (CAT #: K210011, Invitrogen, Carlsbad, CA, USA) purifications were undertaken prior to clone confirmation via insert
sequencing. Minipreparation cultures were generated by picking up a series of transformed clones and
inoculating 3 ml of LB media for incubation over a 24 hour period at 37°C. Maxipreparation (CAT #:12165,
Qiagen Inc, Valencia, CA, USA) purifications were used to create plasmid stocks. The bacterial culture for
maxipreparation purifications was generated by inoculating 400 ml LB media, supplemented with the
appropriate antibiotic for selection, using mini prep bacterial culture.

2.2.3.15 DNA Sequencing of Plasmid Inserts
Correct plasmid sequences were confirmed by DNA sequencing by the Allan Wilson Centre, Massey
University, Auckland, New Zealand.

2.2.3.16 Concentration Analysis of Plasmid
DNA concentration and purity was examined by UV spectrophotometry on a Nanodrop ND-1000
spectrophotometer. The A260/ A280 and A260/ A230 ratios were used to assess the purity of RNA. The
spectrophotometer was blanked with TE Buffer before measurements were taken.

2.2.3.17 Anti-SF20 Polyclonal Antibody Production, Purification and Buffering
This work was undertaken with help from Prudence Gradison, Proteomics Technician, The Liggins Institute,
The University of Auckland, New Zealand and Commonwealth Biotechnologies, Richmond, VA, Australia.

Using the GST Gene Fusion System (CAT#: 27-4580-01, Amersham Biosciences, Buckinghamshire, United
Kingdom) SF20 fused to GST was expressed in E.coli using the pGEX4T1 vector (Figure 16). The resulting
lysate was purified against at GSH chromatography column.

Purified antigen solution was prepared in

0.3mg/ml SF20-GST in 5mM DTT, 100mM glutathione, 2% N-octyl-glucoside, 10% glycerol in PBS. This was
sent to Commonwealth Biotechnologies who immunised two hens (20R and 14R) according to the protocol
outlined in Table 10. They used a proprietary chicken egg production methodology as discussed in Section
1.7.5.
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Figure 16: pGEX4T1 plasmid vector.
Table 10: Immunisation protocol for the generation of chicken anti-SF20 polyclonal antibodies.

Day 1

0.5-1mg of GST-SF20 in PBS with 1.5x CFA (Complete Freund's
Adjuvant) , injected subcutaneously, intramuscular breasts.

Day 10,26,30

0.17-0.33mg with 1.5x FIA (Freund's incomplete adjuvant)
subcutaneously and intramuscular

Post Day 30

Collected 1 dozen eggs. Purified total IgY from eggs harvested prior
to immunisation.

Purified whole IgY using proprietary reagents. Whole IgY from eggs
was depleted of anti-GST antibodies by GST affinity chromatography

Reported yields:
Hen 20R IgY – 4.72mg.ml (90ml, 424mg), detection limit 29.3ng/ml post GST chromatography
Hen 14R IgY 4.57mg/ml (90ml,411mg), detection limit 83.4ng/ml post GST chromatography

Upon receiving IgY it was subjected to a second round of purification using GSH chromatography column
(Amersham Biosciences, Buckinghamshire, United Kingdom). The resulting titre was assayed by ELISA by
direct antigen (SF20-GST) titration (method refer to 2.2.3.18).

To withdraw all small molecules and metal present in the antibody buffer solution the IgG was dialysed into
the correct buffer i.e. PBS. The dialysis tubing (cut off of 12/14 KDa, Medicell International) was cut to the
required length to hold the protein solution plus extra space for closure at both ends. The tubing was then
soaked in ddH2O, rinsed and treated for 5 min at 60ºC in Bicarbonate Solution (2% w/w NaHCO3, 1 mM
EDTA) and then rinsed again. IgG solution was transferred into the tubing and left 36 hours in 100 times
volume of dialysis buffer (1X PBS) at 4ºC, stirring. The dialysis buffer was changed twice over 36 hours.
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2.2.3.18 Enzyme-linked Immunosorbant Assay (ELISA) - Anti-SF20 Antibody
Maxisorp 96 well flat bottomed plates (NUNC) were coated with either 100ng per well of GST or SF20-GST
antigen in a coating buffer (50mM NaHCO3 pH~ 9) overnight at room temperature. The liquid was removed
from all wells turning over and banging plate on a stack of paper towels. The antigenic surface was then
blocked using 5% milk powder in 0.1% PBS-Tween 20 (PBST) for 1 hour at room temperature. This was then
washed three times with PBST before adding anti-SF20 IgY antibody in a serial dilution (100µl total volume)
and incubated for 1 hour at room temperature. Plate washed three times using PBST. Secondary antibody
(CAT#:A9406, Sigma Chemcial Company, St Louis, MO, USA), rabbit anti-chicken IgY peroxidise, was applied
at 100µl at 1:30000 in PBST and incubated for 1 hour at room temperature. The plate washed three times
using PBST. Next, 100µl of substrate solution was added to each well (10ml citrate phosphate pH5, 5µl 30%
H2O2, 25mg o-Phenylenediamine (OPD) (CAT#: P9029 Sigma-Aldrich Co. LLC, St Louis, MO, USA)). The
plate was then incubated at 37°C for 30 minutes or until colour developed. The reaction was stopped using
50µl per well of 3M HCl. Absorbance was read at 450nm. ELISAs were used for qualitative confirmation of
antibody binding performance to inform whether or not to perform further purification efforts.
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2.2.4

IN-VIVO BIOLOGY METHODS

All in-vivo experiments were performed in collaboration with University of Science & Technology of China,
Hefei, Anhui, China under the instruction of Professor Tao Zhu.
2.2.4.1

Mammary Fat Pad Xenograft

5 x 106 cells were suspended in 100μl Matrigel™ (BD Biosciences, Becton, Dickinson and Company, Franklin
Lakes, NJ, USA) and injected subcutaneously into the first mammary (axillary) fat pad in 3- to 4-week-old
BALBc nu/nu mice (Shanghai Slaccas Co, Shanghai, China) which simultaneously received a 60-day release
pellet containing 0.72 mg of 17β-estradiol (Innovative Research of America, Southfield, MI, USA). Tumour
volume [(length × width2) x 3.14/6] was determined with a digital calliper twice weekly before harvesting 6
weeks after inoculation prior to euthanasia. Tissue samples of the primary tumour and organs were fixed in
4% paraformaldehyde and stained with haematoxylin and eosin (H&E) to assess tumour architecture and cell
morphology.
2.2.4.2

Tail Vein Metastasis Xenograft

For animal metastasis assays, six week old female BALB/c nude mice (n=7) were injected with 1.5×106 cells,
resuspended in 100μl PBS, of BT549-VECTOR or BT549-GDNF1 cells via the lateral tail vein. Four weeks
after injection, animals were sacrificed, and lungs and livers were harvested. Tissues were fixed in 4%
paraformaldehyde, embedded in paraffin and cut into 6 μm-thick sections for histological analysis with
hematoxylin and eosin (H&E) staining. Sections were counted for the number of visible metastases. Tissue
samples

were

also

taken

for

PCR

analysis

of

human

HPRT

gene

(Forward

5’-

TTCCTTGGTCAGGCAGTATAATCC-3’, Reverse 5’- AGTCTGGCTTATATCCAACACTTCG -3’) and mouse
18sRNA (Forward 5’-CGGCTACCACATCCAAGGAA-3’, Reverse 5’-GCTGGAATTACCGCGGCT -3’). These
were used to detect and measure the relative presence of human metastasised cells within the mouse tissue
sample.
2.2.5
2.2.5.1

SOFTWARE TOOLS
Statistical Analysis

GraphPad Prism 5 in conjunction with Microsoft Excel was used for statistical analyses presented in this thesis.
The graphical presentations were generated using Microsoft Excel. Experiments were performed between two
and six times each using at least three replicates. Numerical data were expressed as means±SD. Data were
analyzed using the two-tailed, unpaired, Student ‘t’ test or analysis of variance (ANOVA). P values less than
0.05 correspond to ‘*’, less than 0.01 correspond to ‘**’ and less than 0.001 correspond to ‘***’.
2.2.5.2

BLAST

For both DNA and protein sequence database searches, the Basic Local Aligment Search Tool (BLAST) was
utilized (445). The basic algorithms of BLAST were used for gene identification searches, gene alignment
searches, as well as transcription start site (TSS) estimations of various genes with uncharacterized promoter
regions, specifically utilizing the EST-search function. BLAST was accessed via the National Centre for
Biotechnology Information (NCBI) (Website: http://www.ncbi.nlm.nih.gov/BLAST/).
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CHAPTER 3:
THE
PROGRESSION
3.1

ROLE

OF

GDNF

IN

MAMMARY

NEOPLASTIC

INTRODUCTION

GDNF has been a protein of therapeutic interest for over a decade. However, despite its documented
neurotrophic functions its potential oncogenic function has yet to be fully examined outside the traditional germline activating mutations of the RET proto-oncogene which manifest as several forms of neuroendocrine
cancer.

Several research groups around the globe have begun to do so implicating GDNF in the progression of
colorectal, glioma, pancreatic, ovarian and more recently mammary gland carcinoma (253, 255, 377, 446).
Similarly our research group has also investigated other GLFs in similar models such as Artemin in breast ,
lung, ovarian, prostate and endometrial cancers with success (355, 370, 372).

The study herein sought to investigate the role of autocrine produced GDNF in a mammary carcinoma context.
This study utilises mammary carcinoma cell lines to investigate an oncogenic function in vitro and in vivo.
3.2
3.2.1

THE EXPRESSION OF GDNF, GFRA1-4 AND RET IN MAMMARY CARCINOMA.
PATIENT DATA

Using OncomineTM, a cancer microarray database allowing genome-wide expression analyses, I investigated
correlations between GDNF, GFRα1 and RET expression in breast tumours versus normal tissue, between
different types of breast tumours, disease progression, prognosis and molecular features (351). The results
are presented in Tables 11, 12 and 13. Most notable results include GDNF’s increase in expression in breast
carcinoma, however the upregulation although significant was minor. The majority of the metastatic free
survival and overall survival data is insignificant (i.e. P >0.05). However, there was strong correlation between
GDNF and estrogen receptor expression, and between GDNF down regulation and HER2+, p53 mutant. RET
and GFRα1 on the other hand both exhibited very strong upregulations in breast carcinomas compared to
normal tissue. More so, RET and GFRα1 showed a stronger upregulation in lobular rather than ductal tumours
and in luminal rather than basal carcinomas.
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Table 11: GDNF expression in mammary carcinoma and correlation with prognostic markers
Analysis type*
Cancer vs.
Normal (3)

Analysis

1

Class (sample number)
2

3

Breast Carcinoma
(40)
Invasive Breast
Carcinoma (53)
Invasive Luminal
Breast Carcinoma
(27)

Correlation
(up/down)

p-value

1.092**

0.021

1.085**

0.028

1.037**

0.018

0.344↓**

0.01

Breast - Type

Normal Breast (7)

Breast - Type

Normal Breast (6)

Cancer vs.
Cancer (12)

Breast Carcinoma - Type

Invasive Basal Breast
Carcinoma (16)

Tumour Grade
(11)

Breast Carcinoma - Grade

1 (4)

2 (12)

Breast Carcinoma - Distant Metastasis
At 5 Years
Breast Carcinoma - Metastases - 5
Years
Breast Carcinoma - Bone MetastasisFree Survival - 5 Years
Breast Carcinoma - Lung Metastasis
Event-Free Survival - 5

No Distant Metastasis
(154)

Distant Metastasis
(35)

0.174

Negative (51)

Positive (46)

0.875

No Metastasis (49)

Metastasis (11)

0.396

No Metastasis (51)

Metastasis (14)

0.735

No Disease (164)

Relapse (51)

0.192

No Disease (135)

Relapse (66)

0.321

No Disease (45)

Relapse (27)

0.665

No Disease (32)

Relapse (28)

0.499

Alive (135)

Dead (56)

0.298

Alive (158)

Dead (69)

0.134

No Disease (196)

Relapse (79)

0.35

No Disease (180)

Relapse (93)

0.455

No Recurrence (26)

Recurrence (14)

0.179

Alive (232)

Dead (48)

0.405

Alive (121)

Dead (38)

0.855

No Recurrence (196)

Recurrence (79)

0.35

Negative (42)

Positive (18)

0.666

No Relapse (85)

Relapse (28)

0.918

Alive (166)

Dead (8)

ER+ Breast Carcinoma - Disease Free
Survival - 5 Years

ER- Breast Carcinoma - Disease Free
Survival - 5 Years

Prognosis
(all of 19)
Breast Carcinoma - Disease-Free
Survival - 5 Years

3 (39)

Breast Carcinoma - Survival - 5 Years

Breast Carcinoma - Recurrence - 5
Years
Breast Carcinoma - Relapse - 5 Years

Misc. (51)

Breast Carcinoma - Overall Survival - 5
Years
Breast Carcinoma - Oestrogen
Receptor Status
Breast Carcinoma - HER2/neu Status

Molecular
Alteration (9)

Breast Carcinoma - p53 Mutation
Status

0.353

Negative (34)

Positive (85)

↓

0.001

Negative (52)

Positive (3)

↓**

0.014

Mutant (72)

↓

0.011

Wild Type (179)

**

**

References
(Richardson et
al., 2006)
(Finak et al.,
2008)
(Farmer et al.,
2005)
(Ginestier et al.,
2006)
(Desmedt et al.,
2007)
(van't Veer et
al., 2002)
(Minn et al.,
2005)
(Minn et al.,
2005)
(van de Vijver
et al., 2002)
(Wang et al.,
2005)
(Wang et al.,
2005)
(van de Vijver
et al., 2002)
(Desmedt et al.,
2007)
(Ivshina et al.,
2006)
(van de Vijver
et al., 2002)
(Wang et al.,
2005)
(Ma et al.,
2004)
(van de Vijver
et al., 2002)
(Pawitan et al.,
2005)
(van de Vijver
et al., 2002)
(Ma et al.,
2004)
(Sotiriou et al.,
2006)
(Desmedt et al.,
2007)
(Sotiriou et al.,
2006)
(Ma et al.,
2004)
(Miller et al.,
2005)

Data extracted from the Oncomine Database (www.oncomine.org) (351). * Total number of studies is indicated in brackets. Only studies
with a p value < 0.05 in T-test are shown except prognosis for which all studies are shown.**  and  represent an increased and
decreased expression in class 2 compared with class 1, respectively.
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Table 12: GFRΑ1 expression in mammary carcinomas
Analysis type*

Analysis

Cancer vs.
Normal (11)

Breast - Type

Cancer vs.
Cancer (40)

Breast Carcinoma - Type

Class (sample number)
2
Invasive Ductal
Normal Breast (61)
Breast Carcinoma
(392)
Invasive Lobular
Normal Breast (61)
Breast Carcinoma
(36)
Invasive Breast
Normal Breast (61)
Carcinoma (76)
Invasive Ductal
Normal Breast (6)
Breast Carcinoma
(24)
Invasive Lobular
Normal Breast (6)
Breast Carcinoma
(7)
Lobular Breast
Normal Breast (3)
Carcinoma (5)
Ductal Breast
Normal Breast (3)
Carcinoma (73)
Invasive Ductal
Normal Breast (2)
Breast Carcinoma
(35)
1

Ductal Breast
Carcinoma (32)

Luminal-Like
Subtype of
Invasive Breast
Carcinoma (27)
Lobular Breast
Carcinoma (3)

Ductal Breast
Carcinoma (51)

Lobular Breast
Carcinoma (3)

Lobular Breast
Carcinoma (36)

Other Breast
Carcinomas (300)
Bladder,
Colorectal,
Kidney. Liver,
Lung, Ovarian,
Pancreatic,
Prostate Cancer
(148)

Basal-Like Subtype of
Invasive Breast
Carcinoma (16)

Breast Cancer (26)

Ductal Breast
Carcinoma (95)

Lobular Breast
Carcinoma (19)

Ductal Breast
Carcinoma (95)

Lobular Breast
Carcinoma (19)

3

Correlation
(up/down)

p-value

2.496**

1.07E11

4.597**

4.72E-8

2.071**

1.37E-4

2.722**

0.025

4.302**

0.008

3.349**

0.024

1.655**

0.041

1.617**

0.024

(Zhao et al.,
2004)

3.504**

4.79E10

(Farmer et al.,
2005)

6.850**

6.08E-5

(Ma et al.,
2004)

2.461**

2.68E-4

(Ma et al.,
2004)

2.217**

0.001

(Bittner et al.,
2005)

4.562**

0.001

(Su et al.,
2001)

4.342**

0.003

References

TCGA Breast
Dataset

(Radvanyi et
al., 2005)

Mixed
Lobular and
Ductal
Breast
Carcinoma
(6)

Mixed
Lobular and
Ductal
Carcinoma
(15)
Mixed
Lobular and
Ductal
Carcinoma
(15)

(Sorlie et al.,
2003)

(Lu et al., 2008)
2.016**

0.028

Data extracted from the Oncomine Database (www.oncomine.org) (351).* Total number of studies is indicated in brackets. Only studies
with a p value < 0.05 in T-test are.**  and  represent an increased and decreased expression in class 2 compared with class 1,
respectively.
Table 13: RET expression in mammary carcinomas.
Analysis type*
Cancer vs.
Normal (8)

Analysis
Breast - Type

Class (sample number)
2
Invasive Ductal
Normal Breast (61)
Breast Carcinoma
(392)
1

Normal Breast (61)
Normal Breast (61)
Normal Breast (3)
Normal Breast (4)

Cancer vs.
Cancer (38)

Breast Carcinoma - Type

Ductal Breast
Carcinoma (32)

Ductal Breast
Carcinoma (31)

Correlation
(up/down)

p-value

References
TCGA Breast
Dataset

3.703 **

1.29E23

Invasive Breast
Carcinoma (76)

4.867 **

0.003

Invasive Lobular
Breast Carcinoma
Invasive Ductal
Breast Carcinoma
(31)
Invasive Breast
Carcinoma (154)

2.948**

3.93E-7

TCGA Breast
Dataset

3.272**

0.017

(Zhao et al.,
2004)

1.647**

0.012

(Gluck et al.,
2011)

1.858**

0.076

(Ma et al.,
2004)

1.272**

9.95E-4

(Farmer et al.,
2005)

2.031**

0.026

(Zhao et al.,
2004)

Lobular Breast
Carcinoma (27)

Basal-Like Subtype of
Invasive Breast
Carcinoma (16)

3

Luminal-Like
Subtype of
Invasive Breast
Carcinoma (27)
Lobular Breast
Carcinoma (18)

Mixed
Lobular and
Ductal
Breast
Carcinoma
(5)

TCGA Breast
Dataset

Data extracted from the Oncomine Database (www.oncomine.org) (351).* Total number of studies is indicated in brackets. Only studies
with a p value < 0.05 in T-test are shown.**  and  represent an increased and decreased expression in class 2 compared with class 1,
respectively.
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3.2.2

EXPRESSION OF GDNF PATHWAY IN MAMMARY CARCINOMA CELL LINES

Next I sought to investigate the expression of GDNF and its signalling pathway constituents, GFRα1 isoforms
and RET, in mammary carcinoma. This analysis was undertaken by performing semi-quantitative RT-PCR of
a panel of seven human mammary carcinoma cell lines; BT474, MCF7, T47D, ZR751, HCC202, BT549 and
MDA-MB-231. As observed in Figure 17A, GDNF and RET were detectable in all examined cell lines although
at dissimilar expression levels. Very minimal GFRα1 expression was detected in MDA-MB-231 cells and
HCC202 cells which was only visible at higher exposure levels. Higher GDNF levels were observed in ER- cell
lines and high RET levels (RET51 or RE9) were found in ER+ cell lines. Given that GDNF can bind to other
GFRα receptors, GFRα2-4 expression was also analysed in MCF-7, T47D and BT549 cell lines (Figure 17B).
GFRα2 exhibited the highest levels in BT549 cells, whereas GFRα3 was highest in MCF7 cells. No GFRα4
mRNA was detected in all three cell lines.

GDNF was also expressed in RL95 endometrial carcinoma, A549 lung carcinoma and HepG2 hepatocellular
liver carcinoma cell lines but not in AGS stomach, Colo320 colon, DLD1 colon, PC3 prostate, DU145 prostate,
BxCP3 pancreas carcinoma cell lines (data not shown).
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Figure 17: GDNF expression in mammary carcinoma cell lines.
(A, B) mRNA expression levels of GDNF pathway components in a mammary carcinoma cell line panel determined by semi-quantitative
RT-PCR. Stable GDNF forced expression established in MCF-7(C), BT549(D) and MDA-MB-231 (E) mammary carcinoma cells was
confirmed by RT-PCR and Western blot of cell lysate and conditioned media. β-actin was used as a loading control. (F) RNAi mediated
depletion of GDNF mRNA in mammary carcinoma cell lines was confirmed by real time qPCR analysis. Error bars represent ± 1
standard deviation. Statistical significant indicated by * P≤0.05;** P≤0.01; *** P≤0.001.
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3.2.3

REGULATION BY HORMONES AND GROWTH FACTORS

Estrogen, IGF-1, hGH and EGF are key molecules that drive mammary oncogenesis. In part this is due to their
ability to regulate other oncogenic factors, such as GDNF.

Given that GDNF It is known that the GDNF pathway is regulated by estrogen, specifically GFRα1 and RET
mRNA expressions are increased. However, it has yet to be determined whether GDNF itself is also regulated
by this hormone. To determine this, MCF7 cells, an estrogen responsive cell line, were treated with10nM
estradiol (E2) under serum free conditions over a 72 hour period. GDNF mRNA expression in RNA samples
taken at 0, 6, 12, 24 and 72 hours treatment time were analysed by semi-quantitative RT-PCR. No alterations
in GDNF transcript levels were observed at any time point (Figure 18D). Additionally MCF7 cells were treated
once again with 10nM estradiol with and without 1µM Tamoxifen, an anti-estrogen chemotherapeutic. RT-PCR
analysis following a 24 hour treatment period also demonstrated no observable difference in GDNF levels,
transcript a or b, in any treatment group compared with vehicle control (Figure 18C). Lastly, we investigated
whether GDNF could be contributing to increased estrogen signalling in MCF7 cells by analysing the effect of
GDNF overexpression on the expression of the estrogen receptors, ERα and ERβ. Also, using RT-PCR on
stable force GDNF expressing MCF7 cell lines, no differences in receptor expression were detected in MCF7GDNF1 and MCF7-GDNF2 cells compared to MCF7-VECTOR. (Figure 18E).

Human growth hormone has also been identified as a mediator of mammary carcinoma (reviewed in Chapter
1). MCF7- MUT (a control cell line that expresses a translational deficient hGH mRNA and does not produce
a protein) and MCF7-hGH, a previously established cell line model used for investigating the oncogenic effects
of hGH in mammary carcinoma were utilised in this experiment (183, 185, 186). RT-PCR analysis of the GDNF
signalling complex highlighted no change in mRNA expression of GFRα1 and RET. However, both transcripts
of GDNF exhibited a marked decrease in mRNA levels in MCF7-hGH compared to MCF7-MUT (approximately
a 50% reduction, determined by densitometry analysis) (Figure 18F).

Growth factors such as IGF-1 and EGF are also known key mediators of mammary carcinoma oncogenesis.
As such they are both at the centre of therapeutic intervention. We wanted to determine whether the
GFL/GDNF signalling pathway was regulated by either one of these growth factors. Treatment of MCF7 ( an
EGF and IGF-1 receptor positive cell line) with EGF (0.4ng/ml) and IGF-1 (20ng/ml) over a 72 hour period with
sampling talking place at 0, 24, 48 and 72 hours. The mRNA expression of GDNF, ARTN, GFRα co-receptors
and RET were analysed by RT-PCR (Figure 18A,B). In response to EGF only GFRα4 showed a slight
consistent increase over the 72 hour period. In response to IGF-1, GFRα2 and GFRα4 mRNA levels were
altered. Strangely GFRα2 expression peaked at 24 hours treatment then regressed to below 0 hours levels.
GFRα4 levels on the other hand exhibited a marked decrease at all time points compared to t=0 hours.

- 87 -

Figure 18: Regulation of the GFL pathways by Estrogen, EGF, IGF-1 and hGH.
Components of the GFL pathway were subjected to RT-PCR analysis to determine their mRNA expression in response in MCF-7
mammary carcinoma cells to (A) EGF (0.4ng/ml) and (B) IGF-1 (20ng/ml) treatment. (C) RT-PCR analysis of GDNF expression in MCF7 treated with 10nM estradiol (E2) and/or 1µM Tamoxifen (TAM) for 24 hours. (D) RT-PCR analysis of GDNF expression in MCF-7
treated with 10nM estradiol for 0 ,6, 12, 24 and 72 hours (E ) RT-PCR analysis of Estrogen Receptor-α (ERα) and Estrogen Receptor-β
(ERβ) mRNA expression in forced GDNF expression stable cell lines. (F) RT-PCR analysis of GDNF, RET and GFRα1 in Human
Growth Hormone (hGH) overexpressing cells (MCF-hGH) relative to a control cell line (MCF-MUT). β-actin was used as a loading
control.

3.2.4

ESTABLISHMENT OF GDNF STABLE FORCED EXPRESSION
ENDOGENOUS GDNF IN MAMMARY CARCINOMA CELLS.

AND

DEPLETION

OF

Given GDNF expression was present in mammary carcinoma cells, I sort to investigate the potential role of
GDNF in mammary gland neoplastic progression. Cell line models were established using common
immortalised mammary carcinoma cell lines, MDA-MB-231, BT549 and MCF7. The former two are estrogen
receptor negative and the latter is estrogen receptor positive cell lines respectively. These three cell lines were
chosen because they exhibited a range of GDNF, RET and GFRΑ1 levels (Figure 17A, B), have a reputation
for being easy to work with, relatively easy to transfect and exhibit vastly different oncogenicity/ tumourigencity
traits.

Stable cell lines with forced GDNF expression were generated by stable transfection of parental cell lines with
a GDNF overexpressing vector pIRESneo3-GDNF1 or pIRESneo3-GDNF2 (representing GDNF transcript a
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and b isoforms respectively) or an empty pIRESneo3 vector as a control cell line. The resulting cell lines were
designated MCF7-GDNF1, MCF7-GDNF2 and MCF7-VECTOR respectively. Similarly stable forced GDNF
expression was also established in BT549 and MDA-MB-231 yielding BT549-GDNF1, BT549-GDNF2, BT549VECTOR, MDA-MB-231-GDNF1, MDA-MB-231-GDFN2 and MDA-MB-231-VECTOR respectively (Table 5).

Stable overexpression of GDNF relative to vector control cell lines was verified by semi-quantitative RT-PCR
analysis and Western blotting (Figure 17C-E). All GDNF1 and GDNF2 overexpressing cell lines exhibited
higher levels of the 636bp and 558bp cDNA bands corresponding to an overexpression of isoform a and
isoform b respectively compared to vector control. Additionally all GDNF1 and GDNF2 overexpressing stable
cell lines produced higher levels of the GDNF reactive band (22KDa) compared with vector control cell lines
in the cell lysate. Because GDNF is a secreted protein it was imperative to also to detect GDNF in the culture
medium. This was performed by conducting a Western blot on a volume of concentrated culture media
previously exposed to the cell population. As per Figure 17C-E the secreted 22KDa GDNF monomer was
successfully detected in the culture medium of all stable GDNF expressing cells.

Endogenous GDNF mRNA was depleted using transiently transfected Stealth RNAi siRNA duplexes
(Invitrogen,NZ) which specifically targeted GDNF transcripts (both a and b). Cells transfected with these
constructs were designated MDA/ MCF7/ BT549 RNAi. A negative control was also used which featured a
transiently transfected construct of medium GC composition (similar to the test duplex) that shows no
homology to the human transcriptome and does not induce a cell stress response. The control was used to
negate any effects associated with non-specific RNAi binding or transfection toxicity. Cells transfected with the
control construct were designated MDA/ MCF7/ BT549 CK. Successful GDNF transcript depletion was verified
by real time qPCR. RNAi duplex #2 was identified as the most efficient compared to RNAi#1 and#3 provided
by the manufacturer (data not shown). RNAi#2 (simply referred to RNAi from here on) induced at least a 40%
reduction in GDNF RNA in all cell lines (Figure 17F).

3.3
3.3.1

GDNF IN CANCER GROWTH AND DEATH
CELL PROLIFERATION AND VIABILITY

Understanding how cells proliferate and survive provides an insight into how perturbed their cell growth
systems are following an oncogenic event.

