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Abstract

Metastasis is the main cause of cancer patient death owing to the fact that metastatic disease is difficult
to treat. Aberrant glycosylation is characteristic of cancer and plays a role in metastatic mechanisms.
HPA, a lectin from the Roman snail Helix pomatia, recognises glycans terminating in a-GalNAc, and is
associated with aggressive biological behaviour, poor patient prognosis and metastasis in breast and

other cancers.

Three breast cancer cell lines characterised to stably synthesise an array of GalNAc-glycans were
employed in the work reported here (MCF7, ZR751 and BT474). HPA lectin labelling and gquantification
were optimised and it revealed a more complex HPA-binding profile than previously reported. It was
observed that HPA-positive cells were rounded, reminiscent of epithelial cells, and HPA-negative cells
were elongated, and reminiscent of mesenchymal cells. One of the aberrant glycans that HPA reportedly
binds is the initial O-glycan Tn structure which is commonly exposed in cancer. qPCR was performed to
assess the gene expression levels of O-linked glycosylation initiation enzymes, GALNTSs as well as C1GalT
and its molecular chaperone COSMC. This analysis revealed that there is no clear association between
aberrant glycosylation recognised by HPA-binding, although down-regulation of C1GalT and COSMC may

result in failed normal chain extension.

A method of isolating cells based on their HPA-binding profile was developed. Cells were separated and
grown on post-separation for 3 days. It was observed that the glycosylation profiles of the HPA-positive
cell population and the HPA-negative cell population reverted to a mixed population over time that was
similar to the unseparated lectin labelling proportions. The cell morphologies also reverted. The
plasticity observed was reminiscent of EMT. Microarray analysis revealed that several EMT-associated
genes were differentially expressed between the HPA-positive and HPA-negative isolated cell

populations.

Using a Matrigel invasion assay it was observed that HPA-negative cells were significantly more invasive
than HPA-positive cells. While in a static adhesion assay HPA-positive cells were significantly more
adhesive to endothelial cell monolayers than HPA-negative cells. HPA-binding glycans were
demonstrated to be functionally involved in HPA-positive cells adhesion to the endothelial cell
monolayer as their adhesion was inhibited when HPA-binding glycans were masked. Furthermore, using
conditioned medium transfer experiments it was observed that cell-cell signalling was occurring

between the HPA-positive and HPA-negative cells and altering their adhesive characteristics.

To conclude the work reported here demonstrates that cells can modulate their glycosylation profiles

and their subsequent morphologies and that this plasticity is important in cancer metastasis.
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1.0 Introduction

1.1 Cancer

Cancer is a disease which develops from dynamic changes in the genome which cause abnormal
regulation of molecular control of cell growth (Weinberg, 2014). The majority of genetic changes found
in human cancer can be considered as either activation of proto-oncogenes and/or inactivation of
tumour-suppressor genes (reviewed by Lee and Muller, 2010). Epidermal growth factor receptor (EGFR)
is an example of a proto-oncogene. Overexpression or mutation of EGFR results in ligand-independent
constitutive signalling which causes uncontrolled cell growth. An example of a tumour-suppressor gene
is breast cancer associated gene 1 (BRCA1), germline mutations in this gene predispose women to breast
and ovarian cancers. BRCA1 is extensively involved in cell cycle checkpoints and inactivation results in

genetic instability (reviewed by Deng, 2006).

Hanahan and Weinberg (2000) proposed a set of novel acquired capabilities shared by most cancer types
— alterations in cell physiology — that represent successful over coming of anti-cancer defence
mechanisms (normal cellular growth). These “hallmarks of cancer” signify a system to rationalise the
complexities of cancer as a disease and include (as described below and illustrated in Figure 1.1): 1.
Sustaining proliferative signalling, 2. Evading growth suppressors, 3. Activating invasion and metastasis,

4. Enabling replicative immortality, 5. Inducing angiogenesis and 6. Resisting cell death.
1. Sustaining proliferative signalling

Tissues normally remain in a state of homeostasis where mitogenic signalling and therefore their growth
is tightly controlled, ensuring that normal tissue architecture is maintained. However, the elementary
characteristic of cancer is the capacity to sustain chronic proliferation thereby disrupting typical tissue
organisation. Cancer cells can acquire the ability to sustain proliferative signalling by a number of
methods for example, some cancers acquire the ability to produce growth factors (GFs) to which they
are responsive in a process termed autocrine stimulation (Fedi et al., 1997). Alternatively, some cancers
promote tumour associated stroma to produce GFs to which cancer cells are responsive (Skobe and
Fusenig, 1998). Furthermore, upregulation in the number of GF receptors present on the cancer cell
surface can cause hyperresponsiveness to diminutive amount of GFs that would not normally instigate
a response (Fedi et al., 1997). Ligand-independent signalling can also be achieved through mutations
arising in the GF receptors resulting in truncated versions which consequently fire constitutively (Fedi et

al., 1997).
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Figure 1.1 The hallmarks of cancer as proposed by Hanahan and Weinberg (2011). Figure adapted from
Hanahan and Weinberg (2011).

