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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 α-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 quantification 

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, GALNTs 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 I 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 I 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). 

 

 

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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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 
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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 (López-

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 (TGFβ) (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 Sáchez-Tilló 

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, β-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 Friedl 

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). 
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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 

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

destinations such as lung and liver (Müller 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 



Chapter 1      Introduction 

18 
 

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 (Galβ1-3GalNAc) 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 weak tethering adhesion. 

Captured leukocytes are rolled along the vascular endothelium by the force of blood flow until firm 

adhesion is initiated by integrins. Leukocyte binding encourages endothelial cells to retract for 

extravasation to occur. B. Cancer cells in the circulation arrest on the vascular endothelium by cancer-

associated ligands, and by attaching to leukocytes. Extravasation of cancer cells causes damage to the 

endothelial cells.  
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1.2.6 Development of a secondary tumour 

When a cancer cell has achieved extravasation at a secondary site, it is hypothesised that the cell 

undergoes a reversal of EMT. In a process termed mesenchymal-epithelial transition (MET), it regresses 

back to an epithelial cell (Yao et al., 2011). If the microenvironment of the secondary site is not suitable, 

the cancer cell may die immediately (Chambers et al., 2002), or may lie dormant until such conditions 

as to promote growth arise (Naumov, 2001; Almog, 2010). 

 

1.3 Glycosylation of proteins 

More than half of all proteins are glycosylated (Apweiler et al., 1999). Glycosylation is the addition of 

sugar moieties to proteins and lipids, and is functionally involved in many cell communication, adhesion 

and identification events (Varki, 1993; Zhao et al., 2008).  Human glycans are synthesised from seven 

monosaccharides, these are: glucose (Glc), mannose (Man), galactose (Gal), N-acetylglucosamine 

(GlcNAc), N-acetylgalactosamine (GalNAc), fucose (Fuc), and sialic acids (SA) also called neuraminic acids 

(see Figure 1.8). Highly specific glycosyltransferases catalyse the sequential addition of these 

monosaccharide subunits to form glycans of varying length and complexity, which are most commonly 

branched structures, and with either α- or β-linkages between the component monosaccharides, giving 

rise to extensive structural heterogeneity (reviewed by Rudd and Dwek, 1997). Owing to this, 

carbohydrate structures have far greater structural diversity than proteins and this can make analysis of 

oligosaccharides technically challenging (Ghazarian et al., 2011). Unlike polypeptides, oligosaccharides 

are not direct gene products, instead they are assembled in rapid response to biological requirement 

(reviewed by Varki, 1993). Oligosaccharides can be either N- or O-linked to polypeptides, which will be 

discussed below. 
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Figure 1.8 Haworth projection formula and “Essentials” symbol system proposed by Varki et al. (2009) 

illustrating the seven monosaccharides used to create human glycans. 
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1.3.1 N-linked protein glycosylation 

N-linked protein glycosylation is reviewed by Brooks et al. (2002), Aebi (2013), Breitling and Aebi (2013) 

and Shrimal et al. (2015). A protein is N-linked to an oligosaccharide via a GlcNAc monosaccharide in a 

β-N-glycosidic bond to a nitrogen (hence N-linked) molecule of the amide group of an asparagine (Asn) 

amino acid of the polypeptide chain (see Figure 1.9). N-linked glycosylation is a co-translational event 

initiating during protein synthesis. As illustrated in Figure 1.10, for protein synthesis to occur, the gene 

that encodes the protein is activated and messenger RNA in (mRNA) is created and protein production 

initiates firstly on ribosomes in the cytoplasm and then, for membrane-bound proteins, the ribosome 

localises to the rough endoplasmic reticulum (RER). This is achieved through the binding of a signal 

recognition particle (SRP) on the nascent polypeptide chain to the SRP-receptor on the RER surface. 

Once the ribosome and the polypeptide chain are synthesising correctly on the ER membrane, the SRP 

dissociates and is recycled. Protein synthesis continues with the polypeptide chain inserting through a 

translocation channel in the ER membrane into the lumen of the ER, where N-linked glycosylation 

begins. N-linked oligosaccharide production continues as the protein is moved from ER to the Golgi 

apparatus and is concluded when the glycoprotein departs the trans-Golgi network. The enzymes of 

glycosylation needed for N-linked glycosylation are located throughout the ER and Golgi apparatus 

secretory pathway in the order in which they act. 