Using the established cell models, I firstly determined the ability of GDNF to promote cell cycle entry into Sphase using nuclear BrdU incorporation assays. Following a serum starvation period of 48 hours MCF7GDNF1 and MCF7-GDNF exhibited a larger proportion of BrdU positive cells compared to MCF7-VECTOR
control, 3.85±0.55 fold (P=3.2E-06) and 3.59±0.43 fold (P=1.4E-04) respectively (Figure 19A). Interestingly
no difference was visible between cell lines only after a period of 18 hours serum starvation (data not
presented). Furthermore BT549-GDNF1 and BT549-GDNF2 showed no difference in 5-bromo-2'-deoxyuridine
(BrdU) levels (Figure 19B). However, MDA-GDNF1 and MDA-GDNF2 recorded reductions of 43.3±1.9%
(P=1E-07) and 33.1±5.7% (P=2.7E-04) respectively in BrdU positive proportions compared to MDA-VECTOR
(Figure 19C).
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Using propidium iodide labelling of fixed cells, DNA content could be measured by flow cytometry to elucidate
the cell cycle distribution of the cell populations. Under 10% serum treatment only subtle changes (1-4% of
total population) were recorded. MCF7-GDNF1 and MCF7-GDNF2 exhibited a 43% and 11% increase in G2M phase and 6.5% and 5.5% increase in S-phase fractions respectively compared to MCF7-VECTOR (Figure
20A). BT549-GDNF1 and BT549-GDNF2 registered a 27% and 8% decrease in G2-M phase and no change
in S-phase proportions compared to BT549-VECTOR (Figure 20B). MDA-GDNF1 and MDA-GDNF2 registered
a 20% and 19% decrease in S-phase proportions and no change in G2-M phase relative to MDA-VECTOR
(Figure 22C). Upon 48 hours serum starvation, MCF7-GDNF1 and MCF7-GDNF2 exhibited substantial
increases in S-phase (approx 5 fold) and G2-M phase (almost 2 fold) fractions (Figure 20D). Similarly BT549GDNF1 and BT549-GDNF2 exhibited a 25% and 42% increase in G2-M phase compared to BT549-VECTOR
(Figure 20E) and so did MDA-GDNF1(12%) and GDNF2(18%). Both had only minimal decreases in S-phase
(Figure 20F). Transfection of MCF7 with anti-GDNF RNAi saw a 33% reduction in S-phase (Figure 20G). G0G1 and G2-M phases were not significantly modified. BT549 experienced a 15% decrease in G0-G1 and an
11.8% increase in G2-M phase (Figure 20H). Lastly MDA RNAi yielded a 16% larger S-phase and 33% smaller
G2-M phase compared to MDA CK control (Figure 20I).

The total cell number assay combines both proliferative and cell death rates under one measure. In 10% FBS
containing media no significant difference in MCF7-GDNF1 (P=0.18) total cell number versus MCF7-VECTOR
cell numbers was observed (Figure 21A). However, MCF7-GDNF2 produced a significant but minor decrease
in total cell number (14.4±4.4%, P=0.02) after 8 days. Surprisingly under serum free culturing conditions,
MCF7-GDNF1 and MCF7-GDNF2 exhibited a 2.59±0.06 fold (P=1.1E-04) and 2.13±0.03 fold (P=2.7E-04)
respective increase in total cell number counts compared to MCF7-VECTOR (Figure 21B).

An identical result was also achieved with BT549-GDNF1 (P=0.73) and BT549-GDNF2 (P=0.005) compared
to BT549-VECTOR (Figure 24C) in serum replete conditions (Figure 21C). However, under serum free
culturing the difference had resided (Figure 21 D). MDA-GDNF1 and MDA-GDNF2 on the other hand recorded
a 36.7±1.2% (P=9E-04) and 33.1±1.0% (P=3.3E-03) respectively decrease in total cell number after 8 days in
10% FBS culturing compared to MDA-VECTOR (Figure 21E). When switched into serum free medium
differences were of a similar decreasing magnitude; 24.8±5.2% (P=9E-04) and 36.8±3.9% (P=7.9E-03) (Figure
21F).

Interestingly transient depletion of endogenous GDNF RNA by siRNA had no effect on MCF7 total cell numbers
but reduced BT549 cell numbers by 22.2±1.2% (P=0.006) and MDA-MB-231 cell numbers by 75±2.8%
(P=2.42E-05) (Figure 22 A-C). All experiments were conducted in full serum conditions.
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Figure 19: Effects of GDNF forced expression on BrdU incorporation.
The BrdU assay was performed using a FITC conjugated anti-BrdU antibody to probe (A) MCF7-VECTOR or MCF7-GDNF1/2, (B)
BT549-VECTOR or BT549-GDNF1/2 and (C) MDA-MB-231-VECTOR , MDA-MB-231-GDNF 1/2 cells following a 48 hour serum
starvation period. Error bars represent ± 1 standard deviation. Statistical significant indicated by * P≤0.05;** P≤0.01; *** P≤0.001.
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Figure 20: GDNF regulates cell cycle progression in mammary carcinoma cells.
Cell cycle analysis of propidium iodide labelled, stable GDNF forced expressed mammary carcinoma cells (MCF7, BT549, MDA-MB231) and their respective VECTOR control cell lines after culturing in serum (A-C) and serum free conditions (D-F). And transiently
GDNF RNA depleted mammary carcinoma cells (MCF7, BT549, MDA-MB-231) (G-I) following a period of serum starvation.
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Figure 21: Effects of GDNF forced expression on total cell number.
Total cell number assays of (A,B) MCF7-GDNF1/2 (C,D) BT549-GDNF 1/2(E,F) MDA-MB-GDNF1/2 and their VECTOR controls under
serum and serum free conditions for 7 days. Error bars represent ± 1 standard deviation. Statistical significant indicated by * P≤0.05;**
P≤0.01; *** P≤0.001.
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Figure 22: Effects of endogenous GDNF RNA depletion on total cell number.
Total cell number assays of GDNF mRNA transiently depleted, by RNAi, (A) MCF7 (B) BT549 (C) MDA-MB-GDNF1/2 and their
VECTOR controls under serum conditions for 7 days. Error bars represent ± 1 standard deviation. Statistical significant indicated by *
P≤0.05;** P≤0.01; *** P≤0.001.

MTT assays were used to also asses the viability of the cell lines under particular growth conditions. Both
MCF7-GDNF1 and MCF7-GDNF2 exhibited a 57% increase in cell viability compared to VECTOR after 72
hours in serum free media (data not shown). On the other hand, treatment of MCF7 cells with rGDNF
(100ng/ml) only enhanced survival by 18.9% compared to controls over the same time frame.
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3.3.2

APOPTOSIS

Evading programmed cell death (apoptosis) is a mechanism that fuels tumour growth. Utilising the annexin-V/
propidium iodide apoptosis assay I investigated the effect of forced GDNF expression on apoptotic cell death.
This technique was able to distinguish between early and late stage apoptosis.

Forced expression of GDNF in all stable cell lines exhibited a tendency to increase total levels of apoptosis.
MDA-GDNF1 or MDA-GDNF2 showed no significant difference in either early stage (P=0.07), late stage
(P=0.07) or total apoptosis (P=0.19) compared to MDA-VECTOR (Figure 23E). BT549-GDNF1 and BT549GDNF2 both showed increases in late stage apoptosis relative to BT549-VECTOR from 6.95±0.07% to
10.3±1% (P=0.04) and 10.7±0.14% (P=8E-04) respectively (Figure 23C). Only BT549-GDNF2 translated this
into an overall increase in total apoptosis (P=0.02). Both MCF7-GDNF1 (P=0.02) and MCF7-GDNF2 (P=0.03)
demonstrated an increase in early stage apoptotic cells (Figure 23A). Similarly the percentage of cells in late
stage apoptosis were also significantly increased (P=0.03; P= 0.07). This translated into greater total apoptotic
cell levels of 16.79±0.13% for MCF7-GDNF1 (P=0.03) and 17.9±0.07% for MCF7-GDNF2 (P=0.009)
compared to MCF7-VECTOR (15.87±0.18%).

When wild type cell lines were depleted for GDNF mRNA by siRNA it resulted in significant increases in
apoptosis in all lines. Total MCF7 apoptosis was increased from 13.4±1.1% (MCF7 CK) to 20.7± 0.14% (MDA
RNAi; P=0.012) (Figure 23B). This was solely mediated by a significant increase (P= 0.02) in the percentage
of cells in late stage apoptosis from 8.6±0.99% to 14.75±0.78%. Likewise total apoptosis in MDA-MB-231 cells
transfected with anti-GDNF RNAi was enhanced from 4.85±0.2% to 9.5±0.57% (P=0.01) as a consequence of
matched statistically significant increases in the percentage of both early and late apoptotic cells, P=0.02 and
P=0.005 respectively (Figure 23D). Lastly transient transfection of BT549 with anti-GDNF RNAi saw dramatic
2 fold increase ( P=0.002) in early stage and a 1.66 fold increase ( P= 0.01) in total apoptosis compared to
negative control cells (BT549 CK) (Figure 23F).
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Figure 23: GDNF regulates apoptosis of mammary carcinoma cells.
Annexin V/ PI apoptosis assay using GDNF forced expressed stable cell lines (A) MCF7-VECTOR or MCF7-GDNF1/2, (C) BT549VECTOR or BT549-GDNF1/2, (E) MDA-MB-231-VECTOR or MDA-MB-231-GDNF 1/2 and GDNF RNA depleted (B) MCF7, (D)BT549
and (F) MDA-MB-231 wild type cells. Error bars represent ± 1 standard deviation. Statistical significant indicated by * P≤0.05;** P≤0.01;
*** P≤0.001.

3.3.3

EXPRESSION OF GROWTH MARKERS

To uncover the molecular determinants of the growth advantage readily detectable in the MCF7 stable cell line
populations by the aforementioned assays a quantitative real time PCR was performed on MCF7-GDNF1,
MCF7-GDNF2 and MCF7-VECTOR cells to detect mRNA levels of commonly deregulated proliferation and
apoptotic genes. I recorded consistent upregulations of CYCE1 (cyclin E1), TERT (catalytic unit of telomerase)
and VEGF (vascular endothelial growth factor) and downregulations of CFOS and p53 (Figure 24). I also
conducted a real time qPCR using RNA extracted from cells treated with serum deprived media for 48 hours.
Using the same panel of genes, similar expression changes were observed as I saw in cells under full serum
conditions (data not shown).
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Figure 24: mRNA expression profile of proliferation and apoptosis markers regulated by GDNF.
Real time qPCR analysis of key proliferation and apoptosis genes in (A) MCF7-GDNF1 and MCF7-GDNF2 cells relative to the control
cell line MCF7-VECTOR. Results are represented as fold changes in mRNA levels . i.e. -2 fold equals is the same as 50% down
regulated. Error bars represent ± 1 standard deviation. Statistical significance is indicated by * P≤0.05. , ** P≤0.01.

3.3.4

GROWTH IN THREE-DIMENSIONAL (3D) MATRIGEL

Three-dimensional growth in Matrigel provides a realistic in vitro model for assessing the in situ tumour growth
capability of single cells by embedding them in an ECM substitute. Cellular viability was measured by the
Alamar Blue assay. GDNF overexpression in MDA-MB-231 induced a 44±7.9% (P=0.002) and 35±15.7%
(P=0.028) suppression in cellular viability/ growth whereas MCF7-GDNF1 and -GDNF2 produced a significant
growth advantage of 1.5±0.08 fold (P=7E-04) and 1.42+0.03 fold (P=2E-04) over MCF7-VECTOR (Figure 25B,
D). However, BT549-GDNF1 or -GDNF2 exhibited no significant change in growth viability (Figure 25C).

Differences in spheroid morphology after culturing the stable cell lines in 3D Matrigel for a period of 10-15 days
were also evident (Figure 25A). Morphological differences were more pronounced in BT549 and MDA-MB-231
compared with the MCF7 stable cell lines. Both of the former produced irregular-shaped spheroids of a grape
type architecture which also tended to be slightly larger in size.
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Figure 25: Effects of GDNF on mammary carcinoma morphology and growth in 3D Matrigel.
(A) Representative light micrographs demonstrating differences in tumour morphology between stable GDNF overexpressing cell lines.
Images taken at x20 (left panels, bar represents 100µm) and x100 magnification (right panels, bar represents 20µm). (B-D)
Corresponding graphs measuring cell viability using the Alamar Blue assay. Error bars represent ± 1 standard deviation. Statistical
significant indicated by * P≤0.05;** P≤0.01; *** P≤0.001.

3.3.5

IN VIVO TUMOUR GROWTH

While in vitro modelling of GDNF’s oncogenic growth potential grants an initial insight, demonstrating these
traits in an in vivo environment provides further validation. To determine whether forced GDNF expression
enhances tumorigenicity in vivo I used a xenograft mouse model. This was performed by our collaborators at
the University of Science & Technology of China. Injection of MCF7-VECTOR, MCF7-GDNF1 or MCF7GDNF2 resulted in formation of palpable and measurable tumours in immunocompromised mice after a period
of one week. Significant differences in tumour volume between the cell lines were apparent at day 10 where
both MCF7-GDNF1 and MCF7-GDNF2-derived tumours were approximately 40% increased in size, (P =0.003
and P =0.003 respectively) compared to MCF7-VECTOR-derived tumours (Figure 26A). A significant
difference continued for the entirety of 6.5 weeks at which MCF7-GDNF1 and MCF7-GDNF2-derived tumours
were 41.2% (P =0.002) and 47.3% (P =1E-04) larger. I also assessed S-phase entry by determination of 5bromo-2'-deoxyuridine (BrdU) incorporation and apoptosis levels by TUNEL staining in tumour sections.
MCF7-GDNF1 and MCF7-GDNF2-derived tumours exhibited a 53.2% (P=1.8E-05) and 47.8% (P=3.2E-05)
greater S phase entry and a 20.1% (P=7E-04) and 22.6% (P=0.001 ) reduction in apoptotic nuclei respectively
compared to MCF7-VECTOR-derived tumours (Figure 26B,C).
Histopathological examination revealed MCF7-VECTOR cells yielded tumours of a grossly uniform size with
clearly delineated margins to the surrounding tissues. MCF7-GDNF1 and MCF7-GDNF2 tumours on the other

- 98 -

hand exhibited ill-defined margins to the surrounding tissues with evidence of local invasion into muscle and
neural tissue. I additionally observed areas of cells undergoing epithelial to mesenchymal transition (Figure
26D).

Figure 26: Forced GDNF expression promotes tumour growth in vivo.
MCF7-GDNF1, MCF7-GDNF2 and MCF7-VECTOR cells were injected into the mammary gat pad of athymic nude mice. (A) Tumor
volume was measured over 6.5 weeks post injection. (B) Evaluation of nuclear BrdU incorporation and (C) TUNEL-positive (apoptotic)
nuclei in MCF7-VECTOR and MCF7-GDNF1/2 xenografts. (D) Histological staining of representative tumour sections with hematoxylin
and eosin. Arrow indicates MCF7-GDNF1/2 tumor margins invading local muscle (m) and nerve tissue (n). Bar 40μm. Error bars
represent ± 1 standard deviation. Statistical significant indicated by * P≤0.05;** P≤0.01; *** P≤0.001.
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3.3.6

GDNF AND ANTI-CANCER DRUGS

Cell growth advantages may not be obvious unless cells are challenged or stressed, activating a tailored set
of survival systems. These are typically drug resistance mechanisms. To investigate whether forced GDNF
expression conferred any drug resistance to common chemotherapeutic and targeted therapeutic agents I
treated forced GDNF expressing cell lines with various pre-established dosages over a period of five days.
Day three results are presented in Figure 27 and Figure 28. Only MCF7 was treated with the anti-estrogen
agents as they are ER positive unlike BT549 and MDA-MB-231. Forced expression of GDNF in MCF7
consistently exhibited an increased sensitivity to all chemotherapeutics and anti-estrogen agents particularly
paclitaxel and cyclophosphamide (Figure 27A and Figure 28A,B). BT549 and MDA-MB-231 showed no
differences in drug response with the exception of BT549-GDNF1 and -GDNF2 which showed increased
sensitivity to cyclophosphamide treatment (Figure 27B and Figure 27C).

Figure 27: Dose response of mammary carcinoma cells overexpressing GDNF to cytotoxic drugs.
Treatment of stable GDNF overexpressing (A) MCF-7, (B) MDA-MB-231 and (C) BT549 cell lines and their respective VECTOR
controls with doses cytotoxic drugs Doxorubicin, Paclitaxel and Cyclophosphamide. Cell viability was measured after 72 hours using the
MTT assay.

- 100 -

Figure 28: Dose response of mammary carcinoma cells overexpressing GDNF to anti-estrogen drugs.
MCF7-VECTOR, MCF7-GDNF1, MCF7-GDNF2 cells were subjected to doses of (A)Tamoxifen and (B) Exemestane to establish their
resistance/ sensitivity to anti-estrogen drugs. Cell viability was measured after 72 hours using the MTT assay. (* P≤0.05;** P≤0.01; ***
P≤0.001 ).

3.4
3.4.1

GDNF AND METASTASIS
METASTATIC GENE EXPRESSION PROFILE

Whilst primary tumour growth can have deleterious effects, it is ultimately its metastasis to secondary organs
which leads to mortality. To provide an insight of metastatic potential I investigated the effect of autocrine
GDNF on the expression of common markers of cell motility, invasion and metastasis. This was performed by
real-time qPCR analysis on MCF7 and BT549 stable cell lines. In MCF7-GDNF1 and MCF7-GDNF2 I observed
notable upregulations in A-CAT (α-Catenin; P=), E-CAD (E-Cadherin), SERPINE1 (plasminogen activator
inhibitor type 1), MET, SNAIL, PLAUR (urokinase receptor), IL8 (interleukin 8) and FN1 (fibronectin) with these
latter two exhibiting at least a 6 fold increase. On the other hand PLAU (urokinase) and TWIST were both
significantly downregulated (Figure 29A). Deregulations in BT549-GDNF1 and 2 cell lines relative to the
VECTOR cell lines appeared to be less dramatic but deregulations included were SERPINE1, B-CAT (βCatenin), E-CAD and TWIST (Figure 29B). SERPINE1 was the most notable but did not record significance
due to high VECTOR variability (P=0.06). SLUG and SNAIL also recorded statiscal signifance although their
fold changes from VECTOR were less than 1.1 fold.
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Figure 29: mRNA expression profile of metastatic markers regulated by GDNF.
Real time qPCR analysis of key oncogenicity genes in (A) MCF7-GDNF1 and MCF7-GDNF2 cells relative to the control cell line MCF7VECTOR and (B) BT549-GDNF1 and BT549-GDNF2 cells relative to the control cell line, BT549-VECTOR. Results are represented as
fold changes in mRNA levels. i.e. -2 fold equals is the same as 50% down regulated. Error bars represent ± 1 standard deviation.
Statistical significance is indicated by * P≤0.05. , ** P≤0.01. Test cell lines (GDNF1 and GDNF2) are tested against control cell line.
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3.4.2

GDNF REGULATES CELL MOTILITY, MIGRATION AND INVASION

Next, I sought to functionally examine the in vitro metastatic behaviour of GDNF on mammary carcinoma cells.
Firstly, I assessed its effects on cell motility using a migration assay. Both MCF7-GDNF1 and MCF7-GDNF2
demonstrated a suppression of cell motility, a reduction of -55±11%(P=8.00E-04) and -65±3%(P=2.91E-05)
respectively, compared to MCF7-VECTOR (Figure 30A). Interestingly the effect of GDNF overexpression in
the ER negative cell lines, BT549 and MDA-MB-231, resulted in a marked increase in the number of cells that
migrated across the Transwell membrane compared to their respective vector control cell lines (Figure 30BC). BT549-GDNF1 exhibited a 1.48±0.09 fold (P= 4.12E-08) increase and BT549-GDNF2 a 1.54±0.16 fold
(P=5.09E-07) increase compared to BT549-VECTOR. Similarly MDA-GDNF1 and MDA-GDNF2 produced an
increase of 1.65±0.17 fold (P= 0.003) and 1.60±0.13 fold (P= 0.002) relative to MDA-VECTOR. Conversely in
all cases depletion of endogenous GDNF expression by transient transfection of anti-GDNF RNAi into either
MCF7, BT549 or MDA-MB-231 cells reversed the above motility effects i.e. increased MCF7 and suppressed
BT549 and MDA-MB-231 Transwell migration (Figure 30D-F).
I also examined the effects of GDNF on cell invasion by using the invasion assay which utilises Matrigel coated
Transwell membranes. Similarly MCF7-GDNF1 and MCF7-GDNF2 demonstrated a suppression of cell
invasion compared to their MCF7-VECTOR control. However, the size of this decrease was reduced,
compared to migration assay results, to -31 ±2.9% (P=0.004) and -54±2.9% (P=4E-04) respectively (Figure
30G). Similarly BT549-GDNF1 and BT549-GDNF2 cells promoted a significant increase in capacity to invade
through the Matrigel coated membrane as compared to BT549-VECTOR by 1.52±0.09 (P=0.002) fold and
1.45±0.05 (P= 8E-04) fold respectively (Figure 30H) . Similarly, a significant increase in invasion of MDAGDNF1 and MDA-GDNF2 compared to MDA-VECTOR cells of 1.38±0.18 fold (P=0.03) and 1.29±0.12 fold
(P=0.02) respectively was observed (Figure 30I).
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Figure 30: GDNF regulates cell migration and invasion.
Transwell migration assay of stable forced GDNF expression (A-C) and depletion of endogenous GDNF RNA by GDNF-specific Stealth
RNAi (D-F) in MCF7, BT549 and MDA-MB-231 cells. Invasion assay of stable forced GDNF expression in MCF7, BT549 and MDA-MB231 cells (G-I). Data are expressed as mean ± 1 standard deviation. Statistical significant indicated by * P≤0.05;** P≤0.01; *** P≤0.001.

Wound healing assays provide another method for investigating cell motility. Following wounding of confluent
monolayers, closure of the wounds was recorded by light micrographs at 0, 24, 48 and 72 hours. Whereas
MCF7-GDNF1 exhibited a minor reduction in wound healing rates (after 72 hours), BT549-GDNF1 and MDAGDNF1 saw an enhanced wound closure rate compared to their respective VECTOR controls (after 48 hours)
(Figure 31A). Not only did the invasive margins of the latter cells appear closer after 48 hours but there was
also a greater proportion of highly motile, single cells found away from the margins in the centre of the wounds.
GDNF2 in all cell lines recorded similar observations (data not shown). Conversely transient RNAi mediated
knocked of GDNF mRNA in BT549 and MDA-MB-231 cells resulted in a significant reduction in wound closure
compared to controls after 48hours (Figure 31B). Conducting wound healing assays on MCF7 RNAi cells
proved to be unsuccessful; as such these results are not reported.
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Figure 31: GDNF regulates wound healing in mammary carcinoma cells.
Wounds (approx 2mm wide) were made in confluent monolayer cultures, their healing was examined and photographed under light
microscopy over a 48 or 72 hours. Both (A) stable forced expression cell lines and (B) parental cells with transiently depleted GDNF
mRNA RNAi were assayed in reduced serum conditions.

The expression and activity of matrix metalloproteinases (MMPs) is an indicator of a cell’s invasive potential
due to their ability to mediate extracellular matrix remodelling. Therefore I investigated the expression and
activity of MMPs secreted from MCF7 and BT549 GDNF cell lines. Gelatin zymography was performed on
concentrated culture medium which has been conditioned by the cell populations. Both MMP2 (72KDa) and
MMP9 (92KDa) were readily detectable in all cell lines assayed (Figure 32A). However, the only discernable
difference was a minor increase in MCF7-GDNF1 and BT549-GDNF1 MMP9 gelatin degrading activity.
Samples were standardised using even cell seeding, media and concentration volumes.
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To explore this further I analysed the mRNA expression levels, by real time qPCR, of not only MMP2 and
MMP9 but also MT1-MMP, a membrane bound matrix metalloproteinase. MCF7-GDNF1 and MCF7-GDNF2
cells showed an increase in MT1-MMP (P<0.05) but particularly in MMP9 (P<0.05) mRNA levels compared to
VECTOR control (Figure 32B). BT549-GDNF1 cells also showed a marked increase (1.5 fold) in MMP9
(P<0.01) levels and a minor upregulation of MMP2 (Figure 32C).

Figure 32: Effect of GDNF on matrix metallo-proteinase activity and expression.
(A) Zymogram of MMP2 and MMP9 in MCF7-GDNF1/2, BT549-GDNF1/2 cells and their respective controls. (B,C) mRNA levels of
MT1-MMP, MMP2 and MMP9 in MCF7-GDNF1/2, BT549-GDNF1/2 cells and their respective controls as determined by real time
qPCR. Data are expressed as mean ± 1 standard deviation. Statistical significant indicated by * P≤0.05;** P≤0.01; *** P≤0.001.
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3.4.3

PARACRINE GDNF REGULATES MAMMARY CARCINOMA CELL CHEMOTAXIS

A critical component of metastasis and distinct from chemokinetically-driven cell motility is chemotaxis. GDNF
has a reported history of mediating cell motility by acting as a chemoattractant particularly in the formation of
the kidney. To investigate the ability of GDNF to act as a chemoattractant towards mammary carcinoma cells
I employed the chemotaxis co-culture migration assay methodology which replaces culture medium
supplemented with 10% fetal bovine serum as the chemoattractant with GDNF-conditioned serum free media
or recombinant GDNF (rGDNF).

Formerly rGDNF was applied to the lower chambers of Transwell migration chambers. MCF7, BT549 or MDAMB-231 were seeded on top of the membrane in the upper chamber and allowed to migrate in response to the
rGDNF chemoattractant. Whereas BT549 and MDA-MB-231 cells did not elicit any response to 100ng/ml
rGDNF, MCF7 cell motility was increased by 1.80±0.23 fold (P= 0.046) compared to VEHICLE control (Figure
33 A-C). A similar level of stimulation was also achieved with a lower dose of 10ng/ml of rGDNF (1.86±0.07
fold increase; P=0.009; data not shown). Secondly, MCF7-GDNF1, BT549-GDNF1, MDA-GDNF1 or
respective VECTOR control cell lines were seeded into the lower chamber of a Boyden chamber. Following
the conditioning of serum free media present in the lower chambers, wild type MCF7, BT549 or MDA-MB-231
cells were seeded respectively in the upper chambers and allowed time to migrate across the chamber
membrane in response to the established GDNF gradient. Surprisingly, MCF7 cells seeded in the MCF7-GDNF
chamber repeatedly achieved this 2.12±0.09 fold more than those in the MCF7-VECTOR chamber (P=2.9E05) (Figure 33D). However, this was not the case for BT549-GDNF1 or MDA-GDNF1 chambers which while
showed a small decrease in migrating cells this was not significant (Figure 33E,F). Lastly I sought to reverse
the above set-ups to confirm these observations by using Stealth RNAi for GDNF. Knock down of GDNF in
MCF7 cells, seeded in lower chambers, relative to CK negative controls resulted in lower numbers of migrating
cells (40.8±19% reduction, P=0.049 ) (Figure 33G). A similar response was seen when silencing GDNF mRNA
in BT549 cells (51±12% reduction, P=0.005) (Figure 33H). No significant differences in cell motility were
observed in transfected MDA-MB-231 cells (P=0.84) (Figure 33I).
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Figure 33: GDNF acts as a chemoattractant on mammary carcinoma cells.
Using the chemotaxis co-culture migration assay the chemoattractive potential of GDNF was investigated. (A-C) Recombinant GDNF
(100ng/ml) acted as the chemoattractive source in the lower chamber while MCF7, BT549 or MDA-MB-231 cells were seeded into the
upper chamber. Bovine serum albumin was used as the control/ vehicle. (D-F) Stable GDNF overexpressing cell lines provided the
chemoattractive source following a conditioning period. VECTOR cell lines acted as the control. In all cases MCF7, BT549 or MDA-MB231 cells were seeded into the upper chamber respectively. (G-I) Transient GDNF mRNA depletion using RNAi in mammary carcinoma
cells provided the chemoattractive source following a conditioning period. Transiently transfected negative control construct cells (CK)
acted as the control. In all cases MCF7, BT549 or MDA-MB-231 cells were seeded in the upper chambers respectively. Diagrams
presented at the base of each panel provide a visual reference of the experimental design. All assays were performed under serum free
conditions. Data are expressed as mean ± SD (** P≤0.01; *** P≤0.001 ).

To confirm that the GDNF source could be supplied from a different cell type, yet still attract the same cell lines
(i.e. MCF7), BT549-GDNF1 and MDA-GDNF1 (and their respective VECTOR cell lines) cells provided the
GDNF source while MCF7 cells were seeded in the upper chambers. In each case MCF7 exposed to the
gradient from the forced expressed GDNF cell line exhibited greater motility, 1.23±0.09 fold (P=0.02) and
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1.24±0.08 (P=0.03) for BT549-GDNF1 and MDA-GDNF1 respectively compared to their VECTOR controls
(Figure 34A, B). This system was reversed by replacing the GDNF forced expressing cell lines in the lower
chamber with either BT549 or MDA-MB-231 cells transfected with CK negative control or RNAi constructs.
MCF7 was seeded into the upper chamber again. This resulted in a reduced migratory response towards
chambers containing anti-GDNF RNAi transfected cell lines in their lower chambers; BT549 chemotaxis was
reduced by 62±16% (P=0.012)] and MDA-MB-231 was reduced by 57.5±11% (P=0.014) (Figure 34 C, D).