2. Evading growth suppressors

In opposition to activating proliferation-inducing signals cancer cells can must also evade negative
regulators of cell growth, these include removal from the cell cycle to quiescence or entering post-
meiotic states becoming differentiated. The tumour-suppressor gene retinoblastoma-associated (RB) is
a critical gatekeeper of cell cycle progression, therefore loss of function of RB results in continual cell

growth (reviewed by Burkhart and Sage, 2008).

3. Activating invasion and metastasis

The multi-step process of invasion and metastasis is a culmination of several discrete steps which

together results in spread of cancer cells to secondary sites ad is extensively discussed in Section 1.2.

4. Enabling replicative immortality

Immortalisation of cancer cells allows them to proliferate indefinitely. Telomere — repeats on the end of
DNA which protect chromosomal DNA — length is a measure of cells replicative lifetime and determines

when cell senescence and apoptosis will occur (Blasco, 2005). Telomerase, the enzyme which adds
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telomere repeats is almost absent in non-immortal cells, however is highly expressed in immortal cells,

which therefore bestows resistance to senescence and apoptosis (Shay and Wright, 2000).

5. Inducing angiogenesis

Like normal tissues tumours need to absorb nutrients and oxygen as well as eliminate metabolic waste
and carbon dioxide, this is accomplished in a process termed tumour angiogenesis and is discussed in

Section 1.2.1.

6. Resisting cell death

Programmed cell death by apoptosis is elicited in response to physiological stresses for example, DNA
damage associated with hyperproliferation (Adams and Cory, 2007). Cancer avoids cell death by
deregulation of proapoptotic processes and upregulation of antiapoptotic factors (Junttila and Evan,

2009).

Hanahan and Weinberg (2011) later elaborated on the six core hallmarks by adding four new categories
(described below), which included two enabling hallmarks that promote/accelerate the core hallmarks
- 7. Genome instability and mutation and 8. Tumour-promoting inflammation — and two emerging
hallmarks that encompass general cancer characteristics — 9. Deregulating cellular energetics and 10.
Avoiding immune destruction. Furthermore, the stroma and normal cells surrounding the tumour
termed the “tumour microenvironment” also facilitate the initiation and continuation of the hallmarks

(reviewed by Schauer et al., 2011).

7. Genome instability and mutation (enabling characteristic)

Procurement of the above mentioned hallmarks depends on a succession of alterations in the
genome of cancer cells in a process reminiscent of Darwinian evolution. Specific mutations bestow
selective advantage on sub-clones in a population which enables their survival and the persistence
of favourable phenotypes (Hanahan and Weinberg, 2011). In addition to heritable phenotypes,
initiation of the hallmarks can also be achieved through epigenetic mechanisms e.g. DNA

methylation and histone modification (Berdasco and Esteller, 2010).

8. Tumour-promoting inflammation (enabling characteristic)

Inflammation can promote several hallmarks by imparting effector molecules to the tumour
microenvironment for example, GFs which sustain proliferative signalling, survival factors which negate
cell death, and proangiogenic factors (Karnoub and Weinberg, 2006-2007). Furthermore, inflammatory
cells can release substances such as reactive oxygen species (ROS) that are mutagenic and therefore

accelerate the genetic instability of the cancer cells (Grivennikov et al., 2010).
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9. Deregulating cellular energetics (emerging characteristic)

Cancer cells often have altered energy metabolisms, using predominantly glycolysis in a process termed
“aerobic glycolysis” (Warburg, 1930; Warburg, 1956a; Warburg 1956b). To compensate for the lower
efficiency of this method cancer cells frequently have increased number of glucose transporters (Jones
and Thompson, 2009). This type of metabolism is reported in rapidly dividing embryonic tissues,
therefore suggesting a role of aerobic glycolysis for sustaining large-scale biosynthetic programs that

are needed for cell proliferation (Vander Heiden et al., 2009).

10. Avoiding immune destruction (emerging characteristic)

Cancer cells are highly immunogenic, it is thought that they evade immune destruction by disabling
components of the immune system that have been sent to kill them, by for example secreting
immunosuppressive factors (Yang et al., 2010) or by recruiting immunosuppressive cells (Mougiakakos

et al,, 2010).