 

 

Figure 1.9 N-linkage. In N-linked glycoproteins, the oligosaccharide is linked via a GlcNAc molecule in a 

β-N-glycosidic type bond to a nitrogen (orange) of the amide group of an asparagine amino acid residue 

on the polypeptide chain. Adapted from Brooks et al. (2002).  
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Figure 1.10 Protein synthesis initiates on ribosomes in the cytoplasm. 1. A signal recognition particle 

(SRP) binds to the nascent polypeptide chain and 2. localises the ribosome and polypeptide chain to the 

endoplasmic reticulum (ER) membrane through binding to SRP-receptor. Once the ribosome and 

polypeptide chain are correctly positioned, the SRP dissociates and is recycled. 3. The nascent polypeptide 

chain inserts into the ER lumen through a translocation channel in the ER membrane and protein 

synthesis continues. Adapted from Brooks et al. (2002).  

 

The nascent polypeptide chain bears a consensus amino acid sequence -Asn-Xaa-Ser/Thr, where Xaa is 

any amino acid except for proline, and is a prerequisite for N-linked oligosaccharide synthesis. The 

consensus sequence may occur many times along the polypeptide chain, but not all potential 

glycosylation sites will be glycosylated. Potential glycosylation sites that are located within a loop or turn 

in a polypeptide chain are preferentially glycosylated. This is thought to be a function of the accessibility 

of these areas to glycosylation enzymes. 

The initial step of N-linked oligosaccharide biosynthesis is to construct an oligosaccharide intermediate 

structure linked to a dolichol molecule. The dolichol phosphate (Dol-P) molecule is positioned between 

the layers of the ER membrane. As illustrated in Figure 1.11, an N-

acetylglucosaminylphosphotransferase catalyses the addition of UDP-GlcNAc to Dol-P yielding GlcNAc-

P-Dol + UMP. This structure is further extended by the action of an N-acetylglucosaminyltransferase to 

produce the structure GlcNAc(β1→4)GlcNAc-P-Dol, which is further elaborated by the action of 

mannosyltransferases I-V, generating Man5GlcNAc2-P-Dol. All reactions require sugar-donor molecules 

in the form of GDP-Man and UDP-GlcNAc. Once this structure is constructed in the cytoplasm, it is 

flipped into the ER lumen by RFT1, where it is further extended to yield the structure Glc3Man9GlcNAc2-

P-Dol (intermediate structure). The donor molecules for this (Dol-P-Man or Dol-P-Glc) are produced in 
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the cytoplasm and are flipped into the lumen of the ER. Secondly, the intermediate structure is 

transferred from Dol-P to a potential glycosylation site on the nascent polypeptide chain (see Figure 

1.12). This handover is catalysed by the oligosacchayltransferase (OST) enzyme complex. 

 

 

Figure 1.11 The Man5GlcNAc2 molecule is constructed in the cytosol external to the ER on a lipid carrier 

which is embedded in the ER membrane. Once constructed the molecule is “flipped” across the lipid 

bilayer of the ER membrane so that it protrudes in the ER lumen where a further 4 Man and 3 Glc are 

added to the molecule yielding Glc3Man9GlcNAc2 which is then transferred to the nascent polypeptide 

chain by OST complex to an asparagine residue. P = phosphate. Adapted from Brooks et al. (2002). 
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Figure 1.12 The oligosaccharide intermediate is transferred from the dolichol-phosphate structure to an 

asparagine (Asn) residue of the consensus sequence on the nascent polypeptide chain by the enzyme 

complex oligosaccharyltransferase (OST). Adapted from Brooks et al. (2002). 

 

Once the oligosaccharide intermediate has been transferred to the nascent polypeptide, the structure 

is sequentially trimmed (see Figure 1.13). The trimming is important for protein folding. Firstly, while 

OST is still attached, α-glucosidase removes a Glc residue, which aids in the removal of OST from the 

growing polypeptide chain, yielding the structure Glc2Man9GlcNAc2. Then α-glucosidase II removes a 

further two Glc residues, yielding Man9GlcNAc2. Finally, a Man residue is removed by α-mannosidase 

resulting in the structure Man8GlcNAc2. At this point if the glycoprotein is correctly folded, it leaves the 

ER and enters the cis-Golgi apparatus.   