Figure 34: GDNF exhibits chemoattractive characteristics in mammary carcinoma cells.
Using the chemotaxis co-culture migration assay the chemoattractive potential of GDNF was investigated. (A) MCF7 cells were seeded
into the upper chamber while the lower was conditioned with (A) BT549-VECTOR or BT549-GDNF1 and (B) MDA-VECTOR or MDAGDNF1 cells. MCF7 cells seeded into the upper chamber and (C) BT549 or (D) MDA-MB-231 transiently transfected with anti-GDNF
RNAi oligo (RNAi) or negative control construct (CK) were seeded into the lower chamber. Diagrams presented at the base of each
panel provide a visual reference of the experimental design. Data are expressed as mean ±SD (* P≤0.05).

To further explore this potential chemotaxic function several more combinations, with modified source of GDNF
and responding cells, were evaluated. ZR751 cells elicited a positive response to a GDNF gradient, provided
by MCF7-GDNF1 versus MCF7-VECTOR cells. This resulted in a 1.6±0.13 fold (P=0.002) increase in migrated
cells (Figure 35A). I also investigated whether BT549 or MDA-MB-231 would respond to a gradient supplied
by MCF7-GDNF1 however this proved to be insignificant, P=0.26 and P=0.73 respectively (Figure 35B, C).
Lastly I observed that MCF7 cells depleted in GDNF mRNA and subjected to a MCF7-GDNF1 chemoattractive
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gradient resulted in a 1.66±0.12 fold (P=0.008) increase in the number of migrated cells compared to CK
negative control transfected MCF7 cells subjected to the same gradient i.e. MCF7-GDNF1 (Figure 35D).

Figure 35: GDNF induces chemoattractive behaviour in mammary carcinoma cells.
Using the chemotaxis co-culture migration assay the chemoattractive potential of GDNF was investigated. (A) ZR751, (B)BT549, or
(C)MDA-MB-231 cells were seeded into the upper chamber, MCF7-VECTOR or MCF7-GDNF1 cells into the lower. (B) MCF7 cells were
seeded in the upper chamber, BT549-VECTOR vs. GDNF1 cells into the lower. (C) MDA-MB-231 cells were seeded in the upper
chamber, MCF7-VEC vs. GDNF1 cells into the lower. (D) MCF7 transiently transfected with anti-GDNF RNAi or negative control
construct (CK) were seeded into the upper chamber while only MCF7-GDNF1 cells were seeded into both lower chambers. Diagrams
presented at the base of each panel provide a visual reference of the experimental design. Data are expressed as mean ± SD
(**P≤0.01; *** P≤0.001 ).

3.4.4

GFRΑ1 CO-RECEPTOR ISOFORMS REGULATES CELL MIGRATION

GFRα1 has two protein isoforms; a long form (GFRα1A) and short form (GFRα1B), differing only by a stretch
of 5 amino acids lacking in GFRα1B. The two isoforms have both been reported to direct cellular functions
differentially and in some cases completely opposing each other e.g. in cell motility or neuronal outgrowth.
GFRα1 isoform specific effects have yet to be investigated in the context of mammary carcinoma and to date
only GFRα1A has been used by default in studies. In addition isoform specific effects could provide
mechanistic reasoning behind the differential effects of GDNF in different mammary carcinoma cell lines
reported earlier.
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Firstly, I investigated the mRNA expression of GFRα1 isoforms in a panel mammary carcinoma cell lines
(Figure 36). Interestingly BT549 was the only ER negative and highly invasive cell line that demonstrated high
expression levels of both GFRα1 isoforms. Individually GFRα1A and B expression was undetectable in MDAMB-231 and HCC202 cells. All ER positive cell lines expressed both isoforms, MCF7 expressing the highest
levels and ZR751 the lowest. Densitometry analysis enabled us to measure the ratio between isoforms. This
was also different across our cell line panel. In order of highest isoform A: isoform B ratio, MCF7, BT474 >
T47D>BT549>> ZR751.

Figure 36: GFRα1 isoform mRNA expression in mammary carcinoma cells.
mRNA expression levels of GFRα1 isoforms A and B in a panel of mammary carcinoma cell lines was determined by semi-quantitative
RT-PCR. β-actin was used as a loading control.

Because GFRα1 is an estrogen regulated gene I was interested to know how isoform levels were altered in
response to estradiol treatment. RT-PCR analysis of RNA extracted from MCF7 cells treated with 50nM
estradiol for 72 hours provided no significant differences between changes in isoforms expression (i.e. change
in GFRα1A expression versus a change in GFRα1B). LIkewise, within each isoform no differences were
evident when comparing samples taken at t=72 hours versus t=0 hours (Figure 37).

Figure 37: The effect of E2 on GFRα1 isoform expression.
MCF7 cells were treated with 50nM of E2 for a period of 72 hours. mRNA expression of GFRα1 isoform A and B was analysed by
RTPCR. β-Actin was used as a loading control

To assess the effect of GFRα1 isoforms on cell motility I established stable cell lines that forced expressed
either GFRα1A or GFRα1B in the GDNF forced expressed cell lines, MDA-GDNF1, BT549-GDNF1 and MCF7GDNF1. For simplicity only GDNF1 and not GDNF2 overexpressing stable cell lines were used for stable
GFRα1 isoform cell line generation. The respective vector control cell lines (MDA-VECTOR, BT549-VECTOR
and MCF7-VECTOR) were also stably transfected with an empty pIRESpuro-VEC mammalian expression
construct. Alongside these X-VECTOR-VEC (where X is MCF7, BT549 or MDA-MB-231) cell lines a further
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control empty vector was transfected into the GDNF1 overexpressing cell lines. The resulting cell lines were
designated MDA-VECTOR-VEC, MDA-VECTOR-GFRα1A, MDA-VECTOR-GFRα1B, MDA-GDNF1-VEC,
MDA-GDNF1-GFRα1A, MDA-GDNF1-GFRα1B, BT549-VECTOR–VEC, BT549-VECTOR–GFRα1A, BT549VECTOR–GFRα1B , BT549-GDNF1-VEC,

BT549-GDNF1-GFRα1A, BT549-GDNF1-GFRα1B, MCF7-

VECTOR-VEC, MCF7-VECTOR-GFRα1A, MCF7-VECTOR-GFRα1B, MCF7-GDNF1-VEC, MCF7-GDNF1GFRα1A and MCF7-GDNF1-GFRα1B (Refer to Table 4). Confirmation of forced GFRα1A or GFRα1A B
expression was confirmed by RT-PCR and Western blotting of cell lysate (Figure 38A-C). I then examined the
effect this forced expression of GFRα1A or GFRα1B on the motility of mammary carcinoma cells using the
migration assay.

Figure 38: GFRα1 isoform expression effects mammary carcinoma cell motility.
(A-C) Confirmation of stable GFRα1A or GFRα1B mRNA and protein overexpression by RT-PCR and Western blot respectively in
GDNF overexpressing or VECTOR control cells. (D-F) Migration assay of GFRα1A or GFRα1B overexpressing MCF7-GDNF1, BT549GDNF1, MDA-MB-231-GDNF1 cells and their respective control cell lines. Data is expressed as mean fold differences relative to non
GDNF transfected VEC control ± fold SD. Statistical analysis was determined by one-way ANOVA. Bars marked with a different letter to
another bar indicate statistically significant means (P<0.05). β-actin was used as a loading control.
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MCF7-VECTOR cells overexpressing GFRα1A exhibited 17±0.05% decreased cell motility compared to
MCF7-VECTOR-VEC (P=0.035) (Figure 38D). MCF7-VECTOR-GFRα1B on the other hand demonstrated no
significant difference (P=0.21). MCF7-GDNF1-VEC migrated 22±3.2% less than MCF7-VECTOR-VEC
(P=0.012). MCF7-GDNF1-GFRα1A migrated 34.2±6.6% less than MCF7-GDNF1-VEC (P=0.002) and
38±6.2% less than MCF7-VECTOR-GFRα1A (P=0.001). Conversely 1.26±0.04 fold more MCF7-GDNF1GFRα1B cells migrated across the Transwell membrane than MCF7-GDNF1-VEC (P= 0.001) but showed no
difference compared with MCF7-VECTOR-GFRα1B cell numbers (P=0.17).

Relative to the BT549-VECTOR-VEC control cells line, BT549-VECTOR-GFRα1A showed no significant
difference in migrated cells (P=0.059) but BT549-VECTOR-GFRα1B increased motility by 1.27±0.05 fold
(P=0.007) (Figure 38E). BT549-GDNF1-VEC cells were 2.1±0.08 fold more motile compared to BT549VECTOR-VEC (P=6.8E-05). BT549-GDNF1-GFRα1A produced a 28.9±6.1% decrease compared to BT549GDNF1-VEC (P=4E-04) but was still 1.5± 0.03 fold greater than BT549-VECTOR-VEC (P=8E-05). BT549GDNF1-GFRα1B did not show any significant difference (P= 0.98) compared to BT549-GDNF1-VEC but still
had 2.1±0.33 fold (P=0.005) more migrated cells compared to BT549-VECTOR-VEC.
MDA-GDNF1-VEC maintained its motility advantage over the non GDNF overexpressing control, MDAVECTOR-VEC by 1.36±0.09 fold (P=0.003) (Figure 38F). Introduction of stable GFRα1A forced expression
resulted in a 45±1.7% reduction (P=8.3E-06) in cell migration compared to MDA-VECTOR-VEC. MDA-VECGFRα1B had the same effect albeit only a 8.4±2.3% reduction (P=0.01) Compared to MDA-GDNF1-VEC
overexpression of GFRα1A induced a 33.1±11% (P=0.01) decrease in migrated cells. This reduction bought
migration levels down to be comparable with all MDA-VECTOR cell lines (P=0.36). A similar effect was seen
with MDA-GDNF1-GFRα1B which displayed 43.5±1.7% less migrated cells compared to GDNF1-VEC control
(P=9.2E-06) but was significantly 8.7±2.7% (P=0.01) less than MDA-VECTOR-VEC overall.

To confirm these observations isoforms specific GFRα1 mRNA depletion, by plasmid derived siRNA, studies
were performed. Note these studies could not be performed on MDA-MB-231 cells because there was not
significant GFRα1A or GFRα1B endogenous expression.
Cell lines stably transfected with the appropriate GFRα1 siRNA construct were generated by similar means as
the above forced GFRα1expression cell lines. The resulting second generation cell lines were designated
MCF7-VECTOR-CK, MCF7-VECTOR-siGFRα1A, MCF7-VECTOR-siGFRα1B, MCF7-GDNF1-CK, MCF7GDNF1-siGFRα1A and MCF7-GDNF1-siGFRα1B, BT549-VECTOR–CK, BT549-VECTOR–siGFRα1A,
BT549-VECTOR–siGFRα1B, BT549-GDNF1-CK, BT549-GDNF1-siGFRα1A and BT549-GDNF1-siGFRα1B.
To verify GFRα1A and GFRα1B mRNA silencing RT-PCR and Western blotting of cell lysates was performed
(Figure 39A,B). However, mRNA silencing effects could only be detected at the protein level.
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Next, I examined the effect of endogenous GFRα1A or GFRα1B depletion on the motility of mammary
carcinoma cells using the migration assay.

Silencing of GFRα1A or GFRα1B in MCF7-VECTOR cells saw a reduction of 26.7±12% (P=0.09) and
40.4±14.8% (P=0.04), compared to MCF7-VECTOR-CK. MCF7-GDNF1-CK maintained its motility
disadvantage over the non GDNF overexpressing control, MCF7-VECTOR-CK by exhibiting a 38.6±6.2%
(P=0.02) decrease. More importantly silencing of GFRα1A in MCF7-GDNF1 cells resulted in a 1.44 ± 0.17 fold
(P=0.02) increase in cell migration compared to MCF7-GDNF1-CK cells whereas silencing of GFRα1B had no
effect (P=0.33). There was also no significant difference between MCF7-VECTOR- GFRα1A and MCF7GDNF1- GFRα1A (P=0.18) or MCF7-VECTOR- GFRα1B and MCF7-GDNF1- GFRα1B (P=0.45) (Figure 39C).

Silencing of GFRα1A in BT549-VECTOR, resulted in a 1.32±0.12 fold (P= 0.01) increase in migration
compared to BT549-VECTOR–CK. This meant it was at comparable levels to the BT549-GDNF1-CK cell line
(P=0.37). Similarly BT549-GDNF1-siGFRα1A migrated 1.24±0.09 (P=0.03) fold more relative to its control,
BT549-GDNF1-CK. On the other hand silencing of GFRα1B in BT549-VECTOR or BT549-GDNF1 did not
result in a significant change compared to BT549-VECTOR–CK (P= 0.76) and BT549-GDNF1-CK (P=0.06)
respectively.

Differences between siGFRα1A and siGFRα1B stables were significant in both VECTOR

(P=0.01) and GDNF1 (P=0.002) cells. GDNF1 expressing cells continued to display their motility advantage
over their respective non GDNF overexpressing controls. BT549-GDNF1-CK migrated 1.42±0.12 fold more
compared to BT549-VECTOR–CK (P=0.004), BT549-GDNF1-siGFRα1A migrated 1.33±0.09 fold more
relative to BT549-VECTOR–siGFRα1A (P=0.01) and BT549-GDNF1-siGFRα1B migration was higher
1.25±0.05 fold higher than BT549-VECTOR–siGFRα1B cells (P=0.004) (Figure 39D).
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Figure 39: RNAi silencing of GFRα1 isoform expression effects mammary carcinoma cell motility.
(A,B) Confirmation of stable depletion of endogenous GFRα1A or GFRα1B mRNA and protein by RT-PCR and Western blot
respectively in GDNF overexpressing or VECTOR control cells. (C,D) Migration assay of GFRα1A or GFRα1B depleted MCF7-GDNF1,
BT549-GDNF1 cells and their respective control cell lines. Data is expressed as mean fold differences relative to non GDNF transfected
VEC control ± fold SD. Statistical analysis was determined by one-way ANOVA. Bars marked with a different letter to another bar
indicate statistically significant means (P<0.05). β-actin was used as a loading control.
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3.4.5

MECHANISMS OF GDNF DIRECTED CELL MOTILITY

To investigate potential molecular mediators of GDNF-induced cell motility I analysed the protein expression
of several proteins previously indicated as being induced by GDNF (refer to Introduction).Western blot analysis
uncovered an increase in β-Catenin protein in all GDNF overexpressing cell lines compared to their VECTOR
control (Figure 40). MCF7-GDNF1 and MCF7-GDNF2 had reduced levels of MET, whereas both BT549GDNF1/2 and MDA-GDNF1/2 had increased levels. AKT was found to be down regulated in MCF7-GDNF cell
lines but upregulated in MDA-GDNF1/2 and BT549-GDNF1/2 compared to their respective VECTOR cell lines
all forced GDNF expressed cell lines. p65 (or RELA is component of the most common NFкβ complex) was
increased in MCF7-GDNF1 and MCF7-GDNF2 compared to MCF7-VECTOR as was it for BT549 stable cell
lines. MDA-GDNF1 and MDA-GDNF2 p65 levels did not change.

Figure 40: GDNF directed migration may be regulated by AKT.
Western blot analysis of suspected GDNF-directed motility mediators ( AKT, RET, MET, p65, β-catenin) in MCF7-VECTOR, MCF7GDNF1/2, BT549-VECTOR, BT549-GDNF1, MDA-MB-231-VECTOR and MDA-MB-231-GDNF1/2.
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Figure 41: AKT but not MET regulates GDNF directed BT549 cell migration.
Migration of BT549-VECTOR and BT549-GDNF1 cells with treatment of pathway inhibitors for AKT and MET. Data are expressed as
mean +/- SD (* P≤0.05;** P≤0.01; *** P≤0.001 ).

The implication of the AKT pathway in GDNF direction cell motility was further confirmed by using the AKT
inhibitor PH588542 (Sigma CAT#) in migration assays. This inhibitor blocks AKT phosphorylation/activation by
targeting the ATP binding site of a kinase upstream of AKT, but downstream of PI3K. The dose used was
predetermined by colleagues who have previously conducted similar experiments with the same inhibitor and
parental cell line. A dose of 10µM was used along with a VEHICLE control. At this dose there was a significant
reduction (17%, P=7E-04) in the migration of BT549-GDNF1 cells treated with PH588542 as compared to BT549GDNF1 treated with the VEHICLE (Figure 41A). Compared to VEHICLE treated BT549-VECTOR, PH588542
treated BT549-GDNF1 still maintained a 1.25±0.12 fold migration advantage (P=9E-04). Interestingly the
inhibitor did not decrease basal level of BT549 migration and treatment of BT549-GDNF1 with PH588542
simply returned migration levels to this basal level.

Because I observed an upregulation of the MET protein in the BT549-GDNF cell lines and MET is a known
mediator of cell motility I also examined whether or not it was playing a role in GDNF stimulated migration.
PHA665752 is a selective and ATP-competitive inhibitor of MET kinase. The effective dose was determined
by dose response analysis by MTT assay. No significant difference in cell viability was detected between the
two cell lines, BT549-VECTOR and BT549-GDNF1. More so concentrations <1 µM only resulted in an approx
maximum 25% reduction in cell viability over a 24 hour period (data not presented). Greater than 10µM
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PHA665752 all cell activity was ceased so for the migration assay I used 1µM PHA665752. Inhibitor treatment
failed to significantly reduce the migration of BT549-VECTOR or BT549-GDNF1 cells little lone abrogate the
migration advantage imposed by GDNF (Figure 41B).

While the above data provided some insight into how GDNF was mediating its migration function, further insight
was sought to elucidate how GFRα1 was effecting cell migration.

Firstly I sought to analyse the mRNA expression changes in AKT, MET and SERPINE1 genes by real time
qPCR between MCF7-GDNF1-VEC and MCF7-GDNF1-GFRα1A. Therefore I could potentially elucidate the
underlying mechanism of GFRα1A regulated cell motility in mammary carcinoma cells. I decided to use only
GFRα1A cells as it demonstrated more consistent functionality compared to GFRα1B.

All GDNF1-GFRα1A overexpressing cells lines exhibited lower AKT levels (less so in BT549) compared to
GDNF1-VEC cells (Figure 42A-C). MET was upregulated in MCF7-GDNF1-GFRα1A, no change in BT549
cells and minor down regulation in MDA-GDNF1-GFRα1A compared to their respective VEC cell lines.
SERPINE1 was upregulated in MCF7-GDNF1-GFRα1A (1.5 fold) and BT549-GDNF1-GFRα1A (3.2 fold)
compared to their respective VEC controls. Conversely MDA-GDNF1-GFRα1A had reduced (3 fold
downregulated) SERPINE1 mRNA levels compared to MDA-GDNF1-VEC.
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Figure 42: Expression changes in AKT, MET and SERPINE1 induced by GFRα1A overexpression in mammary carcinoma cells.
mRNA expression analysis of AKT, MET and SERPINE1 by real time qPCR in MCF7-GDNF1(G1)-GFRα1A, BT549-GDNF(G1)GFRα1A, MDA-GDNF(G1)-GFRα1A cells compared to GDNF1(G1)-VEC controls. Data are expressed as mean +/- SD (* P≤0.05;**
P≤0.01; *** P≤0.001 ).

RhoA has previously been identified as not only a downstream regulator of GDNF directed motility but also a
regulatory element that distinguishes between the actions of GFRα isoforms (446-448). I wanted to investigate,
in the context of mammary carcinoma, whether GFRα1 isoforms were acting through this pathway in order to
manifest their migratory actions. Western blot analysis on GFRα1 stable cell lines for RhoA yielded the results
in Figure 43.

Firstly overexpression of GDNF in MCF7 cells lead to a significant increase in RhoA protein levels. Secondly
overexpression of either GFRα1A or GFRα1B resulted in a decrease of RhoA protein levels. Conversely
BT549-GDNF1 cells recorded a significant decrease in RhoA relative to BT549-VECTOR as did MDA-GDNF1
and MDA-VECTOR respectively. Like in MCF7, upon overexpression of GFRα1 A or B isoform in either cell
line, once again this led to a decrease in RhoA levels.
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Figure 43: GDNF and GFRα1 modulates RhoA expression.
RhoA protein level analysis by Western blot of GDNF and GFRα1 (either A or B) overexpressing MCF7, BT549 , MDA-MB-231 cells and
their respective controls.

3.4.6

AUTOCRINE GDNF STIMULATES METASTASIS IN-VIVO

To further assess the role of autocrine/paracrine GDNF secreted from mammary carcinoma cells in metastasis,
a tail vein injection xenograft was performed. This was performed by our collaborators at the University of
Science & Technology of China. This allowed us to study cancer metastasis as the intravenous injection
introduced the tumour cells into the blood circulation. After a period of four weeks, mice were euthanized, their
lungs were excised and analysed for the presence of metastases. Tissue slices taken from the lung were
analysed for the presence of micro/metastatic colonies. BT549-GDNF1 and BT549-GDNF2 injected mice
exhibited a greater number of colonies per tissue slice, 2.29±0.76 fold (P=0.01) and 2.14±0.1.07 fold (P=0.04)
respectively compared to BT549-VECTOR control mice (n=7) (Figure 44A). Additionally, whereas all lung
tissue sections from BT549-GDNF1 and BT549-GDNF2 mice yielded at least 1 foreign colony, two sections of
BT549-VECTOR mice lungs were without any. Semi-quantitative RT-PCR of tissue sections containing
metastases demonstrated an expression of human hypoxanthine-guanine-phosphoribosyltransferase
(hHPRT). This confirms that metastases were derived from our injected carcinoma cells (Figure 44B).
Furthermore using mouse 18SrRNA levels to control for total RNA, lung tissue mRNA taken from BT549GDNF1 and BT549-GDNF2 mice exhibited significantly higher levels of hHPRT compared to BT549-VECTOR
mice. Visual observation of light micrographs of haematoxylin and eosin stained lung tissue sections revealed
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that BT549-GDNF1 and BT549-GDNF2 derived tumours were larger in size compared to BT549-VECTOR
(Figure 44C).

Figure 44: GDNF overexpression stimulates metastasis in vivo.
Analysis of lung metastases from mice (n=7) tail vein-injected with BT549-VECTOR, BT549-GDNF1 or BT549-GDNF cells. (A) Number
of micrometastases per lung section. (B) hHPRT expression in lung tissue quantified by qRT-PCR using mouse 18S rRNA as a control.
(C) Light micrographs of haematoxylin and eosin stained lung tissue sections at x40 and x100 magnification respectively. (* P≤0.05;**
P≤0.01; *** P≤0.001).

3.4.7

GDNF REGULATES ANCHORAGE INDEPENDENT GROWTH

Suspension in the lymph or blood fluids requires that disseminating tumour cells can survive a period of
detachment until re-colonisation can occur. In vitro this can be assessed by their ability to survive and grow in
semi-soft agar or culture medium suspensions.
3.4.7.1

Soft Agar Cell Viability

The assay was performed on the test cell lines under 10% and 5% FBS conditions. Complete serum
deprivation resulted in very limited cell survival, undetectable by metabolic means (data not shown). Cell
viability in the soft agar assay was determined by combining with the Alamar Blue assay.

Forced expression of GDNF in MCF7 cells under full serum conditions resulted in a decrease, 30±7% (P=0.01)
and 30±12% (P=0.03), in soft agar cell viability with both isoforms compared to MCF7-VECTOR (Figure 45A).
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However, this differenced was eliminated when serum levels were dropped to 5%. Conversely no difference
in soft agar colony forming ability was found when assaying BT549-GDNF1 or BT549–GDNF2 at full serum
conditions but under 5% serum these cell lines expressed 30±7% (P=0.01) and 30±12% (P=0.03) decreases
in colony formation compared with VECTOR (Figure 45 B). MDA-GDNF1 and MDA-GDNF2 on the other hand
exhibited significant increases in colony formation in both serum, 1.68±0.04 fold (P=2.5E-05) and 1.77±0.17
fold (P=3.7E-05), and serum free conditions, 2.87±0.09 fold (P=6E-09) and 3.32±0.12 fold (P=1.3E-09)
respectively (Figure 45C). All RNAi soft agar assays were conducted under full serum conditions. RNAi
transfection of MCF7 produced a small but significant increase in soft agar colony viability of 1.25±0.03 fold
(P=3.5E-05) (Figure 45D). BT549 transfected with anti-GDNF RNAi on the other hand resulted in an 80±2.8%
decrease (P=6.6E-18) compared to BT549 CK (Figure 45E). MDA RNAi also saw a significant reduction of
51±5.1% (P=1.4E-08) in cell viability (Figure 45F).
3.4.7.2

Growth in Suspension Culture

Stable forced expression of GDNF1 and GDNF2 in MCF7 promoted a 1.96±0.05 (P=0.001) fold and 1.81±0.03
(P=0.002) fold increase in the total number of cells proliferating as suspended colonies in a suspension culture
assay, compared to MCF7-VECTOR (Figure 46A). No differences in total cell number were observed in BT549GDNF1 or BT549-GDNF2 compared to BT549-VECTOR (Figure 46B). MDA-MB-231 cells overexpressing
GDNF demonstrated a reduction of 56.2±5.5% (MDA-GDNF1, P=0.02) and 32.2±3.5% (MDA-GDNF2,
P=0.008) compared to MDA-VECTOR (Figure 21C). Silencing of GDNF mRNA by RNAi in MCF7 saw a slight
but significant 10±7% increase (P=0.04) relative to MCF7 CK (Figure 46D). Transfection of both BT549 (Figure
46E) and MDA-MB-231 (Figure 46F) with RNAi resulted in a 65.6±2.1% (P=1.26E-05) and 62.8±3.6% (P=2E04) decrease in suspended cell numbers respectively compared to their negative CK controls. All suspension
culture assays were conducted in full serum conditions for seven days.
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Figure 45: Effects of GDNF on mammary carcinoma cell soft agar colony formation.
Stable forced GDNF expression in MCF-7 (A), MDA-MB-231 (C) and BT549 (E) cells were assayed for their ability to grow in anchorage
independent conditions using the soft agar assay under 10% and 5% serum conditions. Transient GDNF RNA depletion in MCF-7 (A),
MDA-MB-231 (C) and BT549(E) cells achieve by RNAi and were assayed by the soft agar assay under 10% serum conditions. (D) Light
micrographs of representative wells/ fields of soft agar assays (A, C, E - 10% Serum) at day 5. Bar represents 50µm. (* P≤0.05;**
P≤0.01; *** P≤0.001).
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Figure 46: Effects of GDNF on suspended growth capability of mammary carcinoma cells.
Cell viability measured by Alamar Blue assay of (A)MCF7-GDNF (B) BT549-GDNF (C) MDA-MB-231-GDNF and GDNF-RNAi
transiently transfected (D) MCF-7, (E)BT549, (F) MDA-MB-231 cells with their respective controls in suspension culture after 7 days. (G)
Representative light micrographs of stable GDNF overexpression cells in suspension culture after 7 days. (* P≤0.05;** P≤0.01; ***
P≤0.001). All assays in full serum conditions.
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3.4.8

GDNF REGULATES MAMMARY CARCINOMA CELL MORPHOLOGY

Alterations in cell morphology are one of the more easily distinguishable traits of highly motile or invasive cells.
Previously, changes in morphology were detected during culture in 3D Matrigel as a result of forced GDNF
expression. By utilising FITC-phalloidin staining to visualise F-actin filaments under immunofluorescence
microscopy, this provided another assay to assess changes in cellular morphology. MCF7-GDNF1 and MCF7GDNF2 cell populations were shown to be composed of larger and less tightly packed cells with more distinct
borders, brick-like architecture and larger cytoplasm: nucleus ratio compared to MCF7-VECTOR (Figure 47,
top panel). BT549-GDNF1 and -GDNF2 cells demonstrated a more invasive phenotype with more cells
adopting a spindle shape morphology and exhibiting less cell to cell contacts compared to their VECTOR
control (Figure 47, middle panel). MDA-GDNF1 and -GDNF2 exhibited no significant morphology differences
compared to MDA-VECTOR (Figure 47, bottom panel).