1.1.1 Breast cancer

The breast is composed of ducts which branch out and connect to milk producing lobules, which
together can also be called terminal ductal-lobular units (see Figure 1.2). The lobules and ducts are
located throughout the connective tissue and adipose tissues that comprise the mass of the breast
(Russo and Russo, 2004). During pregnancy, lobules grow in response to increased levels of oestrogen
and progesterone to prepare the breast for milk secretion (Vonderhaar, 1988). Post-parturition, the
breast becomes insensitive to oestrogen-dependant regulation of growth and post-weaning pre-

pregnancy state is resumed (Hansen and Bissell, 2000).

The majority of breast cancers are epithelial (95%), originating from cells that line either the ducts (80%)
or the lobules (15%) (Cancer Research U.K., 2016). Non-epithelial cancers arising from the breast stroma
and connective tissue occur less frequently (Dimri et al., 2005). Breast cancer is the most common
malignancy in the U.K. with around 53,400 women and 340 men being diagnosed in 2014 (Cancer
Research U.K., 2016). Breast cancer at stage | is described as a tumour greater than 2 cm at its greatest
dimension whilst, breast cancer at stage IV has metastasised to internal mammary lymph nodes
(Singletary et al., 2002). When diagnosed at stage | 99% of women survive their disease for 5 years and
this reduces drastically to around 15% for women who are diagnosed with advanced stage IV metastatic

breast cancer (Cancer Research U.K., 2016).

An independent review of the benefits and harms of breast cancer screening performed by Marmot et

al. (2012) reported that earlier diagnosis through breast cancer screening every 3 years for women aged
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between 50-70 years, has reduced breast cancer mortality by ~20% compared to not screening.
Although 19% of breast cancer cases diagnosed by screening would not have caused any difficulty if left
undiagnosed or untreated, the benefit of reduced mortality rates that result from early detection
outweigh the harm caused by over diagnosis of cases (Marmot et al., 2012). Furthermore, improved
treatments such as tamoxifen for oestrogen positive tumours and trastuzumab (Herceptin®) the
monoclonal antibody treatment for HER2/neu positive tumours which is administered with conventional
chemotherapy, have helped to improve survival rates (Howell and Wardley, 2005). For example,
transtuzumab treatment for patients with HER2 positive tumours has improved the event-free survival

(over 3 years) for breast cancer by 71% (Gianni et al., 2010).

Lobular cells Lobule

- ) [ \ Basement membrane

Duct cells

Terminal ductal-lobular unit

Epithelial cells l

Myoepithelial cells

Figure 1.2 Terminal ductal-lobular unit of normal breast. Ducts branch out to milk producing lobules.
Both ducts and lobules are comprised of myoepithelial cells lined with epithelial cells and surrounded by

basement membrane. Most breast cancers arise, from the epithelial cells lining the ducts and lobules.
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1.2 Metastasis

Metastasis is the dissemination of cancer cells from a primary tumour mass forming secondary lesions
at distant anatomical sites. Metastasis is a significant cause of cancer mortality accounting for about
90% of cancer patient deaths (Sporn, 1996; Germanov et al., 2006). This is because it is often not
detected until the secondary tumours have manifested clinically, at which point the disease is often well
progressed, poorly responsive to chemotherapeutic drugs and is often difficult to excise surgically (Sun
et al., 2011). Metastasis is believed to occur as a result of a cascade of events, although the exact order
in which these events must proceed for metastasis to occur is not fully understood. However, all steps
must be completed for successful secondary growths to form (Pantel and Brankenhoff, 2004). The
metastatic cascade is discussed below and illustrated in Figure 1.3. Mina and Sledge (2011) proposed
that the metastatic cascade has several targetable steps for therapy, although not all treatments are
ready clinically. These include: 1. The tumour microenvironment of both primary and secondary cancers,
2. Regulation of metastatic suppressor and promoter genes, 3. Angiogenesis at both initial and
secondary site, 4. Immune axis as a site of chronic inflammation providing a metastatic niche, 5. Cancer
cell dormancy within vasculature and extravasation and, 6. Cancer stem cells which are often
unresponsive to traditional chemotherapies. Therefore, it is important that further research into the

metastatic cascade to aid understanding of the targetable metastatic processes is performed.
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Figure 1.3 The metastatic cascade, detailing the distinct “steps” that must be all successfully completed
for cancer spread to occur. (1) Angiogenesis, development of a tumoural blood supply. (2) Disaggregation
of cancer cells from the primary tumour mass, followed by (3) invasion of surrounding basement
membrane (BM) and extracellular matrix (ECM). (4) Intravasation of the ECM and BM of the local
vasculature, where (5) haematogenous dissemination can occur. Cancer cells arrest at a certain point in
the circulation, (6) adhere to the vascular endothelium and (7) extravasate through the BM and ECM of

the blood vessel to form a secondary tumour at a new site.
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1.2.1 Tumour angiogenesis