The Golgi apparatus comprises of the cis, medial and trans cisternae, each of which contain specific 

glycosidases or glycosyltransferases which either remove or add monosaccharides to yield the final N-

linked oligosaccharide structure of the glycoprotein. All N-linked oligosaccharide structures share a 
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common trimannosyl core as illustrated in Figure 1.14, which comprises of two GlcNAc monosaccharides 

linked in a β1→4 configuration to which a Man is linked in a β1→4 configuration with two further Man 

residues linked in α1→3 and α1→6 configurations. The final structure can either be: (1) high mannose 

type, which have between 5 and 9 mannose residues attached to the inner GlcNAc of the trimannosyl 

core, (2) complex type which do not have any further Man residues than is in the trimannosyl core, but 

do have up to 4 oligosaccharide branches, in particular GlcNAc(β1→4)Gal branches, and (3) hybrid type 

which contain a mixture of both high mannose and complex type features. When the trimmed 

intermediate structure (Man8GlcNAc2) is further trimmed by α-mannosidase to yield Man5GlcNAc2, is 

not further acted upon by α-mannosidases, it will remain a high-mannose type oligosaccharide. As 

illustrated in Figure 1.15, the processing pathway for complex N-linked oligosaccharides in the Golgi 

apparatus starts with the addition of a (β1→4) GlcNAc to the (α1→3) Man branch catalysed by the 

enzyme GlcNAc-T I. This structure allows α1,3/α1,6 mannosidase to remove Man residues on the outer 

arm to yield Man3GlcNAc2, which can be further processed to yield either complex or hybrid type 

oligosaccharides.  
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Figure 1.13 Once the oligosaccharide intermediate (Glc3Man9GlcNAc2) has been transferred to an 

asparagine residue (Asn) on the nascent polypeptide chain, the structure is trimmed. α-glucosidase I 

removes a glucose (Glc) residue, followed by the removal of two more Glc residues by α-glucosidase II 

and then a mannose (Man) residue by α-mannosidase. Adapted from Brooks et al. (2002). 

 

Figure 1.14 Trimannosyl core comprising of 2 GlcNAc linked in a β1→4 configuration, with a Man linked 

in a β1→4 configuration with a further 2 Man attached in an α1→6 and an α1→3 configuration. This is 

the starting point for all N-linked structures. Adapted from Brooks et al. (2002). 
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Figure 1.15 The processing path for N-linked oligosaccharides. After entering the Golgi apparatus (step 

1) the N-linked oligosaccharide either becomes a high-mannose type unless the enzyme GlcNAc-T I acts 

on the oligosaccharide then the structure will become a hybrid or complex type. The enzyme α-

mannosidase removes mannose (steps 3-4), followed by the sequential actions of GlcNAc-T II (step 4), 

β1,3/4 Gal-T (step 5) and/or α2,3/2,6 ST or sulfotransferase (step 7). Steps shown as I or II illustrate the 

modification of the oligosaccharide by the enzymes phospho-GlcNAc-T and N-acetylglucosaminidase 

respectively, which is part of the protein degradation pathway. Adapted from Brooks et al. (2002).    

  

1.3.2 O-GlcNAc linked glycosylation of nuclear and cytosolic proteins 

O-linked N-acetylglucosaminylation (O-GlcNAcylation) was discovered just over 30 years ago, by Torres 

and Hart (1984) when they used a galactosyltransferase isolated from bovine milk as an enzymatic probe 

for terminal GlcNAc residues on mouse immune cell plasma membrane proteins. O-GlcNAc glycosylation 

is a reversible post-translational event which unlike, N- and O-linked glycosylation, does not occur within 

the secretory pathway or extracellular compartment, but has a nucleocytoplasmic subcellular location 

(Holt and Hart, 1986). This type of glycosylation is not further extended and instead is thought to act as 

a molecular switch. Many nuclear and cytosolic proteins have been identified as being modified by O-
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GlcNAc, including transcription factors, cytoskeletal components, metabolic enzymes, signalling 

components (reviewed by Wells et al., 2003), and modification of the C-terminal domain of RNA 

polymerase II (Kelly et al., 1993). O-GlcNAcylation also plays a role in important cellular events such as 

regulation of the cell cycle (Wang et al., 2010a).  