Figure 47: GDNF alters mammary carcinoma cell morphology.
Hoechst 33258 staining of nuclear DNA (blue) and immunofluorescent detection using fluorescein conjugated dye of F-Actin bound
phalloidin (green), observed under an inverted fluorescent microscope. Bar represents 20µm.
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3.5

GDNF EXHIBITS ANGIOGENIC CHARACTERISTICS

Angiogenesis is responsible for fuelling tumour growth and cell dissemination. Thus molecules which drive the
provision of additional blood vessels to the tumour can also indirectly regulate these two characteristics.
3.5.1

THE GDNF PATHWAY IS PRESENT IN ENDOTHELIAL CELLS

To model angiogenic activity in vitro I used the immortalised, non transformed cell line HMEC1, human
microvascular endothelial cells. To delineate any potential role GDNF or the GDNF family may have in
angiogenesis I sought to measure the mRNA expression of molecules that compose the GDNF signalling
complex i.e. GDNF, GFRα1, GFRα2, GFRα3, GFRα4 and RET, in the HMEC1 cell line. RT-PCR demonstrated
that all components except GFRα4 were present in the HMEC1 cell line (Figure 48).

Figure 48: The GDNF pathway is present in endothelial cells.
Semi-quantitative RT-PCR of GDNF, GFRα1-4 and RET in HMEC-1 cells.

3.5.2

GDNF REGULATES ANGIOGENIC ACTIVITY IN ENDOTHELIAL CELLS

HMEC1 cells were treated with either recombinant GDNF (rGDNF) or BSA control over a 5 day period to
assess the effect of exogenous GDNF on cell survival under serum conditions. Cell viability was assessed
using the MTT assay. rGDNF treated cells demonstrated a small but significant increase (20%) in survival,
indicating a greater number of HMEC1 cells were present compared to the BSA treated cells (Figure 49D). No
difference was found between the two concentrations of rGDNF used; 10ng/ml and 100ng/ml.

Using Hoechst 33342 staining of chromatin condensation the apoptosis levels of HMEC1 cells stimulated by
recombinant GDNF (rGDNF) over a period of 48 hours was also analysed. Apoptosis was induced by depletion
of serum in the culture media. It was observed that there were a lower percentage of condensed and brightly
fluorescent nuclei, indicating apoptosis, in wells containing HMEC1 cells treated with rGDNF (Figure 49 E, F).
It was also noted that this effect was dose dependent given that 100ng/ml of rGDNF was significantly (P=3E05) lower than 10ng/ml treated HMEC1 cells (a 9±5.2% versus a 38±3.5% decrease in apoptotic nuclei relative
to BSA control). To control for total protein/ well this was kept constant through the addition of BSA (e.g.
10ng/ml of rGDNF+ 90 ng/ml rBSA).

Utilising a chemotaxis co-culture migration assay MCF7-VECTOR or MCF7-GDNF1 cells were seeded into
the lower chamber of a companion plate and allowed to condition a volume of serum free media before
introducing HMEC1 cells on top of the membrane in the upper chamber and incubating for a period of 48hours.
The number of HMEC1 cells that migrated to the underside of the Transwell membrane was significantly
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reduced in the MCF7-GDFN1 chamber relative to the MCF7-VECTOR chamber by 37±5.4% (P=5E-04)
(Figure 49 G,H).

Endothelial cells retain the ability to form three-dimensional capillary-like tubule structures on the matrix rich
basement membrane extract, Matrigel, and thus can be used as a substrate to model angiogenesis in vitro.
The formation of these tubes is commonly used as a measure of angiogenic potential. To determine the effect
of paracrine GDNF secreted from mammary carcinoma cells on endothelial cell tube formation in vitro, I
conducted a tube formation assay with HMEC-1 cells co-cultured with either MCF7-GDNF1 or MCF7-VECTOR
cells. HMEC-1 cells in the MCF7-GDNF1 chamber cells exhibited a significantly increased amount of total
tubules (1.4±0.27 fold, P=2E-04) compared with HMEC-1 cells co-cultured with MCF7-VECTOR cells (Figure
49A). Conversely, there was no difference between the chambers in terms of average HMEC1 tubule length
(Figure 49B, C).

Figure 49: GDNF exhibits angiogenic behaviour
Tube formation assay using HMEC-1 treated with conditioned media from MCF7-VECTOR or MCF7-GDNF cells and analysed for (A)
tube number and (B) tube length; (C) Light micrograph of tube formation assay, bar represents 100µm. HMEC-1 treated with
recombinant GDNF for 24 hours and assayed for (D) survival by MTT assay and (E,F) cell death by apoptosis assay, bar represents
100µm. (G) Chemotaxis co-culture migration assay of HMEC-1 cells using a GDNF source (H) Image of Transwell insert following 14
hours incubation, bar represents 100µm. (* P≤0.05;** P≤0.01; *** P≤0.001 ).
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Figure 50: Paracrine GDNF regulates angiogenic gene expression in endothelial cells.
HMEC-1 cells treated with conditioned media from MCF7-VECTOR and MCF7-GDNF cells and analysed by real time qPCR for
common angiogenesis markers. Error bars represent ± 1 standard deviation. * P≤0.05.

To elucidate whether GDNF was modulating HMEC1 gene expression, and hence indicate a possible
mechanism of action, HMEC1 cells were treated with conditioned media obtained from either MCF7-VECTOR
or MCF7-GDNF1 cell lines using a co-culture model with Transwell inserts composed of a 0.4μm porous
membrane. Following treatment, mRNA expression of common angiogenic marker genes including
Angiopoietin 1 (ANGPT1), Angiopoietin 2(ANGPT2), Interleukin 8 (IL-8), Vascular Endothelial Growth Factor
(VEGF) (all isoforms), Matrix Tissue inhibitor of metalloproteinases (TIMP) 1, TIMP3, TGF-β and Collagen 18
alpha 1 chain (COL18A1) were analysed by qPCR. HMEC1 cells stimulated with conditioned media from
MCF7-GDNF1 cells exhibited a specific and significant 2.3 fold increase (P=0.045) in ANGPT1 and 27%
decrease (P=0.026) in COL18A1 mRNA expression compared to the control conditioned media from MCF7VECTOR cells (Figure 50). All other screened genes exhibited no difference in expression.
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3.6

GDNF REGULATES CELL STEMNESS

There is evidence to suggest that cancer hallmarks such as metastasis, drug resistance, tumour growth and
survival are driven by a selected group of cells within the tumour, cancer stem cells (reviewed in Chapter 1).
Recently, the tools for identification and isolation of cancer stem cells have evolved, allowing researcher’s a
means to assess the impact of perturbed gene expression on their behaviour. Given the established
relationship between GDNF and self-renewal in mouse germ cells I wanted to investigate whether this
translated into the human mammary gland. Much of my attention was focused on investigating my MCF7
model because at the time this was the only cell line (in my model library) that had been validated for use in
all four cancer stem cell isolation assays i.e. MCF7 posses a known distinct cell population which exhibits
cancer stem-like characteristics. Depletion of GDNF via RNAi was not experimented with in the context of
stemness due to the prospect of not being able to detect an effect. More specifically stemness is trait that takes
a while to remodel in a cell population i.e. de-differentiation in a sense and restricting of the cell hierarchy.
Because of this transient knock down of a stemness gene is unlikely to cause an immediate detectable event.
More so as time progresses the apoptotic effect of RNAi on treated cells (detected section) will also mask an
effect.
3.6.1

EXPRESSION OF GDNF PATHWAY IN CANCER STEM CELL POPULATIONS

To investigate or gain insight into the presence, expression levels and possibly signalling dynamics of GDNF
signalling proteins within cancer stem-like populations I utilised the four methodologies to firstly isolate these
populations into four populations of Hoechst 33342 staining intensity LOW (the ‘side population’), MEDIUM,
HIGH and ALL, high and low ALDH1 activity, mammospheres vs. monolayer cells and the four CD44/ CD24
antigen phenotypes. RNA was extracted from each population and subjected to qPCR for analysis of GDNF,
GFRα1 and RET mRNA expression levels.

In the Hoechst 33342 populations the highest GDNF expression was found at both extremes of Hoechst 33342
staining intensity i.e. LOW and HIGH (Figure 51A). Medium efflux capability expressed the highest GFRα1
levels and RET was consistent across all populations. In ALDH1 high and low populations I saw no difference
in GFRα1 or RET but GDNF expression was 1.7 fold greater in ALDH high population (Figure 51B). Monolayer
culture exhibited significantly higher levels of GDNF and RET compared to mammosphere cultures (Figure
51D). However, GFRα1 mRNA expression remained unchanged. All genes exhibited a similar trend among
the four CD44/24 phenotypes inferring a more homogenous population. CD44+CD24+ reported the lowest
expression of all pathway components and CD44-CD24- the highest (Figure 51C). This analysis has discovered
that there is great heterozygosity in expression patterns of these proteins across a cell population. More so I
have confirmed that the cancer stem-like component of these populations do possess receptors to allow GDNF
signalling to take place.
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Figure 51: Expression of GDNF signalling components in MCF-7 cancer stem-like cell populations.
GDNF, GFRα1 (GFRΑ1) and RET mRNA expression determined by real time qPCR in MCF-7 cancer stem cell-like populations as
isolated by (A) Hoechst 33342 excluding capability (B) Aldehyde dehydrogenase 1 (ALDH1) activity (C) surface antigens CD44 and
CD24 and (D) mammosphere culture. Error bars represent 5%+/- mean.

3.6.2

GDNF REGULATES CANCER STEM CELL POPULATION SIZE

Hoechst 33342 dye exclusion is regarded as an identifying feature of a cancer stem cell population due to the
presence or overexpression of drug efflux pumps such as ABCG2. These populations have also been
identified in some breast cancer cell lines. Of our three cell lines, MCF7 has been verified as being an accurate
model as it hosts such a population which varies between 0.2-2% in size (Figure 52A). I also verified this
isolation technique by analysing the expression of ABCG2 the main drug efflux transporter responsible for
Hoechst 33342 exclusion, in the side population. I discovered that ABCG2 expression was between 5.8 and
13.5 fold higher in the side population (LOW in Figure 52B) compared to any of the other isolated cell
populations i.e. those with higher Hoechst 33342 staining intensities. MCF7-GDNF1 and MCF7-GDNF2
exhibited a 42.3±6.3% (P=0.02) and 60±3.1% (P=0.005) smaller side population size compared to MCF7VECTOR (Figure 52C, D).
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Figure 52: Autocrine/ paracrine GDNF regulates Hoechst side population size.
(A)The hoechst side population assay was validated using MCF7 cells. (B)Real time qPCR of MCF7 Hoechst 33342 populations
confirmed an overexpression of ABCG2 transport in the side population relative to the rest of the population. The hoechst side
population assay was performed on MCF7-VECTOR, MCF7-GDNF1 and MCF7-GDNF2 cells. Results are sown as representative
FACS scatter plots (C) and graphing of relative side population size (D). Data are expressed as mean ±SD (* P≤0.05;** P≤0.01; ***
P≤0.001).

While I did investigate the activity of ALDH1 in mammary carcinoma cell lines I found that the results varied
greatly and it was difficult to clearly identifying a distinct side population even in the parental MCF7, MDA-MB231 and BT549 cell populations. However in BT549 and MCF7 cells overexpressing GDNF I observed
increases in ALDH1 activity varying from 1.7 to 5 fold.

Analysis of CD44 and CD24 antigen phenotypes by flow cytometry eluded that the predominant phenotype in
MCF7 cells is the CD44+CD24+ phenotype comprising approximately 80% of the population. This was followed
by CD44-CD24+, CD44+CD24- and CD44-CD24- accordingly. Forced expression of GDNF in MCF7 cells altered
the distribution of cells between these four phenotypes. Both CD44 +CD24- and CD44-CD24- grew in size. This
coincided with a reduction in the size of the CD44+CD24+ population (Figure 53A). By analysing the shifts in
population under a single antigen phenotype I observed no change in CD44+ proportions but an increase in
CD24- cells and CD44- cells. Conversely I detected a significant decrease in size of the CD24+ population
(Figure 53B).
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Figure 53: Effects of GDNF forced expression on MCF7 CD44/CD24 cell populations.
(A) Representative FACS experiment of CD44+/-CD24+/- phenotypes within the MCF7-GDNF1 and MCF7-GDNF2 cell lines compared to
MCF7-VECTOR. (B) Average fold differences of CD44+, CD44-, CD24+ and CD24- cell population sizes within the MCF7-GDNF1 and
MCF7-GDNF2 cell lines compared to MCF7-VECTOR. Data are expressed as mean ± 1 standard deviation. Statistical significant
indicated by * P≤0.05;** P≤0.01; *** P≤0.001.
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In the first generation (1000 cells per well seeded straight from flask cell culture) of mammospheres MCF7GDNF1 and MCF7-GDNF2 exhibited a 1.88±0.14 fold (P=0.006) and 1.64± 0.39 fold (P= 0.07) increase in
sphere forming efficiency compared to MCF7-VECTOR (Figure 54A). For the second generation of
mammospheres, first generation spheres were dissociated and filtered into single cells before seeding 1 cell
per well. Surprisingly, I observed a 56.3±8.8% decrease (P= 0.089) and 43.8±8.8% (P=0.057) decrease in
sphere forming efficiency in MCF7-GDNF1 and MCF7-GDNF2 compared to MCF7-VECTOR (Figure 54B).
Analysis of common stem cell markers by RT-PCR (Figure 55A) and real time qPCR (Figure 55B)
demonstrated deregulations in CD24, and SMO and Notch respectively.

Figure 54: Effects of GDNF forced expression on mammosphere forming efficiency
(A) First and second generation mammosphere cultures used to determine mammosphere forming efficiency of MCF7-VECTOR,
MCF7-GDNF1 and MCF7-GDNF2 cells. Second generation mammopheres were generated by harvesting, separating and reseeding
first generation colonies.(B) Representative micrographs of second generation mammosphere were taken of MCF7-VECTOR and
MCF7-GDNF2. Data are expressed as mean ± 1 standard deviation. Statistical significant indicated by * P≤0.05;** P≤0.01; *** P≤0.001.
Bar is 25uM

Figure 55: Regulation of stem cell markers by GDNF in MCF-7 cells.
mRNA expression analysis of stem cell markers in MCF-GDNF1 and 2 by (A) RT-PCR and (B) real time qPCR relative to MCF7VECTOR expression. Lines represent ±1.5 fold change in relative fold mRNA expression, considered to be significant change
expression. Data are expressed as mean ±SD (* P≤0.05;** P≤0.01; *** P≤0.001). β-actin was used as a RT-PCR loading control.
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3.7

SECTION DISCUSSION

3.7.1

INTRODUCTION

Oncogenesis is a stepwise process that in part involves the deregulation of secreted growth factors which
perturb cellular function to initiate and or progress a neoplasm. Based on previously reported functions and
correlations associated with GDNF (reviewed in Chapter 1) it suggests that GDNF could be one of these factors
to play in oncogenesis. Herein, using a combination of in vitro and in vivo techniques I have investigated the
role of GDNF in mammary carcinoma oncogenesis.

During the term of this study several other groups have also started investigating the role of the GDNF pathway,
albeit with greater focus on RET and GFRα1, in breast cancer (231, 365, 371). My study provides additional
support to these bodies of research while also uncovering new facets of GDNF biology. Some key
differentiations between my study and others are that I examined a larger range of potential oncogenic
functions and have used a biologically more relevant in vitro model. This is in the form of autocrine
overexpression in multiple mammary carcinoma cell lines as opposed to one exogenous bolus dosage of
recombinant GDNF and/or GFRα1. Ideally, autocrine modelling is able to generate the high local concentration
(and gradients) as experienced in vivo. So much so that I have to acknowledge that this could have an inhibiting
effect at extreme concentrations.

In many cases, in the literature, soluble rGFRα1 was used in GFRα1 low or deficient cell lines (T47D). While
the soluble form can elicit certain GDNF associated functions and is also found alongside the insoluble form
in vivo it is likely that the two forms perform differently (219, 240, 449, 450). Supportive of this, Boulay et al.
showed that rARTN had no effect on MCF7 anchorage independent growth whereas Kang et al. reported
significant increases in MCF7, BT549 and T47D cells (355, 365). The exogenous recombinant form also
harbours no post translational modifications which could affect bioactivity. Furthermore, I know from not only
our study (discussed later) but from supporting literature that membrane tethered GFRα1 isoforms can have
opposing functions and can interact with different proteins (451). Given that studies have only utilised the
soluble GFRα1A isoform, the predominant isoform in neural tissue but not in non-neuronal tissues, it is
plausible that their findings might not be biologically relevant. Our models have utilised endogenous GFRα1.

Lastly, I have significantly extended the currently understanding of GDNF mediated oncogenesis by performing
in vivo studies to support not only our own in vitro findings, but also others.
3.7.2

GDNF, RET AND GFRΑ1 EXPRESSION AND REGULATION

Comparing the data I extracted from the Oncomine database and our own expression data with the two human
mammary carcinoma studies by Essighr et al. and Boulay et al. there are several observations that can be
made (231, 365):
(1) GDNF expression appears to be more widespread across tumours and cancer cell lines than that of
its receptors. However, the latter exhibit significant correlation with disease progression (metastasis,
death) and molecular markers (e.g. ER, PR, HER2).
(2) Expression of GDNF, GFRα1 and RET across a tumour or cell line panel appear to vary extensively.
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(3) Co-expression of GFRα1 and RET in mammary carcinoma is relatively low. This is unlike pancreatic
carcinoma samples which demonstrate a high level of co-expression (452).
(4) GDNF expression exhibits higher expression in more invasive cell lines but lacks clinical correlation.
(5) There is a disparity between cell line and tumour GDNF expression. Are tumour cell lines a good
model? I have used three cell lines which exhibit a range of different characteristics.
(6) RET51 and RET9 follow similar expression levels in both tumours and cell lines.

From this I can deduce that GDNF intra-tumour expression is being driven by some other factor e.g.
extracellular cytokines or is only expressed by a certain population within a tumour or cell line. In support of
the former, inflammatory cytokines have been shown to do this (231).

While it has been previously reported that RET is upregulated by estradiol treatment of ER+ breast cancer cell
lines (453) and RET and GFRα1 are both strongly correlated with estrogen positive tumours (231) only RET
has been found to have an ERE in its promoter region (366, 453). Here I report that that GDNF mRNA
expression is not effected by estrogen exposure. More so autocrine GDNF did not alter the expression of ERα
or ERβ. This means GDNF relies on cross talk with the ER pathways to co-ordinate a response. This is
concordant with Plaza-Menacho et al. who also reported that ERα expression was not affected by GDNF
stimulated RET signalling (371). However, it did lead to increased ERα phosphorylation and upregulation of
estrogen target genes, FOS and CYCLIND1. Interestingly, I also detected deregulations of these two genes in
our forced GDNF expressing MCF7 cell lines (discussed below). Along with Boulay et al. and Kang et al. ,
Plaza-Menacho and colleagues demonstrate signalling via RET (by rGDNF or autocrine ARTN stimulation)
increases estrogen driven proliferation and survival of mammary carcinoma cells (365, 370, 371). Conversely,
targeting of RET or ARTN sensitizes cells to tamoxifen treatment. I also demonstrated that tamoxifen or ICI
treatment had no effect on GDNF mRNA expression. This is consistent with Kim et al. where treatment of C6
glioma (which express GDNF) with tamoxifen showed no difference in GDNF mRNA levels (318). Furthermore,
I reported that 10nM estradiol has no effect on GFRα1 mRNA expression.

Lastly GDNF, GFRα1 or RET mRNA expression is not regulated by IGF-1 or EGF, two common secreted
growth factors known to be involved in carcinoma growth. Interestingly I did detect alterations in certain coreceptor expressions (GFRα2 and 4) not to mention ARTN under IGF-1 treatment increases expression (this
has been subsequently confirmed at mRNA and protein levels in multiple breast cancer cell lines by a research
colleague, data not published). Despite this lack of direct regulation, it is well known that GDNF and/or RET
signals through/ crosstalks with pathways common to IGF-1 and particularly EGF (454, 455). I also reported
that autocrine expression of hGH in MCF7 cells (which don’t express IGF-1 endogenously) induced a
repression of GDNF mRNA expression but had no effect on RET or GFRα1. This also means that IGF-1 could
elicit and effect on GDNF expression through local or systemic hGH production.
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3.7.3

CELL GROWTH: PROLIFERATION AND APOPTOSIS

GDNF in neuronal tissues exhibits a strong survival function. This is known to be mediated through inhibiting
cell death pathways (456). Similarly, I have demonstrated that, under serum depleted conditions (a cell death
inducing stimulus), autocrine GDNF stimulates a profound survival/ growth effect. This also was confirmed by
total cell number counts, MTT assays, cell cycle analysis and BrdU incorporation assays. In MCF7 cells it was
clear this was due to an override of the G0-G1 block created by serum deprivation as I observed an increase
in both S and G2-M phases. This was confirmed by RNAi which despite not seeing a decrease in total cell
number; S phase was decreased by a minimal amount. Given that MCF7 transfected with RNAi significantly
increased apoptosis, no difference in total cell number was unusual. Apoptosis was also increased by
overexpression but only by a minimal amount. These latter two experiments were conducted after a period of
48 hours serum deprivation. This suggests that the presence of serum could nullify the apoptotic effect of
GDNF depletion in MCF7 cells. However, without serum GDNF’s effect on proliferation is able to outpace
apoptotic rates.

Studies conducted by Boulay et al. provide conflicting evidence. They reported that rGDNF treatment of MCF7
or T47D cells saw no to marginal increase in monolayer mitogenic activity after 6 days (data not provided)
(365). However, it is unknown what concentration of rGDNF was used, how it was applied and whether this
was conducted in complete or serum deprived culture medium. Our data suggests that this would have been
in complete media. Similarly, stimulation of PANC-1 (pancreatic carcinoma) cells with rGDNF over a 10 day
period under serum free did not result in differences in proliferation (338). More consistent with our data was
Esseghir et al. who saw an increase in BrdU incorporation in MCF7 cells grown in monolayer upon treatment
with 10ng/ml rGDNF (231). However, they only reported a 1.4 fold increase and only incubated over a 28 hour
period using 0.5% FCS culture medium. They also showed that increasing rGDNF (up to 45ng/ml)
concentration didn’t provide additional mitogenic benefit. This suggests that the greater levels of BrdU
incorporation that I saw are due to an extended treatment period. They also demonstrated that this function
was mediated by GFRα1 and RET. More recently Wang et al. demonstrated a small inhibition of MCF7
monolayer proliferation following knockdown of the RET receptor in serum containing culture conditions (453).

As a consequence of this increased proliferative rate under serum free culturing conditions, this also meant
that MCF7-GDNF cells would naturally be more susceptible to chemotherapeutic agents such as paclitaxel,
cyclophosphamide and doxorubicin. This did turn out to be the case for all three drugs. In human glioma GDNF
pre-treatment conferred resistance to 1,3-bis(2-chloroethyl)-1-nitrosourea, a DNA alkylating glioma drug (346).
Strangely in our data MDA-MB-231 cells overexpressing GDNF, which have a slower growth rate, exhibited
no difference in response to drugs.

Interestingly, MCF7-GDNF cells also showed signs of increased sensitivity under tamoxifen and exemestane
treatment. Given that RET pathway is now known to contribute to tamoxifen resistance in vitro this was
surprising (365, 370, 371, 453). Furthermore, our group has previously shown that ARTN through RET also
regulate tamoxifen resistance in breast cancer cells (370). However, GDNF overexpression could be inducing
a negative feedback action leading to RET downregulation and our observed sensitization to tamoxifen. Not
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only do expression profiles demonstrate that higher GDNF levels correlate to lower RET or GFRA1 levels but
two negative feedback pathways that down regulate RET after prolonged GDNF stimulation (230, 231) have
been reported. This is via receptor translocation out of lipid rafts to enable ubiquination and proteasome or
lysosome mediated degradation (230, 232, 233).
In an effort to elucidate the functional underlining of this observation I analysed the gene expression of a panel
of proliferation and apoptotic markers. While I could see upregulations in proteins such as CYCLIN D1 and E1,
TERT and VEGF and down regulations of p53 and FOS, comparing serum treated with serum deprived data
yielded no single gene in our panel contributing to growth advantage seen in the latter. Plaza-Menacho and
colleagues also reported GDNF upregulated CYCLIND1 (371). Whereas CYCLIND1 levels continued to
increase with longer rGDNF treatment they also recorded an increase in FOS following 30 minutes of rGDNF
stimulation of MCF7 cells, but when this was extended to 120 minutes FOS expression dropped below time=0
levels.

The effect of GDNF on BT549 cell proliferation was only evident following RNAi transfection which increased
S and G2-M phase proportions in cell cycle. Contradicting this apoptosis was shown to be greatly increased
by RNAi transfection. But this time this translated into a decrease in TCN following RNAi transfection.
Overexpression of GDNF in BT549 had limited apoptotic and proliferative response. This could be a result of
ligand oversaturation. Interestingly silencing of RET in another ER negative cell line, MDA-MB-453, had no
effect on monolayer culture (453).

Overexpression of GDNF in MDA-MB-231 cells resulted in a suppression of growth in both serum and serum
deprived conditions which was matched by a decrease in BrdU incorporation. This confirms that GDNF, despite
very low to negligible GFRα1 levels, does elicit a strong effect on these cells. This may be the consequence
of GDNF signalling through an alternative pathway e.g. another GFRα. Cell cycle analysis detected a shallow
increase in cells withheld in G0-G1 phase matched by a decrease in S-phase. However, this was not detectable
in serum free conditions whereas RNAi transfection saw a minimal increase in S-phase. These results although
agreeable were subjected to a lack of an optimised protocol as MDA-MB-231 cells seem to behave
differentially under this analysis methodology. These results were complemented by increases in apoptosis
following both GDNF overexpression (all though insignificant) and depletion. However, these cell cycle and
apoptotic changes only go part of the way to explaining the large growth repression experienced by GDNF
overexpression MDA-MB-231 cells.

Interestingly, apoptotic levels were increased beyond those obtained in all overexpression cell lines upon
transfection of GDNF mRNA targeting RNAi. Even though each experiment fundamentally uses a different cell
line control i.e. MCF7-VECTOR vs. MCF7 transiently and transfected with CK, therefore can result in different
fold differences, this does suggest that GDNF is partially required for cell viability. Negative feedback leading
to an artificial increase in apoptosis could be a consequence of high overexpression levels in the forced
expression models. I have mentioned earlier that prolonged GDNF stimulation downs regulates the RET
pathway and therefore reducing survival signals (230, 231). Because of the almost identical nature of this
apoptotic response towards GDNF overexpression and depletion across all cell lines, this suggests that this
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possibly could be occurring through a GFRα independent mechanism given that MDA-MB-231 cells lack
GFRA1 co-receptor. Given that the experiment controls for transfection reagent toxicity and non specific
binding interactions of the RNAi, the effect of these factors on experimental results can be ignored.

Taken together it is apparent that GDNF does play a role in cell growth and cell survival. While a clear and
concise model can be provided for MCF7 cells, the inconsistencies recorded by the ER negative cell lines
suggests that the system is more complex and is likely to involve other pathways i.e. other GFRαs.

3.7.4

CELL GROWTH: ANCHORAGE

Three in vitro different assays were used to establish GDNF’s ability to infer an advantage to cells grown in
anchorage independent conditions (no attachment to the plastic) including soft agar, suspension culture and
3D Matrigel culture. Once again I saw an interesting effect between different cells lines. BT549-GDNF cell
lines exhibited indifference throughout all assays, whereas MCF7-GDNF and MDA-GDNF exhibited
completely opposing characteristics (summarised in Table 14).