Tumours will remain dormant and not grow any larger than 2mm in diameter unless a blood supply,
providing oxygen and nutrients, is formed (Duffy, 1996). Without neo-vasculature, primary tumours and
micrometastases remain in a state of quiescence where numbers of proliferating cells are balanced
against apoptotic cells (Naumov, et al. 2006). Hypoxia (low oxygen levels) is the primary physiological
regulator of the angiogenic switch (induction of tumoural neovasculature) (Bergers and Benjamin,
2003). Hypoxia results from increased metabolic activity and oxygen requirements as a result of rapidly
proliferating cells, leading to an increase in local pH and oxidative stress (Liao and Johnson, 2007). The
master regulator of hypoxic response is the transcription factor hypoxia inducible factor 1 (HIF-1)
(reviewed by Semenza, 2001). Loss of HIF-1 causes an inhibition of tumour vascularisation (Tang et al.,
2004). Among other roles, HIF-1 can induce the expression of vascular endothelial growth factor (VEGF)
by direct binding of hypoxia response element (HRE) within the promoter region of VEGF (Manalo et al.,
2005). VEGF is a homodimeric glycoprotein, existing as five isoforms which have different biological
activities (Zhang et al., 2003a) and are key mediators in angiogenesis (reviewed by Carmeliet, 2005).
VEGF is released from the cell surface, and then binds to its tyrosine kinase-receptors VEGFR-1 and
VEGFR-2 which are expressed on vascular endothelial cells (Kopparapu et al., 2013). In normal tissues,
VEGF promotes angiogenesis in embryonic development (reviewed by Breier, 2000) and wound healing

(reviewed by DiPietro, 2016).

Several mechanisms of tumoural angiogenesis exist, with the most well studied being (1) sprouting
angiogenesis; the formation of new capillary vessels from pre-existing vasculature. This type of
vasculature is often incomplete and is “fenestrated” (Ribatti, 2006; Ribatti and Crivellato, 2012), (2)
intussusceptive or splitting angiogenesis; which is the formation of neo-vasculature by dividing a vessel
in two by the formation of an intraluminal tissue pillar (Gianni-Barrera et al., 2014), (3) vasculogenic
mimicry; the construction of tube-like formations from tumour cells autonomous from angiogenesis
(Maniotis et al., 1999; Folberg et al., 2000; Hendrix et al., 2003). As illustrated in Figure 1.4, sprouting
angiogenesis is initiated through hypoxic signals which stimulate endothelial cells of existing capillaries
to form a dynamic and invasive “tip cell” phenotype (Eilken and Adams, 2010). Tip cells sprout towards
an increased concentration of growth factors, such as VEGF guiding the angiogenic sprout, whilst
degrading ECM (Gerhardt et al., 2003). The “stalk cells” that trail behind are more proliferative than the
tip cells, therefore driving growth of the nascent sprout (Adams and Alitalo, 2007). To form new
vasculature networks, tip cells must form connections with other endothelial cells (Francavilla et al.,
2009). Lumenisation of the vessel occurs through pinocytosis (cell-drinking) and vacuole formation,
subsequently allowing blood-flow to occur. Stabilisation of immature vessels is established through

recruitment of mural cells, which generate ECM (Hillen and Griffioen, 2007).
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Pre-existing blood vessel “Tip cell”
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Vascular o
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Figure 1.4 Sprouting angiogenesis, the growth of new capillaries from pre-existing vasculature. Sprouting
angiogenesis is initiated through hypoxia, where the tip cell is stimulated to form from vascular
endothelial cells. Stalk cells act as the driver of the sprout, whilst the tip cell directs growth through
chemotaxis. Upon encountering other vasculature, endothelial cells form connections and join together.
Lumenisation occurs through pinocytosis and vacuole formation allowing blood to flow. Mural cells

stabilise the neovasculature and secrete ECM.
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1.2.2 Disaggregation from primary tumour

The next step in the cascade after a tumoural blood supply has been established is cancer cell
dissemination from the primary tumour mass. For this to occur cancer cells must reduce or lose cell-cell,
cell-basement membrane (BM) and ECM adhesion through changes in expression of cell adhesion
molecules (CAMs), such as cadherins, catenins, integrins and selectins (Beyers et al., 1995). One
hypothesised scenario for cancer cells to be able to detach from a primary tumour and invade the
surrounding basement membrane is the reactivation of the developmental program termed epithelial-

mesenchymal transition (EMT) (Micalizzi et al., 2010a), discussed below and illustrated in Figure 1.5.

1.2.2.i Epithelial-mesenchymal transition (EMT)

EMT is the transdifferentiation of polarised, basement membrane bound epithelial cells to migratory
and invasive mesenchymal cells (Hay, 1995). Epithelial cells typically possess tissue-specific functions,
while mesenchymal cells in such a tissue provide a supportive role (Kalluri and Weinberg, 2009). An
epithelium is a uniform sheet of cells usually one cell thick. Epithelial cells have regularly spaced cell-cell
junctions and adhesions that provides the cell-cell organisation necessary for maintaining the integrity
of multicellular organisms, but also meaning that epithelial cells are held tightly together and that
individual cells are inhibited from movement away from the epithelial sheet. Mesenchymal cells have
neither controlled structure nor regular shape or density. Mesenchymal cells have reduced cell adhesion
in comparison to epithelial cells which permits migratory capacity (Lee et al., 2006a). The epithelium is
polarised meaning that the apical and basal surfaces are often visually different and adhere to different
substrates or possess different functions (Lee et al., 2006a). During EMT, epithelial cells lose their apical-
basal polarity through the dissolution of tight junctions which permits the fraternisation of apical and
basolateral membrane components resulting in anterior-posterior leading-edge polarity associated with
mesenchymal cells (Greenburg and Hay, 1982). Cell adhesion structures such as gap junctions and
adherens junctions are eliminated removing the structural integrity of epithelial cells (Shtutman et al.,
2006). Unlike epithelium the irregular structure of mesenchyme does not allow for the rigid topological
specialisation (Lee et al., 2006a). CAMs such as E-cadherin and epithelial-specific integrins that mediate
cell-cell and cell-BM connections, respectively, are replaced with N-cadherin and extracellular-specific
integrins which impart a more transient adhesion (Nakajima et al., 2004). The reduced adhesion that
mesenchymal cell possess facilitates their migratory capacity (Lee et al., 2006a). In the process of
becoming mesenchymal, the cell gains resistance to anoikis where epithelial cells which lose cell-cell
adhesion are normally terminated (Frisch et al., 2013). The actin cytoskeleton of epithelial cells is re-
structured and substituted with stress fibres, whilst cytokeratin intermediate filaments are exchanged
for vimentin (Micalizzi et al., 2010a). These cytoskeletal changes result in a morphological revision from

cuboidal to spindle-shaped cells (Boyer et al., 1989). Finally, the BM is degraded by the secretion of

11
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proteases and the mesenchymal cells with acquired motility can now invade the ECM and surrounding
stroma (Savagner, 2001). Mesenchymal migration is mechanically different from epithelial movement
as epithelial cells migrate as a connected sheet whilst mesenchymal movement is dynamic (Lee et al.,
2006a). EMT was first reported experimentally by Greenburg and Hay (1982) as “epithelio-mesenchymal
transformation”, as in the conversion of a cell from epithelial to mesenchymal. However, later this term
was changed to epithelial-mesenchymal transition, which reflected the plasticity of EMT and its
reciprocal process mesenchymal-epithelial transition (MET) (Kalluri and Neilson, 2003; Kalluri and

Weinberg, 2009).

EMT can be categorised into three different types as proposed by Kalluri and Weinberg (2009), these
are: 1. EMT associated with embryonic development, 2. EMT initiated by injury and 3. oncogenic EMT,

all of which are discussed below.

During development, EMT is involved in a range of tissue remodelling events, including, for example,
gastrulation (Kimelman, 2006), neural crest formation (Duband et al., 1995), development of the heart
valve (Person et al., 2005), development of the craniofacial structures (Cordero et al., 2011) and
secondary palate formation (Fitchett and Hay, 1989). MET is also observed in development, for example
in formation of kidney tubules (Davies, 1996). In the adult tissue, EMT occurs in wound healing, fibrosis
(Stone et al., 2016) and in the initiation and metastasis of cancer (Meng and Wu, 2012; De Craene and
Berx, 2013). Transitioned cells are thought to form the invasive front of a primary tumour, therefore
allowing disaggregation and subsequent invasion and dissemination. MET is also involved in cancer
metastasis, as MET allows for colonisation of cancer cells at a secondary site (Chao et al., 2010;
Gunasinghe et al., 2012). EMT/MET is difficult to observe in human tumours in vivo, and although
EMT/MET in cancer has been reported repeatedly in in vitro models, some authors have cast doubts as
to whether the processes actually occurs in tumour progression (Diepenbruck and Christofori, 2016).
The main reason there is uncertainty surrounding EMT-METs involvement in cancer progression is that
EMT-MET is thought to be partially formed in cancer cells, that is, cancer cells possess characteristics of
both epithelial and mesenchymal cells and are termed “metastable” (Lee et al.,, 2006a; Tam and
Weinberg, 2013). Such cells benefit from the use of both epithelial and mesenchymal traits and are