MCF7-GDNF increased cell viability in suspension and Matrigel culture but their viability in soft agar culture
was impeded. RNAi was able to reverse this in the wild type population although differences were small. This
may be a result of having a low endogenous level of GDNF. This is consistent with a finding by Plaza-Menacho
et al. who reported that treatment of MCF7 cells with 50ng/ml rGDNF increased in colony numbers (larger than
100µm) in 3D Matrigel by approximately 3 fold (10,000 cells in 24 well plates, 10days replenishing rGDNF
each 3days) (371). Interestingly in the presence of tamoxifen GDNF treatment, acting through RET, provided
protection in 3D Matrigel culture. Furthermore Boulay and colleagues demonstrated that T47D, a cell line
similar to MCF7 with respect to carcinoma characteristics and GFL pathway expression, treated with 10ng/ml
rGDNF and 100ng/ml rGFRα1 in suspension culture showed increased BrdU incorporation levels (365).
However, absolute suspended cell numbers appeared to give inconsistent effect. Specifically they presented
data which reported no differences after 6 days and another set of results that showed an increase after 96
hours (1%FCS media) [(365)Figure 5C vs. 4B]. However, in MCF7 cells they saw greater consistency in
suspension culture growth as these two sets of results both detected an increase in suspended viable cell
numbers after 96 hours (1% FCS media). They also demonstrated the ability of MCF7 and T47D simulated
with GDNF and or GFRα1 to increase soft agar colony numbers in a RET dependent manner over a 4 week
period (rGDNF was replenished each week) (365). Also knockdown of RET, with or without estrogen
stimulation, in MCF7 or T47D cells has been shown to inhibit colony formation in soft agar (453). Essighr et al.
similar to the study herein reported that 10ng/ml rGDNF, in serum free medium (unknown replenish rate),
caused increase in suspension culture proliferation of 1.5 fold after 8 days. Unfortunately at no stage did they
treat T47D with GDNF without GFRα1 to confirm that GFRα1 endogenous levels were not high enough (they
could detect GFRα1 at mRNA but not protein levels) to elicit a function or that they weren’t seeing a GFRα1
independent effect. This would have enabled me to compare their T47D results with our MDA-MB-231 results.
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Like the in vitro Matrigel and suspension cultures I demonstrated in vivo that forced expression of GDNF in
MCF7 resulted in significantly larger tumours with increased BrdU incorporation. Interestingly, tumours also
exhibited reduced numbers of apoptotic nuclei, contrasting in vitro results. This could be an ECM driven effect
especially given that the tumour microenvironment secretes and is composed of molecules known to interact
with the GDNF pathway e.g. matrix proteins, cytokines, HSPGs and soluble GFRα co-receptors. Unfortunately,
I did not measure apoptotic levels of cells while in Matrigel or suspension cultures in order to confirm this in
vitro. While Essighr et al. generated wild type MCF7 mice mammary fat pad xenografts and established that
tumour GDNF levels could be increased by inflammatory cytokines they only postulated a survival/ proliferation
functional role through extrapolation (350). Cockburn et al. on other hand injected subcutaneously into athymic
mice NIH3T3 cells overexpressing an activated oncogenic RET receptor which produced detectable tumours
at day 9 whereas parental NIH3T3 cells produced little growth (252).

MDA-GDNF showed a significant increase in capability to survive in soft agar conditions but was unable to
translate into advantage in suspension or 3D Matrigel culture where a decrease in viability was observed.
While RNAi, transfected into the wild type cell line, was able to demonstrate opposing effect, MDA RNAi cells
grown in suspension also showed a significant decrease. I suspect that RNAi mediated down regulation of soft
agar and suspension growth is due to the induction of apoptosis discussed in section 3.7.3.

Like the results presented here, Essighr et al. observed a differential response between the two cell lines.
Firstly they found that cis acting GFRα1 in MCF7 gave a more sustained signalling effect than trans acting
GFRα1 in T47D suggesting tumour type or tumour specific differences in RET signalling. And secondly
whereas GDNF enhanced E2 driven proliferation in T47D cells through increased RET activity/expression the
same effect was not found in MCF7. They suggest this difference could be due to their difference in their
dependence on endocrine versus RET drive proliferation.

While I did not measure the levels of GDNF secreted into the growth medium, in order to provide a level of
comparison with exogenous rGDNF studies, it is assumed that GDNF concentrations around the immediate
vicinity of the cell population will be of vastly higher levels. This facet may be the origin of rGDNF vs. autocrine
differences reported between studies especially with regard to soft agar growth.

Table 14: Effect of GDNF overexpression and depletion on mammary carcinoma cell growth in soft agar, suspension and 3D
Matrigel cultures. Arrows indicate direction of change. Sideways arrows indicate no difference between control and test cell lines. N/A
indicates the assay was not performed.
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Our work extends the current literature to expose the complexity of this system. It is clear that there are cell
line differences outside of expression differences of GDNF, RET and GFRα1 that are mediating a differential
response when it comes to proliferation in attached or detached growth conditions. Because culturing cell in
suspension, 3D Matrigel and in vivo xenograft exhibit similar trends, which oppose soft agar measurements, it
leads me to hypothesize that connection to extracellular proteins are critical to this GDNF-stimulated growth.
These extracellular connections can come in two forms: cell:cell protein interaction and/or interaction between
the cell proteins and the ECM proteins (e.g. collagen, laminin, fibronectin) respectively. Given our results I
postulate that at least the former has to exist to allow GDNF driven proliferation.

Image subject to Copyright Act 1994

Figure 56: Cell to cell interactions.
Cadherin and catenin molecules facilitate cell to cell adhesion which has the capacity to effect gene expression and consequently cell
growth (457)

As discussed earlier, integrins are the key regulators of these interactions. They provide the communication
between the intracellular and extracellular spaces. Because integrins signal through growth factor pathways
leading to regulation of cell cycle proteins, they can have a direct influence on cellular growth and death.
Integrin binding to ECM proteins initiates pro-survival signals and when adherent cells express certain
receptors in an anchorage free environment it can induce an ‘integrin mediated death’ (33). GDNF is known
to regulate integrin expression and GFRα1 and RET are known to interact with integrins. Together, they can
influence each other’s signalling patterns. Integrins of the β1 family can bind collagen and fibronectin where
as cell:cell adhesion is mediated by integrins of the β2 family. GDNF and GFRα1 are known to associate and
regulate both of these integrins and in some cases mediating oncogenicity through them with regard to cell
adhesion, proliferation, migration and invasion (246, 251, 253-255, 458, 459). GDNF activated RET is actually
capable of activating β1 integrin and is essential for RET induced cell adhesion and migration of papillary
thyroid carcinoma and neural derived cell lines (252). Inhibition of β1 integrin reduced GDNF stimulated
adhesion to fibronectin and collagen. More so in the case of pancreatic cancer treatment of MIA PaCa-2 cells
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with rGDNF induces expression of the α5, α6 and β1 integrin subunits and correlates with increased ECM
protein adhesion (254).

In summary GDNF regulates integrin expression and/or integrin signalling plays an important role in GDNF
signalling. Therefore overexpression or downregulation of GDNF expression can have an effect on anchoragedependent growth and death through integrin pathways. I postulate that integrin signalling is mediating our
observable differential effects in soft agar, suspension, monolayer and Matrigel culture. There is also the
possibility that integrins are responsible for differential cell line effects. Expression analysis of key integrins
known to interact with the GDNF pathway would provide great insight.

Heparan sulphate proteoglycans could be another factor promoting differential effects. Not only is Matrigel
basement membrane matrix rich in laminin and collagen IV but also heparan sulphate proteoglycans. GDNF
signalling known to be influenced by HPSGs could be an influencing factor (236). In a PC-12 cell model Barnett
et al. showed that without HSPGs present RET phosphorylation doesn’t take place and GDNF fails to induce
axonogenesis in neurons or scatter epithelial cells (234). Heparin also encourages greater binding between
GDNF and GFRA1 while increasing GDNF protein half life (460). HSPGs are also produced by breast cancer
cell lines, however by different amounts and in different isoforms. The MDA-MB-231 cell line produce more
less-sulphated proteoglycans compared to MCF7. MCF7 produced HSPGs as its main isoform released into
the media proteoglycan (461). MDA-MB-231 cells on the other hand release mainly the chondroitin sulfate
proteoglycan isoform. As a result this affects the action of growth factors that bind to HSPGs. MDA-MB-231
binds more FGF to their HSPGS than MCF7 cells do and therefore promotes greater receptor complex
formation. Hence differences in proteoglycans can result in there different properties (461).

3.7.5

CANCER STEM CELL BIOLOGY

GDNF has been identified as a pivotal stemness regulator in spermatogonial stem cells of mice (282). As such
its upregulation promotes benign tumour formation through the enlargement of the stem cell population
because of a block in differentiation (Figure 57). I wanted to investigate if this function translated into the
mammary gland where stem cells have been hypothesised to be the cell of origin of breast tumours (43). Using
a multi-method approach, I found that the GDNF pathway was active/ present in stem-like cell populations, in
some cases showing an over or under representation. Furthermore, I found a disparity in effect of GDNF forced
expression on the size of these stem-like cell populations. Hoechst side population (SP) assays and
mammosphere cultures elucidated that GDNF shrunk the size of stem-like populations where as CD44+CD24populations increased (and possibly ALDH1 populations). Although contradictory this is not surprising given it
is well recognised that each isolation technique isolates its own part of the stem-like population with relatively
low overlap between the isolated populations (Figure 58) (68). Furthermore these populations are not pure for
cancer stem cells and are likely to contain different progenitors as well.

In either case I could identify a side population consistent with previous findings in MCF7 cells (434). But this
was not the case with a MDA-MB-231 and BT549 cells as like others I found while they do have some cells of
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this nature they failed to form distinct side populations (462). Hence I focused our studies on the MCF7 cell
line.

Image subject to Copyright Act 1994

Figure 57: Control of spermatogonial stem cell renewal is controlled by GDNF dosage.
GDNF is secreted by Sertoli cells in the seminiferous tubule where it acts on spermatogonial stem cells in a paracrine manner. Low
GDNF blocks differentiation and only allows self renewal which can lead to the production of a seminoma-like tumour (225).

The results of the Hoechst side population assays suggest that GDNF is to some degree causing a loss of
differentiation potential within these stem-like populations. While a small percentage of the side population still
remain meaning that it can’t completely differentiate a whole population or that it only targets a proportion of
this isolated population (e.g. progenitors or cancer stem cells). Additionally while GDNF was expressed by all
populations, high levels were expressed in the side population. But how is it eliciting its effects on CSC/ SP
cells? Based on previous studies, there is evidence to suggest that the expression of ABCG2 is effected by
GDNF or that GDNF is interacting with the β-catenin/ Wnt pathway. GDNF and GFRA1 co-expressed and colocalise with ABCG2 and p63 (both known stem cell markers) in a proposed stem compartment of basal layer
of bulbar conjunctival epithelium and human limbal epithelium (463) (286). ABCG2, a drug/ Hoechst efflux
pump, forms the basis of the hoechst side population assay and facilities detoxification in stem cell populations.
P63 is not only is a marker of stem cells (464, 465) but also is required for maintaining the proliferative potential
of stem cells in the thymus epithelium (466) and also maintains the immaturity of keratinocytes stem cells by
inhibiting notch1 activity (467).
I have shown that GDNF upregulates β-catenin protein levels on a population wide analysis. It is valid to
assume this may translate through to the side population as well. If so this has some important ramifications.
Both β-catenin and GDNF when constitutively activated or overexpressed respectively lead to a similar
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phenotype in the mouse testis - an accumulation of undifferentiated spermatogonial cells and apoptosis of
germ cells resulting in a seminoma-like tumour. It was subsequently reported that this constitutive activation
of β-catenin directly leads to an upregulation of GDNF expression in sertoli cells (468). In turn this causes the
differentiation block and is mediated through SRC family kinases which activate the PI3K/ AKT pathway, and
RAS which activates ERK1/2 which upregulate transcription factors cFOS and MYC respectively (469-471).
Interestingly, I saw a large down regulation of cFOS under GDNF forced expression in MCF7 cells. In the
SSCs, FOS controls the expression of Cyclin A2 (binds to CDK2 and allows progression through S-phase),
therefore promoting the proliferation of SSC. This may be how GDNF is shrinking the SP in MCF7 cells.

Recently they have confirmed that human SSCs also use GDNF to maintain the stem cell pool (470). In our
mammary carcinoma context there is greater evidence suggesting that GDNF induces differentiation, converse
to its role in the SSCs. However, in addition to self renewal, GDNF is known to participate in the differentiation
in neuronal and nephonic stem cell populations (472-475).
Mammosphere culture studies supported the role of increased levels of differentiation induced by GDNF as
cancer stem cell like populations were smaller. I believe that first generation efficiency increase is simply due
to GDNF expressing MCF7 cells to in suspension culture as I have discussed earlier. In the second generation
cultures the reversal of this result is due to individual cells being divided up and seeded single cells into a
suspension culture. This replicates the soft agar environment; no adhesion to ECM proteins or other cells. As
a result cell population expansion is perturbed.

Regarding CD24 and CD44 marker expression, not only did I detect an increase in the stem-like population,
CD44+CD24-, but I was able to elucidate how this was coming about i.e. a reduction in the size of the
CD44+CD24+ population and a drastic increase in the CD24- population. Population wide CD24 mRNA
expression status showed no difference in forced GDNF expression cells compared to vector. Given that
CD44+CD24+ is the vastly dominant population (80+ %) it is likely that any changes in the smaller changes are
masked by this one. More so changes could also be occurring at the post translational level to regulate antigen
status. Data from both BT549-GDNF and MDA-GDNF cells were not presented as the results proved these
cells to be bad models given that the CD44+CD24- population represented approximately 40% and 90% of the
whole population respectively.

While previous studies have reported that MCF7 does posses a distinct ALHD1 +/high population I did not find
this was the case. Instead our investigations relied on identifying an ALDH high population that directly flanked
the main population (refer to Figure 49B). Using this I could detect a MCF7 wild type population around the
0.2 – 0.4% which was consistent with previous reports (70). Because of high variability amongst our
overexpression cell lines albeit all showing an increased ALDH1 high population I did not report this data.

Other than a down regulation of Smoothened (SMO) I was surprised no other significant alterations of key
stemness genes were detected. However, a point to note is that these expression studies are a cell population
wide analysis and as such treat it as a homogenous population with respect to mRNA expression levels. This
is despite tumours and cancer cell lines actually being heterogeneous populations. Over 80% of the population
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is CD44+CD24+. Therefore changes that are explicitly seen in the smaller populations, e.g. the CD44 +CD24stem-like population, however ever drastic can be masked by the dominant population. A potential method to
circumvent this would be to simply isolate RNA solely from these smaller populations and compare their
expression between cell lines.

Figure 58: Overlap in four cancer stem cell isolation techniques.
Techniques that isolate stem-like populations within a larger cell population have been found to isolate different parts of the CSC
population with relatively low overlap.

3.7.6

ANGIOGENESIS

I decided to investigate the potential angiogenic role of GDNF because I had observed that forced GDNF
expression resulted in upregulation of IL8, VEGF and fibronectin, three known pro-angiogenic markers, in
MCF7-GDNF qPCR analysis. These findings were consistent with other studies that found GDNF to increase
production of IL-8 in SK-N-MC human primitive neuroectodermal tumour cells (298) and GDNF is known to
exhibit signal crosstalk with the VEGF:VEGFR pathway (299, 300). There is also evidence indicating that a
chemoattraction mechanism is used to drive endothelial cell tumour infiltration (476). I discovered that while
GDNF negatively promoted endothelial cell migration via chemoattraction it did facilitate angiogenic behaviour
by increasing the number of tubule formations, the beginnings of new blood vessels, while also increasing
HMEC1 survival. While I had established that GDNF could be influencing HMEC1 cell function by through the
aforementioned carcinoma secreted pro-angiogenic proteins (including GDNF itself) and that HMEC1 cells
were responsive to GDNF, due to the presence of GFL receptors, I wanted to investigate how this translated
into changes within endothelial cells themselves. Using a co-culture model that provided a GDNF feeder layer,
ANGPT1 (Angiopoietin 1) and COL18A1 (Collagen type 18 alpha 1 ) were found to be significantly up and
down regulated respectively in the responding endothelial cells. Angiopoietin 1 is a secreted glycoprotein that
acts through the TEK receptor. It plays a critical role in mediating reciprocal interactions between the
endothelium and surrounding matrix/ mesenchyme and contributes to blood vessel maturation and stability
while suppressing endothelial cell apoptosis (477). In vitro it also promotes tube formation (478). Collagen type
18 alpha 1 chain is the precursor of endostatin, a potent anti-angiogenic molecule, which inhibits endothelial
cell proliferation and tube formation (479). Lastly our data has indicated that the GDNF pathway regulates
SERPINE1 expression. SERPINE1 is known regulator of neovascularisation (480). Given other GFL pathway

- 144 -

elements exhibit endothelial cell expression, it is plausible that other GFLs may also mediate similar angiogenic
behaviour. Lastly GDNF is well known to promote sprouting of dopaminergic neurite outgrowth (447, 448), a
process which is alike to endothelial cell sprouting during tube formation.
3.7.7

MIGRATION, INVASION AND CHEMOTAXIS

The most pivotal finding was GDNF’s ability to stimulate or repress cell motility in a cell line dependent manner.
Whereas MCF7 cells exhibited a strong repression, BT549 and MDA-MB-231 cell migration and invasion levels
were enhanced. These latter two cell lines also reported the highest level of endogenous GDNF expression.
Basal GDNF expression is known to correlate with increasing invasiveness or motility in pancreatic cancer and
glioma cell lines (344). Importantly it correlated with BT549-GDNF in vivo tail vein xenograft metastasis results
(discussed later). Our migration and invasion assay findings were confirmed by RNAi migration studies and
wound healing assays. GDNF directed wound healing of MCF7 cells wasn’t observed. This lack of additional
MCF7 wound healing evidence could be explained two-fold; MCF7 are endogenously low migratory. As a
consequence it’s even a greater race against cell proliferation for wound closure than it would be for more
motile cells. More so because serum levels are reduced to suppress this proliferation this would actually begin
to mask motility suppression as GDNF drastically stimulates cell proliferation in a serum free environment.

The differences within each set of cell lines in the invasion assays compared to migration assays were smaller
i.e. not as significant. This could mean that GDNF particular drives motility as opposed to adopting an ECM
remodelling phenotype. Evidence of this was only minimal increases in matrix metalloproteinase activity.

GDNF has a well documented history of modulating cell motility. GDNF promotes neurite outgrowth and
migration from pelvic ganglia (481), migration of cortical GABAergic neurons (474), motility of mesenchymal
stem cells (482), mouse neural crest cell migration GDNF (274), liver bud migration (483) and corneal epithelial
migration (229). In the context of cancer it drives invasion of bile duct carcinoma (484), glioma migration (344,
446) and in MCF7 plus rGDNF has been shown to increase cell scattering (231). Closely related neurotrophic
factor ARTN promotes a migratory phenotype in endometrial cancer cell lines and is involved with migration
of the superior cervical ganglion (485) and invasion of endometrial, breast and lung carcinoma (355, 372, 486).
Interestingly in pancreatic not only can GDNF increase general cell motility but it is postulated that metastatic
events from pancreatic cancer are facilitated by the secretion of GDNF from surrounding neural tissue. This
chemoattraction mechanism is believed to induce perineural invasion, where tumour cells follow nerves (338,
341).

Xenografting of the MCF7-GDNF, in addition to demonstrating increased tumour growth, exhibited local
invasion into the muscle and towards neural tissues whereas MCF7-VECTOR exhibited little activity. This
initially seems strange given GDNFs ability to strongly inhibit MCF7 migration. However, there are several
possible ways in which this observation could come about. Firstly, I have discussed how important interactions
between cancer cells and the ECM or other cells are with regard to driving proliferation. Likewise, for cancer
cell invasion this is also essential. Not only does this three dimensional support structure enable anchorage
points required for cell locomotion but signally from the extracellular environment also drives the adoption of
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an invasive phenotype. This is evident by micrographs taken of the tumour fringes which highlight areas which
have gone through an EMT. Pancreatic cells close to a GDNF secreting nerve tissue also undergo EMT prior
to invasion (452). Secondly rather than promoting carcinoma cell ejection from the primary tumour, GDNF
expression could be recruiting stromal cells into tumour. Our muscle micrographs show thin groups of muscle
tissue cells, surrounded by carcinoma cells, which go beyond what appears to be the tumour boarder rather
than the reverse. Thirdly, I might not be observing local invasion at all, simply the effect of increased
uncontrolled proliferation leading to the infiltration of surround tissues through tumour expansion. Lastly GDNF
levels within nerve or muscle tissue could exceed that within the GDNF expressing breast cancer cells. Both
muscle and nerves are renowned for producing high levels of GDNF (261, 267). This would create a
concentration gradient capable of driving cancer cell ejection from the primary tumour, similar to pancreatic
perineural invasion. IHC staining of tumour sections for GDNF could confirm this. Supportive of our data is the
study undertaken by Cockburn and colleagues discussed earlier (252). NIH3T3 cells overexpressing an
activated oncogenic RET receptor and injected subcutaneously into athymic mice produced tumours that were
larger than controls. More importantly tumours frequently displayed areas of regional invasion.

Tail vein xenografting of BT549-GDNF cells provided further evidence that GDNF has a stimulating role in
metastasis. As demonstrated in vitro, BT549-GDNF cells exhibited an increasing invasive ability which was
capable of infiltrating and colonising lung tissue more than the control cell line. Cockburn et al. again provided
supporting evidence as they demonstrated that subcutaneous NIH3T3 tumours overexpressing activated
oncogenic RET metastasised to visceral organs such as the kidneys (252). As BT549-GDNF metastases also
appeared to be larger it would suggest that those GDNF overexpressing cells, capable of secondary tumour
formation, found the new environment more permissive. In vitro this was not the case as 3D Matrigel culture
showed no distinguishable growth advantage possessed by BT549-GDNF cells over BT549-VECTOR.
Respectively there was substantial difference in the morphology of the 3D spheroids and 2D monolayer cells.
Hence the murine lung environment must provide additional conditions or characteristics that are more
advantageous to human carcinoma cells that highly express GDNF.
3.7.7.1

Molecular Mediators of GDNF Directed Cell Motility and Chemotaxis

To elucidate the mechanisms behind GDNF mediated motility and possible the cause of the disparity between
different breast cancer cell lines I approached this from two angles; by investigating internal cellular mediators
of migration and secondly investigating the effect of GFRα1 isoforms on migration.

Analysis of key metastasis genes by real time qPCR in BT549-GDNF and MCF7-GDNF cells highlighted
several consistently deregulated genes: A-CAT (α-Catenin), E-CAD (E-Cadherin), SERPINE1 , TWIST,
PLAU/R (urokinase plasminogen activator /receptor), IL8 (Interleukin 8) and FN1(Fibronectin). It has been
previously reported that GDNF can regulate the majority of these genes (298, 487). But by comparing the
profiles of MCF7 versus BT549 cell lines, which show opposing motility functions in vitro, it appears that PLAU/
SERPINE1 pathway combined with cell adhesion molecules are key drivers of GDNF directed motility, invasion
or chemotaxis. It is the switch of these gene expressions that turns motility on and off. A study using pancreatic
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cancer cells GDNF was shown to increase urokinase activity. Inhibition of urokinase suppressed GDNFinduced proliferation and invasion, and effected activation of MMP 2 and 9 (488).

I also detected small increases in MMP (2, 9 and MT1) mRNA expression and enzyme activity in BT549 and
MCF7 cells with forced GDNF expression. Similar regulations were demonstrated in pancreatic cancer cells
(340). This could reason why I observed smaller differences in our MCF7-GDNF1 or MCF7-GDNF2 invasion
assays compared to migration assay i.e. GDNF induced higher levels of MMP levels, capable of Matrigel
degradation, which meant the suppression effect imposed at the cell motility level was less detected. However,
this was not the case with BT549-GDNF cells. In vivo these modulations in MMP expression could be driving
local invasion and distant organ infiltration and colonisation as seen in our xenograft animal studies.
Analysis of AKT, β-Catenin, MET and p65 NFKB protein levels by Western blot illustrated potential mediators
by which cell migration and invasion (in addition to tumourigenesis discussed in other sections) could be
functioning. p65 upregulation under GDNF forced expression was found in BT549 and MCF7 but not MDAMB-231 cells. Given no effect in MDA-MB-231 I can postulate this to be a GFRα1 dependent mechanism. p65
is a component of the NF-кβ complex and is known to be regulated by the GDNF pathway. GDNF could
activate the NF-κB signalling pathway in the degenerating dopaminergic neurons (489). In chondrosarcoma
cells rGDNF treatment induced IκB kinase (IKKα/β) phosphorylation, IκB phosphorylation, p65 Ser 536
phosphorylation, and κB-luciferase activity resulting in increase cell migration (490). rGDNF stimulation of
pancreatic carcinoma cells, BxPC-3 and MIA PaCa-2, increased their invasive ability. Blocking of nuclear
translocation of NF-кβ suppressed this action (491). Also, p65 upregulation was found to be associated with
metastasis in mammary carcinoma (492). Other reports of p65 facilitating a migration and/or invasion function
(493, 494).

AKT protein levels were upregulated in response to forced GDNF expression in BT549 and MDA-MB-231 cells.
However, AKT levels were down regulated in MCF7 cells force expressing GDNF. This correlates to their
migratory response. In our studies inhibition of AKT signalling, using a small molecule inhibitor, saw a reduction
in GDNF stimulated migration of BT549 cells confirming that it is a downstream mediator of this process.
Because motility was returned to control levels only and the inhibitor had no effect on basal levels this indicates
that AKT signalling is either partially compensated or is not involved with baseline amoeboid BT549 cell
migration.

The traditional pathway involves activation of AKT by PI3K followed by phosphorylation of many physiological
substrates promoting cell cycle progression (CDKI, p21), survival (BCL2), metabolism and migration (495).
Activation of Rac1 (496), Cdc42 and Rho which drives lamellipodia, and filopodia formation in addition to
cytoskeleton rearrangement. This activation can occur both dependently and independently of AKT (495, 497,
498). AKT can also be an important mediator of integrin signalling. The PI3K/AKT pathway is renowned for
facilitating cancer cell invasion (499). Our results are consistent with previous reported findings by Van
Weering et al. who demonstrated that GDNF/ RET in SK-N-MC cells can induce large lamellipodia formation
by PI3K/AKT and ERK activation (500). GDNF stimulated phosphorylation of FAK, paxillin and p130CAS all
which associate with focal adhesions and leads to actin cytoskeleton reorganisation and regulation of cell
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motility and adhesion. This cascade was demonstrated to be mediated by PI3K activation (501). In the enteric
nervous system MAPK and PI3K pathways are required to get a normal response of enteric axons and ENS
progenitors to a localised source of GDNF. Chemotaxis in this situation is maintained under MAPK inhibition
but PI3K signalling is crucial and its role could not be compensated by any other pathway (275). MMP9
facilitating GDNF driven pancreatic invasion is partially regulated by the PI3K/AKT pathway (340). PI3K
signalling is also required for the directional response of growth cones to a chemotaxic stimuli (502). GDNF
regulates RhoA, a target of the PI3K/ AKT pathway, in C6 glioma cell migration (446). In mammary carcinoma
two studies gave conflicting AKT activation evidence. Boulay et al. reported that AKT phosphorylation was not
affected by rGDNF treatment in T47D or MCF7. However, Essighr and colleagues demonstrated that 20 minute
treatment of MCF7 with rGDNF is sufficient enough to induce AKT phosphorylation (231). Plaza-Menacho
reported following rGDNF stimulation of MCF7 the saw an immediate increase AKT and mTOR
phosphorylation (371). Pahnke et al. identified genes altered in response to GDNF stimulation in neural
progenitor ST14A cells (503). Many of them were cytoskeletal modifying proteins regulated by the AKT/PI3K
pathway e.g. downregulation of alpha tubulin, dynamin and upregulation of laminin, clusterin and FAK. AKT
phosphorylation, but not unphosphorylated AKT, in MCF7 cells has also been shown to increase after estrogen
treatment due to RET upregulation (453).

MET protein levels were also altered in response to GDNF forced expression in our mammary carcinoma cells.
A relationship between the two proteins is not surprising given that MET is known to interact with the
GDNF:GFRA1:RET pathway to promote cell migration (242). However, inhibition of MET signalling using
PHA665752 , a selective and ATP-competitive inhibitor of MET kinase, did not affect migration levels both in the
presence of autocrine GDNF overexpression or not. This could mean (1) that our detected MET protein
differences could be being compensated at the phosphorylation level. (2) that Src, the kinase which mediates
the interaction between RET and MET, is compensating or acts through another pathway (3) or MET does not
have a GDNF induced migration role. It may in fact be regulating another cell facet such as angiogenesis.