therefore less constrained than either epithelial or mesenchymal cells.

EMT is thought to be initiated in the primary tumour microenvironment by autocrine/paracrine
secretion of a number of growth factors, cytokines and ECM proteins (Tse and Kalluri, 2007; Martin et
al., 2010; Jing et al., 2011) produced as a result of hypoxia (Jiang et al., 2011) and inflammation (Lépez-
Novoa and Nieto, 2009; Zhou et al.,, 2012). EMT-inducing signals derive from the tumour
microenvironment, and include hepatocyte growth factor (HGF) (Nagai et al., 2011), epidermal growth
factor (EGR) (Ackland et al.,, 2003), platelet derived growth factor (PDGF) (Kong et al., 2008) and

transforming growth factor beta (TGFB) (Willis et al., 2005). These signals are responsible for the
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stimulation of EMT-inducing transcription factors (TFs) such as Snail (Cano et al., 2000), Slug (Savagner
et al., 1997), ZEB1 (Xiong et al., 2012), and Twist (Lo et al., 2007). Once these TFs have been expressed
and activated, each TF can act pleiotropically to orchestrate the EMT process (reviewed by Sachez-Tillo
et al., 2012). The implementation of the EMT program depends on a series of intracellular signalling
networks involving signal transduction proteins, including: ERK, MAPK, PI3K, Smad, B-catenin, Lef and
Ras (reviewed by Thiery, 2002; Thiery and Sleeman, 2006; Polyak and Weinberg, 2009; Lamouille et al.,
2014; Heerboth et al., 2015; Nieto et al., 2016). MicroRNAs — small non-coding RNAs that can silence
target genes by specific-binding to cleave mRNA or inhibit translation (Bartel, 2004) — have been
reported as mediators of EMT by affecting both TFs and by directly regulating expression of cell surface

molecules such as E-cadherin (Burk et al., 2008; Bullock et al., 2012).
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Figure 1.5 Epithelial-mesenchymal transition (EMT) is the process by which epithelial cells
transdifferentiate into mesenchymal cells. During EMT, epithelial cells down-regulate cell-cell adhesion
structures. Epithelial-specific cell adhesion molecule (CAM) E-cadherin and integrins are replaced by
extracellular-specific N-cadherin and integrins. Loss of cell-cell adhesion alters the cell polarity from
apico-basal to end-end changing the cell morphology from cuboidal to spindle-shaped. This change in
cell polarity allows apical and basolateral membrane components to merge. The actin cytoskeleton is
transformed into stress fibres which accumulate at cell protrusions. Epithelial intermediate filaments,
the cytokeratins, are replaced by vimentin which is specific to mesenchymal cells. The basement
membrane (BM) is dissolved allowing newly formed mesenchymal cells to invade the surrounding

stroma.
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1.2.3 Invasion of basement membrane (BM)