In addition to the pathways investigated, GDNF is known to activate other pathways including p38 MAPK, ERK
and JNK that may be involved in GDNF directed cell motility. In low grade Hs683 glioma cells GDNF signalled
through p38 MAPK, ERK and JNK. The former being critical for the GDNF mediated migratory response (344).
ERK and MEK are key regulators in the migration of chondrosarcoma cells (490). In GDNF stimulated corneal
epithelial cell migration FAK and MAPK have been identified as migration regulators. FAK is responsible for
then phosphorylating paxillin to induce rearrangement of cytoskeleton (229)

3.7.7.2

The Role of GFRα1 Isoforms in GDNF Directed Cell Motility and Chemotaxis

Despite being only 5 amino acids differing between GFRα1 isoforms, they are known to cause different
functions. GFRa1A (GenBank:NP_005255 ) and B (GenBank:NP_665736) differ by the presence and absence
of the exon 5 respectively, the section of the peptide falls within the putative hinge region between GFRa1
cystein-rich globular domains 1 and 2 (504). As a result It is known that GFRα1B binds GDNF more efficiently
than GFRα1A (504). Therefore GFRα1B promotes stronger RET phosphorylation. However, both isoforms
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activate Ras/ERK to the same degree irrespective of this upstream phosphorylation difference (504).
Interestingly a study which NTN stimulated Neuro-2A cells expressing different amounts of GFRα1A and
GFRα1B saw no overlap in gene expression profiles using a 10,000 gene microarray (451). This suggests
distinct functional differences between the two isoforms and may contribute to the pleiotropic biological
responses seen within the family (451, 505). More so, co-expression of isoforms is developmentally regulated
and they are differentially expressed in mouse tissue. In the mouse brain GFRα1A predominates but GFRα1B
predominates in peripheral tissues. In the kidney GFRα1A is the minor isoform before birth but then becomes
the major form after (504). Promotion of neurite outgrowth is also controlled by a GFRα1 isoform dependent
effect. GFRα1A but not GFRα1B promotes neurite outgrowth behaviour in neuroblastoma cells through
activation of ERK1/2, Rac1 and Cdc42. When GFRα1B was co-transfected with GFRα1A it inhibited neurite
outgrowth (448). High levels of GFRα1B are expressed in human gliomas (346). Using siRNA silencing in
glioma C6 cells, it was demonstrated that GFRα1B increased migration (knockdown induced cell elongation
but inhibited cell migration) via increasing RhoA expression. GFRα1A on the other hand did not upregulate
RhoA and did not mediate cell migration (446). Rac1 and Cdc42 expressions were not altered by either isoform.
RhoA mediates neurite outgrowth inhibition by reorganisation of actin and microtubules (506). Murakami et al.
have shown that GDNF activation of RhoA leads to FAK, paxillin and p130C activation which inhibited neurite
outgrowth in TGW-1-nu cells (501).

GFRα2 is also alternatively spliced and its isoforms have also reported to have different functional effects. In
Neuro2A cells GFRα2A and GFRα2C both promote neurite outgrowth but not GFRα2B. The authours
discovered that GFRα2B inhibits GFRα2A and GFRα2C function. Specifically GFRα2B also had the capacity
to inhibit neurite outgrowth induced by GFRα1A. They speculated that different isoform interactions and
expressions regulate the differentiation of neurons. They identified differences in ERK, AKT and MAPK
signalling to account for these different functions (447). They also highlighted that neurite outgrowth under the
control of GFRα2 was regulated by a RhoA mechanism. Activation of GFRα2B by GDNF led to greater levels
of active RhoA, whereas GFRα2A or GFRα2C did not.

Despite these functional differences between GFRα isoforms several studies including those relating to breast
carcinoma have supplemented GFRα1 negative cell lines with recombinant GFRα1 in order to elicit a function.
Commercially available recombinant GFRα1 only comes in the form of GFRα1A yet profiling of breast cancer
cell lines has shown us that GFRα1B is the predominant form in mammary carcinoma cells.

Because GFRα1 isoforms exhibit different functions in different cells I decided to investigate if they were
contributing to the difference in migration phenotypes previously observed. By force expressing the different
isoforms in our GDNF overexpressing cell lines I observed that GFRα1 levels significantly alter a mammary
carcinoma cells migratory response. Increasing GFRα1A levels significantly inhibited motility. Conversely
reduction of GFRα1A enhanced cell motility. This effect was additional on top of that already provided by
GDNF overexpression. For example in MCF7 the effect of GDNF suppressed motility is negated by depletion
of GFRα1A. Similarly the effect of GDNF enhanced motility is enhanced by depletion of GFRα1A. GFRα1B
exhibited more inconsistent results. In some situations it encouraged migration in others it inhibited. In either
case its effect was not as substantial as GFRα1A.
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To take this investigation a step further, I looked if forced GFRα1 isoform expression, in our GDNF
overexpressing cells lines, was modulating AKT, MET or SERPINE1 mRNA expression. These genes were
chosen due to their previous implication in GDNF stimulate migration from either the literature or the study
herein. Interestingly, AKT expression was reduced in all cell lines overexpressing GFRα1A isoform. While
MET expression was not altered in BT549 or MDA-MB-231 cell lines, it was significantly upregulated in MCF7
cells overexpressing GFRα1A. Lastly, SERPINE1 was upregulated by GFRα1 expression in both BT549 and
MCF7 cells but showed a substantial decrease in MDA-MB-231-GFRα1A cells compared to vectors. This
begins to give us an insight of how GFRα1 could be modulating carcinoma motility plus how it differs
mechanistically in different cell lines.

Together, I can conclude that GFRα1 can modulate mammary carcinoma cell motility through isoform specific
means. This could occur through direct activation of signalling or through competitive inhibition for the GDNF
ligand with other GFRαs that may be controlling GDNFs pro-migratory actions. An extension of this latter theory
is because GDNF can promote migration of MDA-MB-231 which are GFRA1 deficient or low it does suggest
that GDNF-induced motility could be a GFRα1-independent mechanism. In support of such a model Popsueva
and colleagues demonstrated in a MDCK model that GFRα1 was dispensable, but not RET, for chemotaxic
migration (242). They provide evidence to support a mechanism which involves a Src mediate RET: MET
interaction responsible for branching morphogenesis of the ureteric bud (242). Alternatively this could just be
a unique feature of MDA-MB-231 cells.

In normal brain tissue GFRα1A predominates or is at relatively comparable levels to GFRα1B. Gliomas are
regarded as very invasive tumours. Expression data of glioma cell lines or tumour samples suggest that upon
the onset of tumorigenesis or subsequent progression the levels of GFRα1 changes such that GFRα1B
becomes the most predominant isoform (318, 345, 346, 446). While GFRα1B does show signs of upregulation
it appears to be more a consequence of GFRα1A downregulation. I hypothesise that this could be a
mechanism of metastasis onset in mammary carcinomas and is probably why GFRα1 is not correlated with
basal invasive carcinomas (231). The amount of deregulation that occurs is tumour and tissue specific as its
effect will depend on the expression and activity of other regulating molecules e.g. other GFLs or GFRs, RET
isoforms, integrins, NCAMs and HSPGs. Also such a correlation has not been reported in GFRα1 tumour
expression microarray analysis as the probes used do not distinguish between isoforms and therefore
individual deregulations are being masked by one another.
3.7.7.3

Chemotaxis vs. Migration

Chemotaxis is defined as polarised migration in response to soluble extracellular cues, a chemical gradient,
and is involved with each step of tumour dissemination (507). It is mediated by chemokines (e.g. CXCL12),
chemokine receptors (e.g.CXCR4), growth factors (e.g. TGFβ) and growth factor receptors (TGFβR1 and R2).
Tumour cells can moved both randomly and directionally, but are most efficient when undertaking the latter.
Chemotaxis also helps shape the tumour microenvironment as tumour cells are known to recruit tumour
infiltrating cells such as tumour associated macrophages, fibroblasts, lymphocytes, endothelial cells and
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mesenchymal stem cells using factors they secrete (Figure 61) (507). Tumours utilise chemotaxis to suppress
cytotoxic immune response (508), recruit endothelial cells to promote angiogenesis (IL-8 secreted by the
tumour acts on the CXC12 receptor found on endothelial cells) and cancer associated fibroblasts can mediate
a directional migration response of tumour cells towards blood vessels or edges of tumour, promoting local
tissue invasion and dissemination (509).

Figure 59: Visualisation of GDNF and serum gradients in migration and chemotaxis assays.
Blue dots represent GDNF. Red dots represent FBS. Green ticks represent success cell movement. Red crosses represent failed cell
movement.

Chemotaxic migration initiates on binding of growth factors to kinase receptors, or adhesion of integrins to
ECM leading to activation of particularly the PI3K/AKT pathway. This results in the activation of effector
molecules such as FAK, Rho, Rac and Cdc42 which are involved in actin/ myosin reorganisation and
lamellipodia/ filopodia development. Specifically Rac is required at the front of the cell to regulate lamellipodia
protrusions, Cdc42 is also localised to the leading edge and regulates filopodia formation and controls the
direction of migration (510). Rho activity, on the other hand, is localised to the rear where it regulates the
actin:myosin contraction and retraction forces. FAK regulates the new focal adhesions made at the front end
of the cell through integrin molecules acting as an anchor.

My research has highlighted the distinct differences between the chemotaxic and migratory responses of
different mammary carcinoma cell lines towards GDNF. The standard migration assay protocol requires the
use of serum in the lower chambers to provide a chemoattractive gradient. In our chemotaxis assays
(chemotaxis co-culture migration assays) I have modified this such that the only attractant is GDNF. Wild type
MCF7 cells were attracted towards a distant GDNF paracrine source provided by overexpressing GDNF cells.
However, GDNF supplied to MCF7 cells by autocrine overexpression repressed directed motility towards a
serum gradient. Reasons for this difference in response could be threefold: (1) Low endogenous levels of
GDNF in MCF7 allow for a chemoattractive gradient to be established (refer to Figure 59), (2) GDNF provides
MCF7 cells with a proliferative or adhesion advantage in nutrient deprived conditions. So in a GDNF rich,
nutrient poor environment (i.e. forced expressed autocrine system), any migratory response is overridden by
a survival response in MCF7 cells. This is especially plausible as PI3K/PTEN pathway in breast cancer cells,
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which is central to cell motility/chemotaxis also controls G1 arrest and apoptosis under serum deprived
conditions and can modify its behaviour based on growth factor signals (511). (3) GDNF is a stronger
chemoattractant than 10% FBS. Different cancer cell lines are known to respond differently to different
chemokines. It is worth noting that the effect of GDNF stimulated proliferation, in serum deprived conditions,
on total cell numbers in the assays is negligible given the short length of the assay (<48hours).

BT549 and MDA-MB-231 cells appear to operate differently. Cells that exhibited an increase in migration when
induced by autocrine GDNF displayed no chemotaxic response towards GDNF. The lack of chemotaxis in
these cells could be because GDNF does not regulate chemotaxis in these cells, serum might be required for
GDNF to have an effect (synergism) or, more likely, this is a response to high endogenous levels of GDNF
present in the wild type cell lines leading to an elimination of a GDNF concentration gradient. Evidence for
this was provided in co-culture migration assays where BT549 or MDA-MB-231 was replaced with MCF7 cells
in the upper chambers of the Transwell while BT549-GDNF1 and MDA-GDNF1 was left in the lower. This
successfully resulted in the chemotaxis of MCF7 cells which was confirmed by RNAi treatment as well. An
additional point to consider with respect to MDA-MB-231 cells only, where GDNF overexpression results in
decreased monolayer or suspended cell proliferation, there appears to be a negative growth advantage
obtained from being in a GDNF rich environment. Therefore cells in a migration assay maybe being instructed
to move away towards a serum gradient instead i.e. GDNF acting as a repellent not attractant. While MDAMB-231 wild type cells did show a negative response towards a GDNF gradient in migration co-culture assays
(provided MDA-GDNF1) or migration chemoattraction assays using rGDNF, these differences were not
statistically significant. With regard to BT549-GDNF1/2 cells which don’t show any proliferation/ survival
response to GDNF I am unsure how else migration versus chemotaxis differences could be caused. It is also
plausible that chemoattraction is simply not characteristic/ function of these two ER negative cell lines. Lastly
it could be that in BT549 and MDA-MB-231 cells serum is required to be present in the media in order to see
a GDNF migration or chemotaxic effect i.e. synergism. Another consideration is one of ligand saturation or
optimal dosage range as other factors such as platelet derived growth factor (PDGF) exhibit both inhibition
and promotion of chemotaxis based on concentration of the ligand. High concentrations suppress where as
low stimulate (512).

Separating out reports that particularly investigate chemotaxis, as opposed to previously discussed migration
studies, we can begin to understand how the two mechanisms are regulated. A seminal study by Okada et al.
demonstrated both the chemotactic and chemokinetic activity of GDNF by using a similar experimental design
to the one herein i.e. co-culturing of GDNF expressing cell lines in Boyden chambers (341). In their context of
pancreatic cancer perineural invasion they found that multiple pancreatic cell lines migrated towards a distant
paracrine GDNF source provided by GDNF-expressing glioblastoma or neuroblastoma cell lines. Cell response
rates varied between different pancreatic cells used and the different glioblastoma or neuroblastoma cell lines
used. In some situations they recorded over a 5 fold increase in chemotactic directed cell motility. However,
this could be only partially (max 30%) inhibited by addition of anti-GDNF antibody in the conditioned media of
glioma/neuroblastoma cells. Interestingly, none of the pancreatic cell lines exhibited any GFRα1 mRNA
expression, but did express RET. Whereas other groups have shown GFRα1 expression in some of the same
cell lines (343) it does suggest that either (A) significant levels of soluble GFRα1 are being secreted by the
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same cells secreting the GDNF to allow trans activation of RET or (B) chemoattraction operates through a
GFRα1-independent mechanism (e.g. GFRα2 or 3). While they didn’t measure the expression levels of GDNF
in their pancreatic cell lines, so as to infer that the level of migration correlated to the size of the concentration
gradient, they did perform a checker board analysis. Here they altered the concentration of rGDNF in upper
and lower chambers 0-1000pg/ml and subsequently analysed the chemotactic and chemokinetic actions of
GDNF on PaCa-2 cells within the same competing experiment. They confirmed that GDNF possesses this bifunctional action and that chemotactic actions were stronger chemokinetic, and dose dependent. Interestingly,
as the difference between the upper and lower chamber GDNF concentrations became smaller, so did the
concentration gradient across the membrane, the lower degree of migration was observed. They proposed
that this chemoattractive mechanism is utilised during initial local perineural invasion, where as chemokinetic
migration is utilised during widespread migration to neighbouring lymph node and arteries. In vivo this certainly
appears to be the case as nerves secrete GDNF and create a soluble gradient with increased concentration
along the axon toward the soma (513). And cancer cells in closer proximity to the GDNF secreting nerves
adopted a mesenchymal morphology (452).

Similarly Veit et al. demonstrated that exposure of PANC-1 pancreatic carcinoma cells to rGDNF,
supplemented into the lower chambers of a Boyden chamber, resulted in a 3-5 fold increase in cell migration
(338). They confirmed this using a three dimension tissue model to investigate GDNF mediated chemotaxis,
the quasi- in vivo, choroioallantoic membrane (CAM) chemotaxis assay (338). Application of GDNF to a distant
nitrocellulose filter resulted in the accumulation of PANC-1 cells under the filter after being seeded in a distant
compartment. To do so PANC-1 cells had invaded through the chorio-epithelium into the underlying
mesenchyme. Gil et al. demonstrated that while all cell lines migrated towards a 15% serum gradient only
neuro-invasive cell lines (MiaPaCa2) responded to an rGDNF chemoattractant source in a dose dependent
manner (452). This demonstrates that cells from the same carcinoma type can respond and function very
differently. They also experimented using a co-culture migration chemotaxis model similar to us. They used
GDNF secreting DRG (dorsal root ganglion neuronal cells) grown in the lower Boyden chamber as the GDNF
source. Anti-GDNF antibodies cultured with DRG neurons reduced migration of pancreatic cancer cells.
Likewise knock down of GDNF mRNA levels in DRG by lentiviral shRNA had a similar effect. They also showed
MiaPaCa2 cells migrated towards DRG cells embedded in a 3D Matrigel matrix. Similarly, chemotaxic activity
as opposed to chemokinetic has also been reported in enteric neural cells (275, 514). The MAPK and PI3K
pathways were required promote ENS progenitors to migrate towards a localised source of GDNF. While
chemotaxis is maintained under MAPK inhibition, PI3K is crucial and its role could not be compensated by any
other pathway (275). GDNF is likely to function as a chemoattractant of ENS progenitors in vivo which is
depended on temporal and spatial expression of GDNF along developing gut. Chemoattraction of limb motor
axons, using the Dunn chamber model was a RET dependent effect and was found to cooperate with other
chemoattractants /repellents (515).
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Figure 60: The mechanisms of chemotactic gradient sensing and cell polarisation.
This model is based on the asymmetric distribution of PTEN and PI(3,5,5)P 3 which leads to the activation of different proteins (e.g. Rho,
Cdc42 and Rac1) at different cellular locations (516).

Tang et al. investigated both migration and chemotaxis of kidney cells (487, 517). They reported that both
GDNF applied to the top chambers with the cells (chemokinetic) and GDNF applied to the lower chambers
(chemotaxic) resulted in increased numbers of cells passing through the Transwell membrane. However,
GDNF applied to the bottom chamber gave a larger effect than GDNF applied just to the top chamber
chambers. In a subsequent study they found PI3K/ AKT to be the underlining mediator of both kidney cell
migration and chemotaxis (518). Kim and Dressler demonstrated that PI3K and PTEN phosphatase drive RET
mediated chemotaxis in renal epithelial cells (517). They also observed that AKT localises preferentially to the
leading edges of migrating cells (where the GDNF is binding to the membrane) and that PTEN suppresses
RET mediate chemotaxis. They go on to postulate how GDNF/RET action contributes to polarisation of the
cell and the implications it has for a mechanism that defines cell migration/ chemokinetic and chemoattraction/
chemotaxis. The model they discuss is based on the asymmetric distribution of PTEN and PI(3,5,5)P3 across
a cell, originally postulated by Iglesias and Levchenko (519). On one side (the leading edge exposed to the
GDNF gradient) GDNF/RET is activating PI3K which produces an increase in PI(3,5,5)P3 locally (Figure 60).
This is known to induce directional turning of lamellipodia and directed migration to high ligand concentrations
(520). Binding of PI(3,5,5)P3 and AKT results in asymmetric signalling in the cell that drives the chemotactic
response (521). On the other side of the cell (the rear) there is high PTEN activity which reduces PI(3,5,5)P3
levels through PI3K inhibition. The result being polarisation of cell based on a PI(3,5,5)P3 gradient. These lipid
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molecules are key signalling phosphoinositides that localise motility proteins (Rac, Cdc42) or their activating
factors (GEFs) (522).

Because PTEN is an integral part of this system its activity affects what sort of response occurs. It appears
that when PTEN activity is completely removed (e.g. deletion mutation) cell migration/ chemokinetic action is
stimulated by Rac1 and Cdc42 (523). When PTEN activity is high (overexpressed) both migration and
chemotaxis are inhibited. Chemotaxis takes place when cells can modulate PTEN levels, by being sensitive
to chemokines that regulate this, to coordinate cell polarisation (517, 523, 524). Furthermore cell motility is
Rac dependent and chemotaxis is Cdc42 dependent. Indirectly Cdc42 can sense the environment and act
accordingly by coordinating cell direction (525). This is an important set of findings as it distinguishes
chemokinesis and chemotaxis as separate functions and provides signalling pathways of how this
mechanistically occurs. While the pathways have not been fully elucidated it could be that different PI3K
isoforms activate different motility regulatory proteins. As migration observations using different PI3K isoforms
have shown that p110δ controls directionality whereas p110β was required for direction but not speed and
p110α had no effect (526).

Given the pivotal role of AKT, PI3K and PTEN in these processes, it is important to consider cell lines which
are already harbouring activating or inactivating mutations in these genes. Using studies which have profiled
the characteristics of breast cancer cell lines we know that MCF7 harbours a PIK3CA activating mutation and
BT549 has an inactive PTEN gene. MDA-MB-231 has neither (527). I can postulate that because of these
mutations chemotaxis is likely to function in MCF7 whereas in BT549 it is likely not. This is because without
PTEN it is unable to establish a cell polarisation which favours chemotaxic behaviour.

Some additional points to consider with respect to GDNF mediated migration and chemotaxis:
1. Because autocrine GDNF is able to stimulate MDA-MB-231 cells, which have negligible GFRA1 levels, to
migrate across a Transwell membrane, it is unlikely that GFRα1 plays a role in increasing cell migration.
This implicates GFRA1 independent mechanisms, such as other GFRα co receptors, as possible
pathways. However, I do know that GFRα1 does influence migration due to its ability to inhibit it.
2. It is possible that our ER- cell lines do not use GDNF to infer a direction for chemotaxis. In this situation
GDNF is solely for increasing basal random migration activity. In the case of MCF7, it can act as both with
the exception of high local concentrations being inhibitory, an effect which trumps serum stimulated
chemotaxis.
3. It is possible that I am seeing a combined or synergistic reaction to not only GDNF but also FBS. In
migration assays it (10% FBS) is used as the chemoattractant. In co-culture migrations it is not present. In
the presence of GDNF, MCF7 does not but MDA and BT549 do migrate towards a serum gradient. In the
absence of serum, MCF7 does but MDA and BT549 don’t migrate towards a GDNF gradient. In the
presence of serum, MCF7 isn’t but MDA and BT549 are stimulated to migrate by GDNF
4. It is possible that like CXC12, GDNF could also work as a tissue tropism. For example it is known that the
GDNF receptors are predominantly associated with breast tumour cells than the ligand itself. But distant
tissues such as the brain/neural system and bone secrete a lot of GDNF ligand and could possible
encourage infiltration and colonisation of secondary tumour sites. Also, because of GDNFs role in
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proliferation and survival it is likely that its role would not just for recruiting to specific sites. It may in fact
offer receptor expressing cells a survival /growth advantage in the new microenvironment rich in ligand.

Image subject to Copyright Act 1994

Figure 61: Chemotaxis in the tumour microenvironment.
The tumour microenvironment is utilises chemotaxis to regulate such functions as immune evasion, angiogenesis and metastasis (507).

In the course of this investigation into the role of GDNF mediated cell migration, invasion and chemotaxis there
are two pathways that have been highlighted as potentially pivotal to these functions, namely Rho GTPase
and the plasminogen activator system
3.7.8

GDNF AND RHOA

Rho family of small GTP-binding proteins are capable of binding and hydrolysing GTP which activates
interacting effector proteins (e.g. ROCK) resulting in the reorganisation of the cell cytoskeleton components.
Through this are involved of in all aspects of cellular motility and invasion particularly through its role in
controlling the assembly of actin stress fibres and focal adhesion complexes (528). While RhoA and RhoC are
highly related and their expressions’ are positively correlated with tumour grade/ progression, poor prognosis
(529, 530) and are upregulated in numerous carcinomas (531, 532) each isoform has a distinct and specific
role in regulating cell migration and/or invasion. Interestingly no RhoA mutations exist in breast carcinomas,
deregulation occurs at the protein expression level (533). Where it is clear that increased RhoC activity
promotes tumour invasion and cell motility (534-536), the literature is dotted with evidence of RhoA both
promoting and inhibiting this function (537-542). Studies investigating the silencing of both RhoA or RhoC in
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breast carcinomas have reported both reductions and increases in invasive potential (536, 543). Furthermore
enhanced RhoC expression drastically increases the migration and invasion of pancreatic carcinoma cells,
whereas forced expression of RhoA decreases these actions (544). A clear picture of this yet to evolve but
isoform function is less straightforward than anticipated as there is post-transcriptional mechanism that
facilitates RhoC expression in the absence of RhoA and vice versa (543). This phenomenon also exists in
colon carcinoma (545). RhoA and RhoC are also known to interact differentially with downstream effector
ROCK, RhoC has higher affinity. More so high RhoA is inhibitory for Rac1 (another member of the Rho GTPase
family which induces formation of lamellipodia) and low RhoA induces high Rac1 activity (546). It maybe that
different GEFs and GAPs (Rho GTPase regulating proteins) influence how Rho proteins can act in different
contexts either promoting or inhibiting cell motility (547-549). RhoA can also stimulate cell proliferation and
survival and even induce transformation (550) whereas RhoC plays no role in this (551).

I have identified RhoA as a potential mediator of GDNF and GFRα1 regulated cell migration/ chemotaxis. I
have also identified RhoA expression as a differentiating factor between the motility response of MCF7 and
BT549 & MDA-MB-231 cells to GDNF i.e. functional differences are linked to different RhoA expression
changes. Forced GDNF expression in MCF7 cells increase RhoA, whereas it decreases in MDA-MB-231 and
BT549 cells. Because of this disparity in the research body as to the function of RhoA and how this changes
in which contexts, it is difficult to postulate the functional significance of our own observations. But based on
this I can postulate that RhoA is inhibiting cell motility in this context. I have previously discussed GDNF studies
that would support such a function (447, 501). Furthermore, I have highlighted how the GFRα1 co-receptor is
adding an additional layer of complexity on the system by also acting as modulator of RhoA expression. In
our study both GFRα1 isoforms down regulated RhoA. Supportive of this are various studies that have shown
a differential regulation of Rho-GTPases or RhoA by different GFRα co receptors which result in modified
motility (446, 447).

Given the central role RhoA plays in chemotaxis specifically it would be interesting to know how overexpression
of GFRα1 isoforms effect chemotaxic response of these cell lines. Does increasing GFRα1A, which I now
know leads to decreased migration and decreased RhoA, make cells more sensitive to chemotaxic behaviour
and vice versa?
One consideration I acknowledge I cannot resolve is that overexpression of GFRα1, which suppresses
migration also leads to a downregulation of RhoA, an event that supposedly suppresses migration. Expression
analysis of RhoC, Rac1 and Cdc42 may provide us with insight to resolve this.

3.7.9

GDNF AND THE PLASMINOGEN ACTIVATOR SYSTEM

The second molecule that might be central to GDNF and GFRα1 regulated cell migration is SERPINE1 (PAI1, plasminogen activator inhibitor type 1) and the other components of the urokinase plasminogen activator
pathway. In MCF7 cells GDNF appears to suppress the pathway leading to motility suppression but favourable
anchorage dependent growth conditions where as in BT549 it stimulates the reverse.
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SERPINE1 is the major inhibitor of plasminogen activator, a serine protease that converts plasminogen to
plasmin. Plasmin is also a serine protease which catalyses the degradation of basement membrane and ECM
proteins (vibronectin, fibronectin and others), and activates latent MMPs and GFs (e.g. HGF), to facilitate
cancer cell invasion. Independent of these functions the uPA system also more directly promotes cell migration
and chemotaxis by enhancing adhesion at the leading edge, modulating integrin interactions and initiation of
signal transduction cascades (552-554). SERPINE1 acts by binding to urokinase-type plasminogen activator
(PLAU, uPA, urokinase) blocking its interaction with the urokinase plasminogen activator surface receptor
(PLAUR, UPAR) (Figure 62) (555). uPA and SERPINE1 have recently been regarded as breast cancer
metastasis prognostic markers as high protein levels are associated with high metastasis risk (556).
SERPINE1, and consequently the rest of the pathway, contributes the invasive growth and angiogenesis of
malignant tumours. In fact there is a significant relationship between the level of SERPINE1 in the plasma
before treatment and grade of the tumour, which increases with colorectal tumour grade and greater tissue
expression of PAI1 linked to bad response to therapy (557). More relevant to the study herein pancreatic cells
treated with GDNF increased urokinase activity. Conversely inhibition of urokinase suppressed GDNF induced
cell invasion (488). Interestingly RhoA can stimulate uPAR and PAI1 expression and in endothelial cells this
is mediated by NF-κB activation through the Rho/Rho-kinase pathway (558-560). It has also been found that
the RhoA-ROCK pathway cooperates with the urokinase-type plasminogen activator to stimulate MCF7 cell
migration (561).
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Figure 62: Schematic representation of the classical role of urokinase plasminogen activator pathway.
Showing the assembly and regulation of the plasminogen activation proteolytic cascade through interactions with various cell surface
co-receptors and inhibitors (562).

3.7.10 DISPARITY BETWEEN DIFFERENT CELL LINES

Another factor underlined in this study is the differences in functions between different cell lines from the same
tissue (mammary gland). While our research group has come across this frequently with other GFLs and GFs
it is certainly not limited to just us. It is a phenomenon which is a function/ consequence of complex systems.
While this can be easy to be explained in some situations by presence/ absence or altered levels of the
responsive receptor in others it isn’t so clear. In the context of the GDNF pathway this can include: differential
co/receptor expression, different internal circuitry, endogenous mutations, lack of co-factor produced,
presence or absence of HSPGs and type, inhibitors produced and soluble vs. non soluble receptor present
(Boulay et al. reported that cis acting GFRα1 gave more sustained signalling than trans acting GFRα1 in T47D
cells (365)). The concentration of the GFL and its receptor complex components also effects the stage (i.e.
intermediate forms of complex are formed) of binding of complex and dictates whether or not RET is fully
activated. This controls what signalling pathways are activated. (563). Boulay and colleagues also reported
that rARTN signalled through to ERK in MCF7 but not in T47D despite both cell lines having similar mRNA
levels of GFRα3, RET and endogenous ARTN present (365). Estradiol treatment of T47D cells leads to a

- 159 -

decrease in Myc and Cyclin D1, but an increase TFF1 expression. When MCF7 cells are treated similarly you
get reverse expressional changes. This is evidence that different circuitry between cells from the same tissue
and possibly illustrates the difference between soluble versus endogenous GFRα1 given to T47D cells.
Another example of differential effects was shown by the silencing of HDGF expression in DU145 cells which
inhibited cell migration and invasion, but in MCF7 cells it stimulates cell migration and invasion (564). More so
they justify this differential effect as a possible result from the differential induction of PIK3R1 or SERPINE1 in
the two cell lines upon HDGF-siRNA treatment.