Once cancer cells have disaggregated from the primary tumour mass they must degrade and invade the
local BM. BM acts as an impermeable layer of ECM, functioning to separate tissues from their stroma
(reviewed by Liotta, 1984). The BM is normally only permeable in situations such as tissue development
and repair and during the normal inflammatory response (reviewed by Liotta, 1986; Liotta and Stetler-
Stevenson, 1991). Matrix metalloproteinases (MMPs) are a family of endopeptidases which have the
ability to degrade almost all of the BM and ECM components (reviewed by Stamenkovic, 2003). MMPs
are often upregulated in cancer, and have been shown to promote tumour cell migration (Sabeh et al.,
2009). ECM provides both the substrate for, and acts as a barrier to, cell migration (reviewed by Fried|
and Wolf, 2003). In order to migrate, cells must modify their shape and rigidity to be able to interact
with their changing surroundings (Zhang et al., 2002). There are a range of migration and invasion
mechanisms that occur in normal physiological processes, including embryonic morphogenesis (Young
et al., 2004), wound healing (Maini et al., 2004) and immune cell trafficking (Klonowski et al., 2004). The
five steps of cell migration (illustrated in Figure 1.6), as determined by Lauffenburger and Horwitz
(1996), are as follows: 1. Protrusion of the leading edge, 2. Cell-matrix interactions and formation of
focal contacts, 3. Recruitment of surface proteases resulting in focalised proteolysis, 4. Cell contraction
by actomyosin and 5. Detachment of the trailing edge. These five steps are continuously cycled to
produce movement. For cell protrusions to form, the cell must first become polarised and elongate. Cell
protrusions can be diverse in shape and function, the most common occurring being pseudopodia or
invadopodia (invasive foot processes) (Linder, 2009). These are F-actin rich membrane protrusions that
protrude and retract and act to localise matrix-degradation and facilitate cancer cell migration through
adhesion and chemotaxis (Alblazi and Siar, 2015). The modes of cell migration are categorised as either
individual or collective. Individual cell migration can be either amoeboid, which is a fast, “crawling” type
movement that is produced from transient and weak interactions with substrate and imitates features
of the amoeba Dictyostelium discoideum, or mesenchymal which accomplishes the five steps of
migration (mentioned above) (reviewed by Friedl and Wolf, 2003). Cells that maintain cell-cell junctions
move collectively either as a multicellular connected strand or as a sheet (Matsubayashi et al., 2004).
Each cell type employs a preferential pre-specified migration mode. For example, leukocytes prefer
single-cell amoeboid migration, stromal cells prefer single-cell mesenchymal migration and epithelial
cells prefer collective sheet migration (Friedl, 2004). However, changes in cell environment and cellular
properties can result in revision of the mode of cell migration. For example, down-regulation of cell-cell
junctions in collective cell migration can lead to amoeboid migration, whilst conversely, cell-cell
junctions can re-form and collective cell migration resume presenting a plasticity that can benefits

metastasis (Friedl and Gilmour, 2009; Friedl and Wolf, 2009).

15



Chapter 1 Introduction

@ Actin filaments ;
Cell protrusion

Focal adhesions i 5

New focal
Detachment of /' e
Sratling adae Extracellular matrix fibre @ aghesion

PO
o imige .

Actomyosin contraction W / Focalised

proteolysis

Figure 1.6 Five steps of cell migration as described by Lauffenburger and Horwitz (1996). 1. Protrusion
of the leading edge, 2. Cell-matrix interactions and formation of focal contacts, 3. Recruitment of surface
proteases resulting in focalised proteolysis, 4. Cell contraction by actomyosin and 5. Detachment of

trailing edge. These five steps are continuously cycled to produce movement.

1.2.4 Intravasation of blood vessels and haematogenous dissemination

Intravasation is the process of cancer cells entering the blood vessels. This is accomplished by adhesion
to, and degradation of, the vascular BM followed by invasion of blood vessels and haematogenous
dissemination (Wyckoff et al., 2000). This process is aided by the flawed construction of the tumour-
induced microvasculature as the fenestrations allow for ease of access (see Section 1.2.1). Upon
negotiating their way through the BM, cancer cells are able to interact with the vascular endothelial
cells, which withdraw allowing the cancer cells to pass into the vessel lumen (Blood and Zetter, 1990).
Alternatively, uncontrolled focal growth of a tumour can impact on fragile tumour neovasculature and
lead to passive shedding of cancer cells into circulation (Bockhorn et al., 2007). These cancer cells are
often non-viable and apoptotic, perhaps due to anoikis or as a result of hypoxia (Méhes et al., 2001).
Once inside the systemic circulation, the cancer cells come into contact with and aggregate with,
platelets and leukocytes to form “rafts” which allows the cancer cells to be shielded from immune
response as well as from the shear force of blood flow (Nash et al., 2002; Wyckoff et al., 2007).
Circulating tumour cell (CTCs) can present with cell surface markers of epithelial cell, mesenchymal cell

or both epithelial and mesenchymal cell type (Armstrong et al., 2011). CTCs with both types of markers,
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or mesenchymal alone, have been reported to more frequently result in successful metastases (Wu et

al.,, 2015).