I have in part demonstrated the downstream manifestation of these disparate GDNF induced functions in
different cells through the differential regulation of the RhoA and urokinase pathways in addition to the cell
adhesion pathways (α-Catenin, E-Cadherin), TWIST, IL8 and fibronectin).
3.7.11 THE OVERALL MODEL AND THEORIES
In the context of an in situ tumour what is the role of GDNF?

Together, the GDNF literature and data presented here provides evidence supporting an oncogenic function
for GDNF in mammary carcinoma. However, it is most likely a stromal derived factor. Not only has it is known
to be produced by cancer infiltrating fibroblasts in a breast cancer model (231) but also in the circulatory system
(565) by bone marrow-derived stromal and accessory cells, kidney mesenchyme to support epithelial
morphogenesis, muscle cells to induce innervation and tooth mesenchyme to support innervation (294).
Furthermore tumours have been shown to induce GDNF expression through the paracrine actions of other
cytokines (231). Also unlike GFRAs, RET and ARTN, the GDNF ligand doesn’t have a large amount of
evidence correlating its intratumoral expression to breast disease (355). I have also shown that mammary
carcinoma cells and endothelial cells are responsive towards a paracrine source of native GDNF.

Functionally it is the balance between autocrine and paracrine sources of GDNF that dictates the effect it has
on the primary tumour. I postulate that the stromal components through GDNF action create a supportive
tumour microenvironment that encourages survival and/or proliferation resulting in tumour growth, potentially
aided by GDNF induced angiogenesis, and eventually tumour cell ejection from the primary tumour facilitating
metastasis. This means that GDNF could be eliciting different effects at different stages of progression.
Independent of this hypothesis is evidence to suggest a tumour type specific action of GDNF. Its action can
be heavily influenced by GFRα isoform expression, which tumours may use to control their progression. This
is supported by strong GFRα1 clinical correlation. This latter suggests that GFRα1 could pose as a novel point
for therapeutic intervention for controlling metastasis specifically.

- 160 -

3.8

SECTION CONCLUSION

Herein I have investigated the oncogenic potential of GDNF in mammary carcinoma in vitro and in vivo using
a forced expression model. I conclude that GDNF does regulate mammary oncogenesis in a multitude of
functions including cell growth, motility, microenvironment remodelling, angiogenesis and stemness.

I provide the first report that GDNF has a role in regulating mammary carcinoma cell motility and tissue
invasion. This has been demonstrated both in vitro and in vivo and could be reversed upon endogenous GDNF
mRNA depletion. I note that the direction of this effect is cell line-dependent and that this decision can be
partially mediated by the expression of GFRα1 isoforms, particularly isoform A. GFRα1 isoform A induces an
AKT down regulation in mammary carcinoma cells when overexpressed. SERPINE1 is also believed to play a
pivotal role in this migration decision given that it is deregulated under GDNF or GFRα1A overexpression. The
invasive phenotype is manifested morphologically. GDNF’s role in tissue invasion was confirmed by in vivo
mammary fat pad xenografts which exhibited neural and muscular invasion from primary tumour sites.
Furthermore evidence was substantiated by an increase in distant lung metastases formation following tail
vein injection of tumour cells. Distinct from its migratory activity, GDNF is able to act as a chemoattractant
towards mammary carcinoma cells. Migration appears to be determined by whether a positive GDNF
concentration gradient between the source and target cells is established.

Secondly GDNF regulates monolayer proliferation in a differential manner. MCF7 cells proliferate quicker in
serum depleted conditions and correlated with CYCLIND1 and E1, TERT upregulation and cell cycle
progression. This also inferred greater chemosensitivity. On the other hand MDA-MB-231 force expressing
GDNF cells grew slower. Depletion of endogenous GDNF mRNA however, could not completely reverse
observations. In either case, it appears that interaction with stromal components of the tumour
microenvironment modulates the effect GDNF has on the inherent cancer cells. In vivo this coincided with
mammary fat pad xenograft tumours and lung metastases both of larger sizes. Apoptosis increased slightly in
all forced expressed cell lines but was more substantial upon GDNF depletion indicating its essentialism.

Thirdly, I report that GDNF may have a role in angiogenesis. GDNF, supplied by a paracrine source, was able
to facilitate endothelial cell tube formation while enhancing endothelial cell survival and induce a proangiogenic gene expression signature in endothelial cells. In addition autocrine GDNF expressing mammary
carcinoma cells were found to express greater levels of IL-8, VEGF and fibronectin mRNA, three known proangiogenic markers.
Lastly, I have provided evidence that GDNF’s role in stem cell regulation, prevalent in the testis, may be also
present in the mammary gland. Not only were prospective cancer stem cell populations receptive to GDNF but
they also appeared to be regulated by it given forced GDNF expression was capable of changing the size of
this population. Further population specific assays would yield more insightful data.

This study represents advancement in knowledge for GDNF biology important not only for cancer therapeutic
development but also has ramifications for other research fields where GDNF plays an important role i.e.
neurobiology and kidney formation. The results reported herein have validated the need for further
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investigation into GDNF mediated oncogenesis particularly GFRα1 isoform mediated migration of mammary
carcinoma cells as this area possess therapeutic opportunity. Mimicking the action of migratory-inhibiting
GFRα1A via a peptide mimetic, synthetic chemical or recombinant protein may prove to be a viable treatment
mechanism for metastatic cancer. This is especially relevant given that majority of breast tumours express
GFRα1 and that soluble forms of the co-receptor are known to be functional. However, more work into the
isoform specific expression in breast tumours is also required.
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CHAPTER 4:
RESULTS - THE ROLE OF SF20 IN MAMMARY NEOPLASTIC
PROGRESSION
4.1

INTRODUCTION

The action of autocrine growth hormone has recently been discovered as an unexploited pathway to derive
potential novel therapeutic targets, for the treatment of mammary carcinoma. Currently our group’s research
has centred on delineating the mechanistic action behind the oncogenic phenotype associated with autocrine
human growth hormone (hGH). A potential mediator of local hGH production, the human Stromal Cell-Derived
Factor 20 (SF20) gene, has been identified but is yet to be functionally characterised. Since its identification,
a preliminary characterisation study of SF20 has been undertaken, prior to this doctoral thesis, using a stable
forced expression mammary carcinoma cell line model.

To date I have demonstrated that SF20 is a 16 KDa secreted protein which, when forced expressed in MCF7 mammary carcinoma cells (MCF-SF20myc), slows cell growth, enhances anchorage independent growth
and may modulate cell motility. While this initial characterisation has implicated SF20 in mammary gland
oncogenesis, further confirmation is required given that the reported effects were minimal. There was also the
possibly that the results in this study were influenced by the fused Myc N-Terminal tag on the SF20 protein
(for protein identification purposes). This is because it composed greater than 10% of the total protein size
which could compromise normal SF20 protein function.

Figure 63: Confirmation of SF20myc forced expression in MCF7 cells.
SF20myc protein was identified via Western blot using an anti-Myc antibody.

The study herein sought to continue this work to elucidate whether SF20 has a role in mammary gland
oncogenicity. Preliminary studies continued to utilise our original in vitro forced expression SF20myc MCF-7
model (Figure 63) until a new non-tagged model in multiple mammary carcinoma cell lines could be generated
and their protein expression detected. This was combined with targeted inhibition studies of SF20 signalling
by siRNA technology or polyclonal antibody.
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4.2

THE EXPRESSION OF SF20

Firstly a panel of carcinoma cell lines, originating from a number of different carcinomas including prostate
(PC3, DU145), lung (A549) and breast (BT549, MDA-MB-231, T47D, MCF-7), were screened for their SF20
mRNA expression. Not only was SF20 expressed in all cell lines but also at relatively similar levels despite
using cell lines from very different tissues. The highest expression of SF20 mRNA was recorded by the
hepatocellular liver carcinoma cell line, HepG2. Notably, the majority of the breast cancer cell lines exhibited
a low expression level compared to the rest of the panel (Figure 64A). The expression of SF20 was also
examined at the protein level by SDS PAGE Western blot (Figure 64B) using breast and prostate carcinoma
cell lines. The estrogen receptor negative cell lines (BT549, MDA-MB-231) both exhibited a lower level of SF20
protein expression compared to the oestrogen receptor positive cell lines (T47D, MCF7). Again, small variation
(<1.8 fold) in protein expression level among the cell lines was detected.
The PrimExpressTM Human Normal Tissue cDNA Panel consisting of a collection cDNAs derived from 30
different tissues was subjected to PCR to generate a semi quantitative mRNA tissue expression profile of
SF20. In addition to those reported tissues expressing SF20 it is evident in Figure 64C that SF20 mRNA is
synthesised in a range of multiple tissues. It is predominantly expressed in both foetal and adult liver as well
as the small intestine and spleen. Little or no expression was detected in umbilical cord, spinal cord, cartilage,
adult skeletal muscle, heart, thymus, peripheral blood lymphocytes, pancreas, salivary gland, thyroid and
ovary. Prostate, uterus, colon, stomach, skin, kidney, lung, trachea, adult and fetal brain, placenta, adrenal
gland, and adipose tissues where reported to express intermediate levels of SF20 mRNA.

Despite no oestrogen response element (ERE) being present in the promoter region of SF20 I analysed the
effect of oestrogen on SF20 mRNA expression to determine if significant crosstalk was present to regulate
SF20 expression. SF20 RNA expression analysis, by RT-PCR, in MCF7 cells treated with 10nM estradiol (E2)
for 0, 6, 12, 24 and 72 demonstrated no differences in SF20 levels at any time point (Figure 64D).

By mining online databases, the Oncomine cancer microarray database and the NCBI UniGene EST Profile
Viewer, I explored the relationship of SF20 expression in breast cancer samples to establish a degree of clinical
relevance (351). Table 15 outlines data extracted from the Oncomine database in relation to SF20 over or
under expression (up or down regulation) in mammary carcinomas and correlated with prognostics markers
(351). Most notable in this data is that SF20 is up regulated in breast carcinoma, correlated with increasing
carcinoma grade, positively correlated to BRCA1 and p53 mutations, overexpressed in ER positive tumours,
sensitive to doxorubicin treatment and correlated with positive lymph node status.
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Figure 64: SF20 expression profile in carcinoma cell lines and normal human tissues.
(A) SF20 mRNA expression in a panel of carcinoma cell lines as detected by semi-quantitative RT-PCR. Graph represents optical
density measurements of the above DNA electrophoresis gel image. Β-actin was used as a loading control. (B) SF20 protein expression
levels in a panel of carcinoma cell lines. Graph represents optical density measurements of the above Western blot film image. (C)
SF20 was amplified by PCR with SF20 specific primers from cDNAs made from a panel of different human tissues (Primgen). The
tissue of origin is marked above each lane. PBL =peripheral blood lymphocytes. (D) MCF-7 cells treated with 10nM estradiol over a 72
hour period. SF20 mRNA expression was analysed by semi-quantitative RT-PCR. β-actin or β-2 Microglobulin (β2M) was included as a
loading control.
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Class (sample number)
2
Breast Carcinoma
(40)
Breast Carcinoma
(47)
2 (126)
2 (128)

Correlation

Analysis type

Analysis

Cancer vs.
Normal

Breast - Type

Tumour grade

Breast Carcinoma - Elston
Grade
Breast Carcinoma Nottingham Grade

1 (68)
1 (67)
1 (3)

2 (5)

3 (2)

Tumour Stage

Breast Carcinoma - Stage

I (26)

II (70)

III (14)

Breast Carcinoma
(62)
Basal Tumour (16),
Luminal Tumour (27)
Non Basal-like
Carcinoma (20)
Breast Cancer
Culture (9);
mmortalized Breast
CellLine (4)
Alive (9)
Alive (13)

Colon Carcinoma
(42)
Apocrine Tumor
(6)
Basal-like
Carcinoma (18)

1
Normal Breast (7)
Normal Breast (9)

Tissue - Type
Breast Carcinoma - Type
Cancer vs.
Cancer

Breast Carcinoma - Type

Breast - Type

Prognosis

Brain - Survival - 3 Years

Molecular
Alteration

Miscellaneous

Breast Carcinoma - BRCA1
Mutation
Breast Carcinoma - p53
Mutation Status
Breast Carcinoma - BRCA
Mutation Status
Breast Ductal Carcinoma Estrogen Receptor Status
Breast Ductal Carcinoma Progesterone Receptor
Status
Breast Carcinoma - Type
Breast Ductal Carcinoma Docetaxel Response
Breast Carcinoma - Xist
Stain
Breast Carcinoma - Histone
Lysine H3mK27 Methylation
Breast Carcinoma - Lymph
Node Status

3

p-value

References

0.005

(13)

4

3 (55)
3 (54)

IV
(5)

0.043

(12)

0.186
0.17

0.003
0.007

(9)
(10)

-0.693

0.026

(15)

0.208

0.026

(2)

0.009

(3)

0.013

(5)

0.02

(13)

Primary Breast
Cancer (4)

0.036

(4)

Dead (20)
Dead (56

0.004
0.021

(14)
(6)

Negative (128)

Positive (31)

0.028

(11)

Wild Type (179)

Mutant (72)

0.042

(10)

BRCA1 Positive (18);
BRCA2 Positive (2)

Sporadic (97)

0.016

(16)

Negative (11)

Positive (24)

0.003

Negative (11)

Positive (22)

0.006

Ductal (45)

Medullary (5)

0.042

(7)

Resistant (14)

Sensitive (10)

0.044

(1)

Negative (19)

Positive (21)

0.011

Negative (19)

Positive (21)

0.011

Negative (35)

Positive (26)

0.017

(17)

(13)

(8)

Table 15: Differential expression of SF20 in human breast cancers and normal tissue.
Shown are all the studies with a p-value <0.05 in the Oncomine database (http://www.oncomine.org) (351).

Within the Unigene EST profile tool in NCBI database SF20 shows extensive coverage across most tissues:
adipose, bladder, blood, bone, brain, cervix, connective tissue, oesophagus, eye, heart, kidney, liver, lung,
lymph node, mammary gland, ovary, pancreas, parathyroid, pharynx, pituitary gland, prostate, salivary gland,
skin, stomach, testis, thyroid, trachea, uterus and vascular tissues. The highest of these was prostate and skin
at 237 transcripts per million followed closely by pancreas at 214 per million. The lowest was muscle at 9.
SF20 ESTs were not found in spleen, thymus, umbilical cord, nerves, mouth, larynx, ear or the adrenal gland.
In diseased states SF20 was expressed in most tumours. Figure 65 shows the percentage change in
transcripts per million between normal and neoplastic states. The mammary gland, kidney, liver, prostate and
uterus displayed significantly higher SF20 transcript levels in their neoplastic counterparts.
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Figure 65: Difference in GDNF transcripts amounts between normal and neoplastic tissues.
Data extracted from NCBI UniGene EST Profile Viewer. Transcripts per million (TPM)

4.3

SF20 CHARACTERISATION (MYC-TAGGED)

Using the MCF-Vec and MCF-SF20myc cell line models I continued to characterise SF20’s potential oncogenic
function to confirm/ deny previously reported data.

While cell cycle analysis demonstrated no difference between the cell lines under full serum conditions (Figure
66C left), S-phase was completely absent in MCF-SF20myc cells relative to MCF-Vec under serum deprived
conditions. However, this was compensated for by an increased G2-M phase (Figure 66C right).

In the soft agar assay there was small but significant increase in the colony forming ability of MCF-SF20myc
cells compared to MCF-Vec as16.4±9% (P=0.04) more colonies were counted (Figure 66D left). Because I
observed that MCF-Vec colonies appeared larger I took measurements of 30 random colonies. Figure 66Dright shows that MCF-Vec derived colonies were 1.2±0.27 fold larger than MCF-SF20myc derived colonies.
However, this was not statistically significant (P=0.08). The largest differences in colony size were those
around the lower quartile of each data set (i.e. 57µm compared to 48 µm). Lastly, I assessed the morphological
differences between the cell lines under 3D Matrigel culture. I report that there were no distinct differences in
morphology, however I observed a greater proportion of large spheroids produced by MCF7-Vec (Figure 66E).

Our collaborating lab (Prof. Zhao T, National University of Science & Technology, Hefei, China) performed a
mammosphere culture assay on MCF-Vec and MCF-SF20myc cells. They observed MCF-SF20myc yielded a
greater number of mammospheres and also a greater number of larger sized mammospheres (Figure 66A). I
followed this up by looking at the expression of a few mammosphere-related marker genes, namely Oct4,
CD24 and CD44. However, there were no observable differences between the cell lines (Figure 66B).
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Figure 66: The effect of forced SF20 expression in mammary carcinoma cells.
(A) Mammosphere culture assay of MCF-Vec and MCF-SF20myc. (B) RT-PCR of CD44, CD24 and Oct4 stem cell marker genes in
MCF-Vec and MCF-SF20myc. (C) Cell cycle analysis of MCF-Vec and MCF-SF20myc. (D) Soft agar assay of MCF-Vec and MCFSF20myc measuring relative fold of number of soft agar colonies (left) and colony sizes (right). (E) 3D Matrigel culture of MCF-Vec and
MCF-SF20myc stable cell lines after 15 days in full serum conditions. Error bars represent ± 1 standard deviation. Statistical significant
indicated by * P≤0.05;** P≤0.01; *** P≤0.001.

Using real-time qPCR analysis, I investigated the effects of forced SF20myc expression on the expression of
common markers of proliferation (Figure 67A), signalling (Figure 67B) and metastasis (Figure 67C) in MCF-7
cells. In MCF-SF20myc, compared to MCF-Vec, cells I observed notable mRNA upregulations (P=0.05) in only
BAD. Significant downregulations included CYCLIN D1, BRCA1, BCL2L1, CDKN1A, TP53, AKT1, ERRB2,
FOS, and JUN.
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Figure 67: mRNA expression profile of oncogenic markers regulated by SF20.
Real time qPCR analysis of key oncogenicity genes in MCF7-SF20myc and MCF7-Vec cells. Graphs are divided up into (A) cell growth
and death regulators, (B) signal transduction genes, and (C) metastasis markers. Results are represented as fold changes in mRNA
levels i.e. -2 fold equals is the same as 50% down regulated, of MCF-SF20myc relative to MCF7-Vec. Real time qPCR analysis
performed by Vijay Pandey. Data are expressed as mean ±SD (* P≤0.05;** P≤0.01; *** P≤0.001).

4.4
4.4.1

SIRNA-SF20 CHARACTERISATION
ESTABLISHING STABLE DEPLETION OF SF20 IN MAMMARY CARCINOMA CELL LINES

I had previously evaluated the silencing efficiency of three constructs before the commencement of this study.
However, none proved to be constantly effective. I therefore sought to design six further siRNA-SF20
constructs (refer to Table 3 for sequences named A  F). These oligonucleotides were cloned into the pSiU6
2.1 hygromycin plasmid construct and confirmed by DNA sequencing. I then established stable cells lines force
expressing the siRNA hairpin under a CMV promoter in MCF-7 cell lines which express detectable endogenous
SF20. The cell lines were designated as MCF-siSF20-X (where X was A,B,C,D,E or F) and MCF-siCK for the
control cell line expressing a scrambled sequence which has no homology to other nucleic acids in the human
genome.
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I sought to confirm SF20 mRNA depletion by RT-PCR and protein depletion by Western blot analysis. While
there was no obvious silencing effect apparent at the mRNA level (Figure 68A), at the protein level I found that
MCF-7 cells stably expressing the siSF20-B, siSF20-D and siSF20-F constructs showed lower SF20 protein
levels compared to the control cell line, MCF-siCK. However, there was an inconsistency with SF20 protein
level detection by several Western blot trials on siRNA stable cell lines (Figure 68A and B). The SF20 protein
level in MCF-siCK cells was lower than several MCF-siSF20 cell lines on a number of occasions despite even
β–actin levels (e.g. siSF20-A, siSF20-C and siSF20-E in Figure 68A).

To provide some clarity on SF20 stable mRNA silencing I sought a different approach. This was performed by
cloning SF20 as a fusion protein with Green Fluorescent Protein (GFP) and transfecting this plasmid vector
into the MCF-siSF20-X cell lines. Successful silencing is identified by a lower green fluorescence compared to
the control cell line siCK. Cell lines MCF-siSF20-B and MCF-siSF20-C exhibited the lowest fluorescent signal
compared to the control (Figure 68C). This was confirmed by Western blot against the same cell lysate by
probing with an anti-SF20 antibody. All cell lines exhibited lower levels of the SF20-GFP protein (47KDa)
(Figure 68D) Based on these results, I proceeded to conduct several functional assays on MCF-siCK, MCFsiSF20-B and MCF-siSF20-C.
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Figure 68: siRNA mediated depletion of endogenous SF20 mRNA.
(A) RT-PCR (top panel) and Western blot (bottom panel) detecting SF20 mRNA and protein expression, respectively, in MCF-7 cells
stably transfected with anti SF20 siRNA constructs (pSiU6-si-X) (B) Fluorescent micrographs post 24 hours transient transfection of
SF20-GFP expression plasmid into MCF7 siRNA-SF20 stable cell lines to detect for SF20 silencing. A positive control (POS+,
transfection of GFP-siRNA) and negative control (NEG-, transfection of empty vector) were used for this experiment. (C) Western blot of
transiently transfected MCF7 siRNA-SF20 stable cells with SF20-GFP expression plasmid into to detect for SF20 silencing. Low green
fluorescence intensity means lower SF20-GST levels which confirms SF20 mRNA silencing.

4.4.2

FUNCTIONAL ASSAYS FOR SIRNA CELL LINES

Using the wound healing assay I investigated the effect of SF20 depletion on cell motility. No obvious
differences were reported between the cell lines (Figure 69A). Total cell number proliferation under full serum
conditions also exhibited no differences (P=0.44 and P=0.9) (Figure 69B-left). However, in serum free culture
media both MCF-siSF20-B and MCF-siSF20-C exhibited a significant lower total cell number after eight days
in culture compare to MCF-siCK. MCF-siSF20-B was 6.8±1.5% lower (P= 0.035) and MCF-siSF20-C was

- 171 -

25.3±6.7% (P= 0.004) lower compared to MCF-siCK (Figure 69B-right). Cell cycle analysis reported a similar
phenomenon. Under full serum conditions MCF-siCK and MCF-siSF20-B exhibited no differences in cell cycle
distribution. MCF-siSF20-C displayed an increase in G0-G1 phase proportion and a corresponding decrease
in S-phase and G2-M phase (Figure 69-left). Under 48 hours of serum deprivation the majority of cells were
blocked in G0-G1 phase. However, this was more prominent in MCF-siSF20-B and MCF-siSF20-C cell lines
(Figure 69C-right). S phase proportions decreased from 3.2% to 1.4% and 1.3% respectively. G2-M phase
proportions decreased from 9.7% to 3.2% and 3.9% respectively. Lastly, a soft agar assay was performed. No
difference was found between MCF-siCK and MCF-siSF20-B, but there was a 13±5% increase in colony
formation in MCF-siSF20-C compared to MCF-siCK (P=0.028) (Figure 69D). There was also a significant
difference between MCF-siSF20-B and MCF-siSF20-C (P=0.03) (Figure 69D).
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Figure 69: The effect of stable SF20 mRNA depletion by siRNA on cell function.
(A) Wound healing assay micrographs were taken at 0 hours and 72hours post wounding. Dashed lines represent the migration front.
(B) Total cell number assay of MCF-siCK versus MCF-siSF20-B and MCF-siSF20-C (C) Cell cycle analysis and (D) Soft agar assay of
MCF-siCK versus MCF-siSF20-B and MCF-siSF20-C. Data are expressed as mean +/- SD (* P≤0.05;** P≤0.01).
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4.5
4.5.1

SF20 CHARACTERISATION (NON-TAGGED)
ESTABLISHED STABLE FORCED EXPRSSION OF SF20 IN MAMMARY CARCINOMA CELL LINES

As previously mentioned, the aim of this study was the characterisation of non-Myc tagged forced expressed
SF20 in mammary gland carcinoma an as in vitro cell line model. Stable cell lines force expressing SF20 were
generated by stable transfection of MCF-7, MDA-MB-231 and BT549 and with a pIRESneo3-SF20. The
resulting cell lines were designated as MCF-SF20, MDA-SF20, and BT-SF20. An empty pIRESneo3 vector
was also transfected into MCF-7, MDA-MB-231 and BT549 cells to act as a control cell line. The resulting cells
were designated as MCF-VEC, MDA-VEC, and BT-VEC respectively. Stable forced expression of SF20
compared to VEC control cell lines was verified by semi-quantitative RT-PCR analysis (detection of a 516bp
gel band) and Western blotting ( detection of a 16-18kDa band) (Figure 70A-C). Because SF20 is a secreted
protein it was imperative to detect it in the culture medium. This was performed by conducting a Western blot
on a volume of concentrated culture media previously exposed to the cell population.

Figure 70: Establishment of stably forced expression of SF20 in mammary carcinoma cell lines.
Stable SF20 forced expression was confirmed in (A) MCF-7, (B) BT549 and (C) MDA-MB-231 cells by RT-PCR and Western blot
analysis compared to stable control VEC transfected cell lines. β-actin was used as a loading control.
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Figure 71: Effects of forced SF20 expression in mammary carcinoma cells in growth, cell cycle progression and apoptosis.
(A-C) Total cell number assay after 7 days, (D-F) Cell cycle analysis and (G-I) Annexin V/PI apoptosis assay of (A, D, G) MCF-SF20, (B,
E, H) BT-SF20 and (C, F, I) MDA-SF20 and their VEC control cells. Data are expressed as mean +/- SD (* P≤0.05;** P≤0.01; ***
P≤0.001).

4.5.2

PROLIFERATION AND APOPTOSIS

Forced expression of SF20 in MCF-7 cells significantly decreased total cell number by 31.2±12 % (P= 0.013)
when compared with the control cell line, MCF-VEC, after seven days in 10% FBS conditions (Figure 71A).
Likewise, forced expression of SF20 in BT-SF20 significantly decreased total cell number by 35.6±0.01%
(P=0.01) (Figure 71B). However, no significant change was observed between MDA-VEC and MDA-SF20
cells (P=0.47) (Figure 71C).

Forced expression of SF20 in MCF-7 cells decreased S-phase by 33% and increased G2-M phase proportion
by 12% compared to the control cell line MCF-VEC (Figure 71D). Conversely, both BT-SF20 and MDA-SF20
exhibited no cell cycle distribution changes compared to their control cell lines (Figure 71E,F).
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Annexin V/ propidium iodide staining combined with flow cytometry analysis demonstrated that forced
expression of SF20 in MCF-7 cells increased total apoptotic levels by 1.35±0.01 fold (P=0.01) when compared
with the control cell line (Figure 71G). This was composed of a 25.4% increase (P=0.008) in early stage
apoptosis and a 38% increase (P=0.014) in late stage apoptosis. Both BT-SF20 and MDA-SF20 did not alter
apoptotic levels significantly compared to control cell lines, BT-VEC (P=0.43) and MDA-VEC (P=0.053)
respectively.

4.5.3

METASTATIC PHENOTYPE

I next investigated the migration potential of these cells using the migration assay as described in the Material
and Methods (2.2.2.6). I confirmed that there was no disadvantage or advantage inferred by SF20 forced
expression in BT549 (P=0.99) or MCF-7 (P=0.71) cell lines with no difference in cell migratory ability (Figure
72 A and B). On the other hand forced expression of SF20 in MDA-MB-231 cells induced an increase of
1.88±0.17 fold (P=0.013) in the number of cells that migrated across the Transwell membrane compared to
MDA-VEC (Figure 72C).

Using FITC conjugated phalloidin staining to visualise F-actin filaments by immunofluorescence microscopy, I
sought to assess changes in cellular morphology. Figure 72D highlights representative fluorescent
micrographs of the SF20 stable cell lines. While I could distinguish significant differences in morphological
characteristics between the different cell lines (i.e. MCF7 brick-like, BT549 spindle/fibroblast-like, MDA-MB231 grape-like architectures) the comparisons between VEC and SF20 stable cell lines yielded no significant
differences in morphologies.

I performed wound healing assays to determine the effects of forced expression of SF20 in the motility of
mammary carcinoma cells. Wound healing assays were performed over a period of 72 hours in 5%
supplemented FBS medium. After 72 hours, both MCF-VEC and MCF-SF20 cell types had made progress
toward closing the wound but no difference was observed in the migration between the two cell lines (Figure
73, upper panel). While both BT-SF20 and MDA-SF20 cells had completely closed off the wound at 72 hours,
as had their control cell lines, no difference in the progress of their migration fronts between the forced
expressed SF20 cell lines and their respective controls could be observed (Figure 73, middle and lower panel).
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Figure 72: Effects of forced SF20 expression on mammary carcinoma cell motility and morphology.
Migration assay of (A) MCF-VEC and MCF-SF20, (B) BT-VEC and BT-SF20 and (C) MDA-VEC and MDA-SF20 cells.(D)
Immunofluorescent detection of F-Actin bound phalloidin (green) observed by inverted fluorescent microscopy , bar represents 50µm.
Data are expressed as mean +/- SD (**, p≤0.01).
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Figure 73: Forced SF20 expression does not regulate wound healing.
The wound healing assay was performed on MCF-7, BT549, MDA-MB-231 cells overexpressing SF20 and their respective controls.
Micrographs were taken every 24 hours of identical wound sites to monitor healing progress. Dotted lines represent migration fronts.
Magnification x20.