1.2.5 Attachment to vascular endothelium and extravasation

In 1889, Stephen Paget first proposed the “seed and soil” hypothesis on the non-random distributions
of cancer metastasis. Paget (1889) examined post-mortem data from 735 women with breast cancer
and noted that the organ distribution of the metastases in the patients was non-random. Paget (1889)
remarked that the metastases were not a result of chance events, but instead suggested that some

III

tumours (“seeds”) grew preferentially in the microenvironment (“soil”) of certain organs, and that
metastasis only occurred when the suitable “seed” was rooted in the appropriate “soil” (reviewed by
Fidler, 2003). Pagets (1889) concept that the microenvironment is essential for the regulation and
growth of metastases is supported by several studies. For example, Greene and Harvey (1964)
demonstrated that the adhesive interactions between cancer cells and the luminal surface of
microvascular endothelium may be responsible for determining metastasis localisation. Auerbach et al.
(1987) supported Green’s work by demonstrating that cancer cells preferentially bind to the
microvasculature of their respective target organ. Some examples of the organ specificity of cancer
metastases include, primary pancreatic cancer to liver and primary prostate cancer to bone (Hess et al.,
2006). A further hypothesis for the non-random spread of cancer is that CTCs respond to chemokine
gradients, in a process similar to leukocyte trafficking (Balkwill and Mantovani, 2001). For example,
breast cancer cells highly express chemokine receptors CXCR4 and CCR7, while their ligands

CXCL12/SDF-1a and CCL21/6Ckine are expressed on the cells of characteristic breast cancer metastasis

destinations such as lung and liver (Miller et al., 2001).

An alternative hypothesis to explain the patterns of cancer metastasis proposed by Ewing in 1928 is the
idea of “mechanical entrapment”, where CTCs become lodged in the first capillary bed they come across
(Glinskii et al., 2005). Glinskii et al. (2005) reported that mechanical entrapment alone is insufficient for
successful extravasation, and adhesive interaction to the vascular endothelium is essential, similar to
leukocyte-endothelial cell adhesion seen in inflammation, as illustrated in Figure 1.7 (as reviewed in
Kannagi et al.,, 2004; Miles et al., 2008; Strell and Entschladen, 2008; Brooks et al., 2010). Pro-
inflammatory cytokines are released at sites of inflammation, when bound to their subsequent ligands
on ECM, endothelial cells, leukocytes or platelets a transcriptional up-regulation of selectin,
immunoglobulin superfamily (IgSF) and integrins occurs (reviewed by Balkwill and Mantovani, 2001).
Cytokines act in a site-specific manner to direct leukocyte recruitment to site of inflammation. At
inflamed site, leukocytes adhere to the vascular endothelium in a loose tethering adhesion mediated by
selectins and their ligands. Leukocytes are carried along (rolling on) the endothelium by blood flow until

up-regulation of integrins and members of the IgSF stabilise leukocyte “firm adhesion” to the vascular
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endothelium, followed by subsequent extravasation (reviewed by Bendas and Borsi, 2012; Kanada et

al., 2014).

Although tumour cells mimic mechanisms used by leukocytes to bind to the vascular endothelium and
extravasate, the adhesion molecules and ligands employed by tumour cells are different (Miles et al.,
2008). For example, Galectin-3 expressed on the surface of vascular endothelial cells binds to the cancer
associated Thomsen-Friedenreich (TF) antigen (GalB1-3GalNAc) which is present on most cancers
including those of the breast and prostate (Glinsky et al., 2001). During cancer progression, epithelial
cells can alter their expression of E-cadherin to N-cadherin (see Section 1.2.2.i). N-cadherin on the
surface of vascular endothelial cells can bind N-cadherin on the surface of CTCs (Li et al., 2001).
Leukocytes can facilitate contact between CTCs and endothelial cells by acting as a linker, for example,
both CTCs and endothelial cells express intracellular adhesion molecule (ICAM)-1, whilst leukocytes

express their binding ligand lymphocyte function-assisted antigen (LFA)-1 (Strell et al., 2007).

Leukocytes can extravasate via two different methods, either paracellular, where a leukocyte
temporarily abrogates endothelial cell-cell binding and passes through a cell-cell junction, or
transcellular, where the leukocyte passes through an endothelial cell (reviewed in Engelhardt and
Wolburg, 2004). CTCs can also extravate using these two routes (Tremblay et al., 2008). However, CTCs
can also extravasate by creating a permeant perforation in the vascular endothelium using reactive
oxygen species (ROS) resulting in irreversible damage to the vascular endothelial cells (Offner et al.,
1992). Leong et al. (2014) proposed that invadopodia are also crucial for cancer cell extravasation as

they facilitate both motility and BM degradation.
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Figure 1.7 Vascular adhesion and extravasation of A. leukocytes and B. cancer cells. A. Cytokines are

released at site of inflammation and leukocytes migrate toward the site along chemokine gradients.

Once at site of inflammation, leukocytes are captured on selectins producing wea