Resistance to anoikis, or anchorage-independent growth, is a characteristic of oncogenically transformed cells.
In a standard soft agar colony formation assay, forced expression of SF20 in MCF-SF20 cells increased
anchorage-independent growth by only 1.11±0.05 fold compared to MCF-VEC (P= 2E-04) (Figure 74D).
Similarly MDA-SF20 increased soft agar viability compared to MDA-VEC by 1.08±0.07 fold (P=0.003) (Figure
74F). This was not the case with forced expression in BT549 cells which showed no difference compared to
the control cell line BT-VEC (P=0.3) (Figure 74E).Viability of cells which were grown in anchorage-independent
conditions was measured following a period of soft agar growth using the Alamar Blue dye.

Three-dimensional (3D) culturing of mammary carcinoma cells in Matrigel is an in vitro method of elucidating
how cells may grow in vivo. SF20 and VEC cell lines were embedded in the 3D matrix and incubated for 10
days in full serum media. All cells had similar colony numbers however there were subtle differences in
spheroid morphology. MCF-SF20 spheroids appeared to be slightly smaller than MCF-VEC and more of the
MDA-SF20 spheroids adopted an irregular grape-like architecture compared to MDA-VEC (Figure 75A). No
discernable morphological differences were evident in two-dimensional, monolayer culture of these stable cell
lines (Figure 75B).
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Figure 74: Effect of forced SF20 expression on anchorage independent growth.
Suspension assay (A-C) and soft agar assay (D-F) of MCF7-SF20, BT-SF20 and MDA-SF20 cells and their respective VEC controls in
full serum culture conditions for 7 days. Cell viability was measured by Alamar Blue assay. Data are expressed as mean fold +/- SD (*
P≤0.05;** P≤0.01; *** P≤0.001).
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Figure 75: Three-dimensional and monolayer morphology of SF20 overexpressing mammary carcinoma cells.
(A) Day 10 micrographs of SF20 overexpressing MCF-7, BT549 and MDA-MB-231 spheroids and their VEC controls cultured in 3D
Matrigel basement membrane matrix under full serum conditions. Bar represents 500µm. (B) Monolayer growth of SF20 overexpressing
MCF-7, BT549 and MDA-MB-231 spheroids and their VEC controls under full serum conditions. Bar represents 100µm.

4.5.4

DRUG RESISTANCE

Resistance to chemotherapeutics is the cause of breast cancer recurrence. Hence I investigated whether SF20
imposed a survival advantage against two of the most common chemotherapeutics, doxorubicin and paclitaxel.
Response to drug action was measured by cell viability via the MTT assay. Forced expression of SF20 in MCF7 cells exhibited no difference in cell viability when treated with doxorubicin or paclitaxel, at any concentration,
compared to MCF-VEC control cell line (Figure 76A). Similarly BT-SF20 showed no survival difference
compared to BT-VEC. The one exception was a 6.83% (P=0.046) increase in viability in BT-VEC compared to
BT-SF20 after treatment with 1µM doxorubicin (Figure 76B). MDA-MB-231 cells force expressing SF20
demonstrated a decrease in cell viability of 22.3% (P=0.013) and 20.2% (P=4E-04) at 0.1µM and 5µM
doxorubicin compared to MDA-VEC. Lastly only the treatment of MDA-SF20 at 1µM paclitaxel lead to a small
10.7% (P=0.0036) decrease in cell viability compared to MDA-VEC (Figure 76C).
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Figure 76: Dose response of mammary carcinoma cells overexpressing SF20 to cytotoxic drugs.
Treatment of (A) MCF-7, (B) MDA-MB-231 and (C) BT549 cells force expressing SF20 and their respective VECTOR controls with
doses cytotoxic drugs Doxorubicin, Paclitaxel and Cyclophosphamide. Cell viability was measured after 48 hours using the MTT assay.
(* P≤0.05;** P≤0.01; *** P≤0.001).

4.6

ANTIBODY CHARACTERISATION AND INHIBITION ASSAYS

Our previous results have demonstrated that SF20 functions to alter MDA-MB-231 cell motility in addition to
total cell number growth including MCF-7. Unfortunately due to the failure to design functional SF20 siRNA
construct has not been possible to investigate the effect of SF20 depletion in mammary carcinoma cells.
However, antibody inhibition can also be used to study the effect of SF20 depletion. In previous studies, there
was no commercially available SF20 antibody. Consequently, I sought to generate SF20 polyclonal antibodies.
The appropriate details regarding the generation of chicken polyclonal anti- human SF20 antibodies are found
in Material & Methods Chapter (1.2.3). Two batches of antibody were produced reflecting different titres from
the same hen. Following rounds of affinity purification antibody reactivity, purity and specificity was determined
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by ELISA against recombinant antigen (SF20-GST) and GST alone. From these experiments I was able to
detect that batch 1 antibody had a detection limit of 1:3200 and batch 2 limit of 1:1600 when detecting 100ng
of recombinant antigen (SF20-GST). Both batches of antibody had been concentrated to 7mg/ml. While affinity
purification was used to remove IgY raised against GST from the antibody titres of both batches remained
readily able to detect GST recombinant protein via ELISA with ease i.e. batch 1 and 2 GST detection limits
decreased from 1:800 to 1:400 and 1:1600 to 1:800 against 100ng of rGST protein respectively.

Figure 77: Analysis of anti-SF20 IgY performance by Western blot analysis.
A) Western blot of rGST and rSF20-GST fusion proteins probed with purified chicken anti-SF20 poly clonal IgY batch #1 or #2. (B)
Western blot of MCF-Vec and MCF-SF20myc cell lysates and probed purified chicken anti-SF20 poly clonal IgY batch #1 (left panel)
versus monoclonal mouse anti-SF20 (right panel) (C) Western blot of MCF-Vec, MCF-VEC, MCF-SF20myc and MCF-SF20 cell lysates
and probed purified chicken anti-SF20 poly clonal IgY batch #2 (right panel) versus monoclonal mouse anti-SF20 (left panel). Markings
indicating approximate molecular size (KDa) are provided.

- 182 -

I also sought to evaluate antibody performance by probing for SF20 in mammary carcinoma stable cell lysate
(MCF-Vec, MCF-VEC, MCF-SF20myc and MCF-SF20) using Western blot analysis. Batch 1 anti-SF20 IgY
successfully detected SF20-GST fusion protein at approximately a 44KDa molecular size using a 1:1000
dilution of stock 7mg/ml (Figure 77A- left). The antibody was also successful in detecting cleaved SF20
(16KDa) from recombinant SF20-GST. Unfortunately there was also very strong signal against recombinant
GST (28KDa) both in the rGST lane and in the SF20-GST lane (cleaved from SF20-GST). Batch 2 anti-SF20
IgY was also able to detect rGST, cleaved GST and cleaved SF20 but not SF20-GST (Figure 77A-right).
Interestingly, both detected a protein of 62KDa weight. This could be a complex of SF20-GST and SF20
(approx. 60KDa).

Next, using batch 1 I probed a Western blot of 50µg total protein from MCF-Vec and MCF-SF20myc cell lysate.
Anti-SF20 IgY batch 1 was able to detect two bands around 16KDa and 18KDa. The 16KDa corresponded to
endogenous SF20 but the 18KDa protein is expected to be non specific detection (Figure 77B. Top panel is a
short exposure. Bottom panel is a long exposure). Notably, there was a foreign protein detected at
approximately 45KDa.
A commercial mouse monoclonal antibody had since become available for the application of Western blotting.
I compared anti-SF20 IgY batch 1 against this new monoclonal antibody. The commercial monoclonal antibody
was able to detect endogenous SF20 at16KDa and also the foreign protein at 45KDa. However, SF20myc was
not observable. Next, I repeated the Western blot using anti-SF20 IgY batch 2 (Figure 77C. Top panel is a
long exposure. Bottom panel is a short exposure). Both monoclonal anti-SF20 and anti-SF20 IgY batch #2
were able to detect endogenous SF20 but not SF20myc. Anti-SF20 IgY batch 2 also detected a few foreign
proteins at 32KDa and 45KDa in addition to some higher weight proteins. Monoclonal anti-SF20 also detected
the 32KDa protein but not 45KDa. The presence of SF20myc in the appropriate cell lines was confirmed by
anti-Myc probing (data not shown).

Based on these results I decided to proceed with the antibody inhibition study with batch 1.

Utilising the migration assay, the invasion assay and the MTT assay as indicators of SF20 bioactivity (i.e.
MDA-MB-231 for migration/invasion and MCF-7 for proliferation) I proceeded to investigate the effects of
targeted inhibition of SF20 signalling by anti-SF20 antibody. Firstly using two concentrations of antibody, 500µg
/ml and 1000µg /ml, I analysed its effect on MDA-MB-231 and MCF-7 cell viability over 48 and 72 hours (Figure
78A,B). After 48 hours there was no change in MCF-7 cell viability. However, MDA-MB-231 treated with 500µg
/ml and 1000µg /ml anti-SF20 for 48 hours exhibited an 8% decreased in viability compared to control IgY (P=
0.012 and P=0.03 respectively). But by 72 hours there was no difference between anti-SF20 and control IgY
treated cell viabilities. No difference was observed for MCF-7 cell viability after 72 hours.
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Figure 78: Effect of anti-SF20 polyclonal antibody treatment on mammary carcinoma cell survival.
Cell viability of (A) MCF-7 and (B) MDA-MB-231 cells at specified doses following 48 and 72 hours chicken anti-SF20 IgY batch#1
treatment. Data are expressed as survival percentages relative to 72 hour vechicle control.
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Figure 79: The effect of anti-SF20 polyclonal antibody treatment on MDA-MB-231 cell migration and invasion.
(A) Migration assay and (B) Invasion assay of MDA-MB-231 cells treated with either purified chicken anti-SF20 IgY batch#1 or control
chicken IgY as a negative control. (C) Hoechst33258 stained Transwell membranes post migration assay, bar represents 100µm. Data are
expressed as relative means +/- SD.
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MDA-MB-231 cells were shown to be responsive to SF20 overexpression regarding cell migration. However,
treatment of MDA-MB-231 cells with 1000µg /ml of anti-SF20 antibody in a migration assay (Figure 79A and
C) and invasion assay (Figure 79B) demonstrated no significant difference in the number of cells migrating
across the Transwell membrane compared to IgY treated control cells.
4.7

SECTION DISCUSSION

SF20 mRNA expression not only appears to be found in the vast majority of human tissues but also at
comparable levels across the panel of breast, colorectal, endometrial, liver, lung and prostate cancer cell lines.
Interestingly the lowest expression levels were recorded in mammary carcinoma cell lines. However,
comparing transcript numbers between normal and neoplastic tissues the mammary gland exhibited one of
the greatest differences. This further implicates SF20 having a role in mammary gland oncogenesis especially
but also in liver, prostate and endometrial/ uterine cancer. I also confirmed that oestrogen does not directly
regulate SF20 expression.

Recently SF20/ C19ORF10 was investigated in hepatocellular carcinoma (HCC). In this study SF20 was
identified as being significantly overexpressed in HCC by over 10 fold compared to normal liver in a SAGE
library (566). Also relative to other cancers SF20 was more highly expressed in HCC despite normal liver being
at comparable levels to other tissues. This correlates with our findings as HepG2 cancer cell line and normal
liver recorded the highest levels of SF20 mRNA in addition to the transcript level differences. In HCC patient
samples, 10 out of 15 displayed increased SF20 levels (566).

Initially, I first sought to continue the characterisation of the MCF-SF20myc cell line model as I previously
established. Minimal enhancement of soft agar colony formation and suppression of monolayer growth were
both confirmed. The latter potentially mediated by an increase in G1 phase blocked cells and an abolished Sphase proportion. Interestingly real time PCR analysis performed by a colleague on MCF-SF20myc cells vs.
MCF-Vec. Of notable interest was Cyclin D1 down regulation. Cyclin D1 facilitates G1/S phase transition so
this could be a point of SF20 cell growth regulation. Other de-regulations which would also lead to the
suppression in growth or increase in apoptosis include the upregulation of BAD.

Given that little evidence of motility regulation was seen in the MCF7 stable cell lines it was no surprise that
no metastatic marker was signficantly up or down regulated in their mRNA expression profile.
An interesting observation of SF20’s gene expression profile is that out of 49 genes only BAD was upregulated,
all other genes show no or downregulation. This means while oncogenes like Cyclin D1 were downregulated;
suggesting repressed growth, so are tumour suppressors such as p53 (TP53) and p21 (CDKN1A) which favour
increased proliferation. Likewise anti-apoptotic gene BCL2L1 expression was suppressed, a gene that has
both pro- and anti-apoptotic functions. An interesting hypothesis is that SF20 could be regulating cell function
at a transcription, chromatin machinery, epigenetic or micro RNA level as to effect gene expression on a
genome-wide basis. Supportive of this is its detection in almost all of tissues analysed by cDNA library or
NCBI’s EST Unigene profile, common to housekeeping and central infrastructure genes. Furthermore our
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group has previously validated that autocrine growth hormone in mammary carcinoma cells is able to increase
the mRNA and protein expression of DNA methyltransferase 1 (DNMT1), DNMT3A and DNMT3B (568). The
authours showed that the inhibition of these DMNTs also compromised autocrine hGH mediated oncogenicity
e.g. stimulating plakoglobin expression, a marker of epithelial morphology. The question imposed is whether
SF20, an autocrine hGH specific regulated gene, is mediating this increase in DNMTs. This in turn would cause
repression of genome wide expression by promoter hypermethylation.
In our non-myc tagged models I confirmed SF20’s ability to suppress cell growth in MCF-7 cells. This coincided
with a decrease in S-phase and a sizeable increase in apoptosis levels. While BT549-SF20 cells also showed
a similar decrease in cell growth this did not correspond to changes in cell cycle distribution or apoptosis levels.
MDA-MB-231 cells force expressing SF20 did not exhibit any growth promoting or inhibiting characteristics.
Conversely, Sunagozaka et al. elucidated that SF20 action leads to ‘modest but significant’ HCC cell
proliferation and silencing this resulted in a profound 50% growth suppression which correlated to an increased
proportion of cells in G1 phase and decreased cells in G2-S phase (566). I can only postulate tissue specific
differences could account for this differing function.

Similarly, I confirmed that overexpression of SF20 in MCF-7 could increase anchorage independent growth in
soft agar. However, this was minimal. MDA-MB-231 cells also showed a similar enhancement of soft agar
growth, but this was contradicted by a lower suspension culture growth rate.

Experiments performed by our collaborators showed that SF20myc encouraged mammosphere formation,
cultured in stem cell selective media, when forced expressed in MCF-7. Supportive of this potential role in
differentiation is that SF20 was identified as a novel adipokine which is highly secreted during 3T3-L1 cells
adipocyte differentiation (200).

With regard to SF20 involvement in cell motility only MDA-MB-231 cells exhibited a response. In addition to
MDA-SF20 cells adopting an invasive 3D morphology in Matrigel culture they also demonstrated increased
motility through a Transwell membrane compared to VEC cells. This effect however did not persist with the
wound healing assay and cells did not show distinguishable 2D monolayer morphology differences either.

No differences in the 2D morphology of MCF-SF20 cells, but in 3D Matrigel culture MCF7-SF20 spheroids
were smaller (similar to MCF7-SF20myc soft agar results) and MDA-SF20 spheroids were an irregular grapelike architecture, relative to their control cell lines.

I have used several methods to detect the silencing of SF20 gene expression using our six siRNA constructs.
Detecting mRNA depletion at the mRNA level yielded undistinguishable differences while protein levels
displayed large variations and a consistently low level of SF20 protein detection in the control siCK cell line.
Given the success of siRNA-B and siRNA-C in the SF20-GFP experiment I proceeded to functionally
characterise these cell lines. Their ability to reverse functionality observed in our overexpression models would
be evident of their silencing activity. Strangely both siRNA-B and siRNA-C exhibited decreased total cell
number and cell cycle progression. More so only siRNA-C exhibited increased growth in soft agar. Neither of
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these effects was consistent with SF20 forced expression models: SF20myc or SF20. Possible reasons for
failure to obtain SF20 mRNA silencing and methods that were taken to avoid include:


High SF20 background levels cause by high untransfected cells amounts. Avoided by optimisation of
transfection efficiency.



Dimerisation of hairpins. This was avoided by robust oligonucleotide design.



Non specific silencing could reduce performance of SF20 targeting. Avoided by robust oligo design
and controlled using scrambled sequence CK control.



DNA contamination of control construct stock. Controlled for by enzyme digest checks and using
different clones and aliquots.



Long protein or mRNA half life. This was examined for by taking samples from transient transfection
cultures after different lengths of time post transfection.



Cytotoxicity. No excessive cell death was observed post transfection



Detection failing not silencing itself. This was avoided through experimental method replication.

The other method for antagonising SF20 function was polyclonal antibody inhibition. While the anti-SF20
antibody I had generated was able to recognise the purified recombinant antigen it was barely able to detect
SF20 obtained from cell lysates. Furthermore, while purification against a GSH column did remove a proportion
of GST specific antibodies our titre remained very sensitive towards GST detection. This is a consequence of
having a high titre of GST Abs due to the protein being a very strong immunogen. It also appears that SF20 is
of low immunogenicity due to its low titre. As a result there was also a decreased level of specificity towards
SF20 detected when probing cell lysates using both monoclonal and polyclonal antibodies. Particularly a
foreign protein at 43KDa, which produced the strongest band, was readily evident.
This resulted in the antibody having no detectable effect on cell migration and little (with the exception of small
5% decrease on MDA-MB-231 cell viability) to no effect on MDA-MB-231 or MCF-7 cell viability being detected.
This could mean several things; (1) SF20 does not have a migratory or proliferative role; (2) anti-SF20 raised
against SF20-GST does not recognise native SF20; (3) there is cross reactivity with anti-GST antibodies
impeding anti-SF20 binding or (4) there is not a strong enough binding interaction between antibody and SF20
to interfere with the function.

Given the results above, unlike other autocrine hGH regulated proteins such as CAECAM6, TFF1 and TFF3
(195), it is unlikely that SF20 mediates autocrine hGH’s oncogenic phenotype previously reported by our
research group.
Possible reasons why I haven’t been able to detect a function among various cell lines models include:
(1) SF20 may be a paracrine stromal acting factor rather than an autocrine mammary carcinoma factor.
It’s role maybe is to produce a permissive environment for the tumour to grow and disperse. SF20 is
known to be produced by immune cells and mesenchymal tissue (198, 199).
(2) Cell lines are insensitive to SF20 due to the lack of a putative SF20 receptor, which is not currently
known.
(3) Simply SF20 has no role in mammary carcinoma.
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Because of the results obtained to date I decided to cease work on this project in order to focus efforts on the
other candidate gene GDNF. To investigate the role of SF20 in mammary carcinoma further I would suggest
further researching the motility effect that SF20 elicits in MDA-MB-231 cells. Secondly, to validate the results
obtained in this study, additional SF20 force expression models should be generated to characterise SF20
utilising the same methodologies. Lastly, given the proposed role of SF20 in rheumatoid arthritis and its gene
expression profile presented herein, investigating angiogenesis as a potential function for SF20 may yield
promising results.
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4.8

SECTION CONCLUSION

I have investigated the oncogenic role of SF20 in mammary carcinoma in vitro. Despite SF20’s significant
clinical correlation to poor prognosis, disease progression and overexpression in carcinomas I have failed to
substantiate a consistent oncogenic role in mammary carcinoma.

In our previous cell model (MCF-SF20myc), I demonstrated a potential role of autocrine SF20 stimulated
anchorage independent growth but repressed monolayer growth. This was confirmed in our new cell models,
MCF-SF20 and MDA-SF20). The former is potentially due to SF20 mediating increased apoptotic cell death
and/or cell cycle arrest.

Furthermore abrogation of SF20 action either by antibody inhibition or siRNA failed to be detected or showed
functional efficacy in motility and cell survival/ growth bioassays. This meant I could not confirm over the
observations seen in our overexpression models.

Based on these results I can conclude that autocrine SF20 is unlikely to mediate the oncogenic functions of
autocrine human growth hormone in mammary carcinoma.

Due to this limited progress this research project was suspended to focus on more promising therapeutic
candidates. However, I advocate the continued investigation of SF20 in other mammary carcinoma cell lines
and other tissues that maybe a more suitable model. A key milestone in this research would be the identification
of a putative SF20 receptor.
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CHAPTER 5:

GENERAL CONCLUSION & FUTURE DIRECTIONS

In this doctoral thesis I have investigated the role of two secreted growth factors, GDNF and SF20 in mammary
carcinoma. To undertake this I have employed common molecular and cellular biology techniques using
immortalised mammary carcinoma cell lines as my models within both in vitro and in vivo contexts.

With regard to SF20, although I have failed to substantiate an oncogenic role in mammary carcinoma I do
advocate for further investigation using other mammary carcinoma cell lines and other tissues that maybe a
more suitable model. GDNF however exhibited several oncogenic functions that are substantiated by previous
studies.

I provide the first report that GDNF has a role in regulating mammary carcinoma cell motility and tissue
invasion. This effect is cell line-dependent and is mediated by the expression of GFRα1 isoforms. I have
highlighted that mechanistically it is coordinated through the AKT, plasminogen activator and Rho pathways.
In vivo GDNF induces neural and muscular invasion from primary tumour sites and increases metastases to
distant organs. Distinct from its migration activity GDNF is able to act as a chemoattractant towards mammary
carcinoma cells. GDNF also regulates monolayer proliferation in a differential manner. In nutrient deprived
conditions, MCF7 cells overexpressing GDNF proliferate quicker and are correlated with CYCLIND1,
CYCLINE1 and TERT upregulation. This was confirmed by BrdU incorporation and cell cycle analysis. In vivo
this coincided with mammary fat pad xenograft tumours and lung metastases both exhibiting larger sizes
compared to the controls. Conversely, forced GDNF expression in MDA-MB-231 induced a growth repression.
In either case, it appears that interaction between the tumour cells and the surrounding stroma modulates the
effect of GDNF has on the intrinsic cancer cells. Thirdly, I report that GDNF may have a role in angiogenesis.
GDNF, supplied by a paracrine source, was able to facilitate endothelial cell tube formation while enhancing
endothelial cell survival. GDNF also induced a pro-angiogenic gene expression signature in endothelial cells.
In addition, autocrine GDNF induced mammary carcinoma cells to express increased levels of IL-8, VEGF and
fibronectin, three known pro-angiogenic markers. Lastly, I have provided evidence that GDNF’s stem cell
regulating power prevalent in the testis may be also present in the mammary gland.

The work described herein represents an advancement in the knowledge of GDNF biology, which extends
beyond cancer therapeutic development into other research fields where GDNF plays a pivotal role e.g.
neurobiology and kidney formation.

There are several interesting further directions that could be taken to advance and validate the GDNF research
herein. An obvious continuation would be to analyse our xenograft sections for the presence of endothelial and
fibroblast cells. This would strengthen our case for GDNF having a role in angiogenesis and chemotaxis. Also,
analysis of stromal regions in tumour samples for the presence of GDNF would provide further evidence.
Furthermore, undertaking an in vivo co-culture model comprised of GDNF over expressing fibroblasts mixed
with wild type mammary carcinoma cells (a model of microenvironment-derived GDNF as opposed to
intratumoural) would provide insight as to whether paracrine GDNF is able to drive tumour growth and
metastasis in vivo.
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Characterising additional cell lines with differing levels of GFRA1 isoform expression (e.g. ZR751 & T47D),
with respect to their response to GDNF overexpression and motility, would yield a more holistic understanding
of GDNF’s role in metastasis. This is particularly relevant given the differences between ER+ and ER- cell
lines. While a possible causative mechanism involving RhoA and GFRA1 has been highlighted more insight is
required especially given the complex role Rho proteins play in cell motility. Analysis of GFRA1 isoform
expression and localisation in tumours could also provide supportive evidence that has been masked to date.

I have observed distinct difference between cells and their response to GDNF with regard to motility and
chemotaxis. I need to fully elucidate the cause of this. Co-culture migration experimentation using GFRA1 and
siGFRA1 expressing cell lines would determine whether GFRA1 plays a role in GDNF mediate chemotaxis.
Similarly, autocrine GDNF (albeit with a serum chemoattractive gradient) and paracrine GDNF yielded
contradictory effects (inhibiting migration versus promoting chemotaxis). By investigating the underlying
expression changes in molecules in the AKT/P13K, Rho and plasminogen activator pathways may provide
insight to explain this disparity. Use of methodologies such as CAM, Dunn Chambers, and Capillary Technique
might also provide better models of chemotaxis that could yield greater sensitivity than our Boyden Co-culture
method.

Lastly, a more distant investigation would be to investigate the role of GDNF in mammary gland development.
The development of the kidney and the mammary gland follow similar processes. Given that GDNF controls
morphogenesis of the former and induces chemotaxic behaviour in both tissues, GDNF secreted by
mesenchymal adipose tissue could also coordinate mammary gland morphogenesis. Its re-expression in adult
hood could represent a step in the progression of oncogenesis.
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APPENDIX
BUFFERS & SOLUTIONS
DNA Electrophoresis Reagents
TAE

242 g Tris
57.1 ml Acetic Acid
100 ml 0.5 M EDTA
Make up to 1 L with Milli-Q water
Adjust pH to 8.5

6x SDS Loading Dye

15 ml Glycerol
100 µL Bromophenol Blue
35 ml Mill-Q Water

Western Reagents

Running Buffer 8.8 (1.5 M Tris)
Dissolve 27.3 g tris in 80 ml water.
Adjust pH with conc HCl, fill up to 150 ml with Milli-Q water.

Stacking Buffer 6.8 (0.5 M Tris)
Dissolve 6 g tris in 60ml water.
Adjust pH with conc HCl, fill up to 100 ml with Milli-Q water.

12 %/ Separating Gel/ 4% Stacking Gel

40% Bis/Acrylamide

3.0 ml/ 500 μl

MilliQ Water

4.35 ml/ 3.18 ml

Running Buffer 8.8/ Stacking Buffer 6.8

2.5 ml/ 1.6 ml

20% SDS

50 µL/ 25 µL

10% APS

50 µL/ 25 µL

TEMED

5 µL/ 5 µL

PBS-Tween
20X PBS

50 ml

Milli-Q Water

950 ml

Tween-20/80

500 μl
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4X Electrophoresis Buffer
Glycine

57.4 g

Tris

7g

SDS

4g

Milli-Q water

1000 ml

Transfer Buffer
Glycine

14.4 g

Tris

3g

Methanol

200 ml

MilliQ Water

800 ml

Tissue Culture Solutions

Complete RPMI Media
RPMI 1640

10.93g/L

NaHCO4

2 g/ L

Fetal Bovine Serum

10 %

Pen/ Strep

100 U/ ml penicillin, 100 µg/ ml streptomycin

L-Glutamine

2 mM

Trypsin/ EDTA Solution
Trypsin

2.5 g

EDTA

0.372 g

NaHCO3

0.35 g

HBSS

1 bottle

Dissolved in 1 L of autoclaved H2O and adjust pH to 7.2

Other Solutions

Apoptosis solution
4% Paraformaldehyde in PBS
1% Triton X 100
1μg/ml Hoechst 33258

Bovine Serum Albumin (BSA) blocking buffer
PBS
2% BSA
5% glycerol
0.2% tween
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6x DNA Loading Dye
0.25% bromophenol blue
0.25%xylene xyanol
40% sucrose
H2O

2% Protein SDS Lysis Buffer (10ml)
50% Glycerol

4ml

10% SDS

2ml

1.5M Tris HCl

1.2

H2O

1.8

Roche mini tablet protease inhibitor

Gelatin Zymography

Separating Gel
40% Acrylamide/Bis

2ml

1.5M Tris-HCl pH 8.8

2.5ml

1% gelatin (10mg/ml)

1ml

10% SDS

100µl

MilliQ H2O

3.18ml

TEMED

5µl

10% APS

25µl

Renaturation Buffer
2.5% (v/v)Triton X100
MilliQ H2O

Fixing/Destaining Solution
Methanol: acetic acid: MilliQ H2O (4.5:1:4.5,v:v:v)

Staining Solution
0.1% Coomassie brilliant blue R-2
Fixing/Destaining Solution
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