The enzymes responsible for the addition (O-GlcNAc transferase, OGT) (Haltiwanger et al., 1990) and 

removal (O-GlcNAcase, OGA) (Gao et al., 2001) of O-GlcNAc act dynamically at serine and threonine 

residues on nuclear and cytoplasmic proteins (Hart et al., 2007). OGT is 110kDa polypeptide with an N-

terminal protein-protein domain consisting of tetratricopeptide repeats (TTRs) and a catalytic C-terminal 

domain that transfers GlcNAc from UDP-GlcNAc to the hydroxyl group of serine or threonine residues in 

a β-configuration (Haltiwanger et al., 1990). The protein-protein domain has been reported to have 

several binding partners which may target OGT to specific subcellular locations (Iyer et al., 2003). OGA 

is a 130kDa polypeptide located preferentially to the cytoplasm and to a lesser extent the nucleus (Wells 

et al., 2002). All known proteins that are glycosylated by O-GlcNAc can also be phosphorylated, 

suggesting that dynamic modulation of O-GlcNAcylation is a regulatory modification that is closely linked 

with phosphorylation (reviewed by Butkinaree et al., 2010). O-GlcNAcylation of cytosolic and nuclear 

proteins by OGT is modulated by the availability of cell nutrients and in response to cellular stress 

(reviewed by Zachara and Hart, 2004). Hexosamine biosynthetic pathway (HBP) modulates O-

GlcNAcylation, which in turn modulates cell behaviour by regulating cytosolic levels of glucose and other 

nutrients (reviewed in Zachara and Hart, 2004). As illustrated in Figure 1.16, glucose entering the cell is 

directed to the HBP where fructose-6-phosphate is converted to glucosamine-6-phosphate by 

glutamine:fructose-6-phosphate amidotransferase (GFAT). UDP-GlcNAc is generated and used by OGT 

as a substrate to add GlcNAc to serine or threonine residues of target proteins. O-GlcNAc is removed 

from O-GlcNAcylated proteins by OGA (Hanover et al., 2010). Not surprisingly, mis-regulation of OGT 

has been reported to be involved in diseases such as diabetes (Ma and Hart, 2010), neurodegeneration 

(Lazarus et al., 2009), cardiovascular disease (Laczy et al., 2009) and several different types of cancer 

(Slawson and Hart, 2011; Fardini et al., 2013) including breast (Slawson et al., 2001), lung, colon (Mi et 

al., 2011), liver (Zhou et al., 2012) and prostate (Lynch et al., 2012) cancers.  
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Figure 1.16 The hexosamine biosynthetic pathway leading to O-GlcNAc cycling. The enzymes involved in 

the synthesis and use of UDP-GlcNAc from nutrient precursors are shown. Adapted from Hanover et al. 

(2010). 
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1.3.3 O-linked (mucin type) protein glycosylation 

Mucin-type O-linked glycosylation, so called as it is commonly found on mucins (a mucopolysaccharide 

that is the principal component of mucus) is a post-translational event which occurs in the Golgi 

apparatus once the polypeptide has been formed and folded into its tertiary structure (reviewed by Van 

der Steen et al., 1998). Initiation of O-linked glycosylation happens in the cis-Golgi whilst elongation and 

termination occurs in the trans-Golgi (Roth, 1984). As illustrated in Figure 1.17, the most commonly 

occurring initial structure made in this type of glycosylation is the Thomsen nouvelle (Tn) antigen (α-

GalNAc-O-Ser/Thr) where N-acetylgalactosamine (GalNAc) is attached via an α-O-glycosidic bond to an 

oxygen molecule (hence O-linked) on serine (Ser) or threonine (Thr) residues of a polypeptide (Freire 

and Osinaga, 2003). This attachment is catalysed by a family of glycosyltransferases called the UDP-

GalNAc:polypeptide N-acetylgalactosaminyltransferases (GalNAc-Ts) which are discussed in Section 

1.3.4. The simplest finished glycan that can be built on Tn is sialyl-Tn (STn) (NeuAc-α6-GalNAc-α-

Ser/Thr), where a sialic acid (SA) monosaccharide is attached in an α-2,6-linkaged to Tn; this reaction is 

catalysed by the sialyltransferase ST6GalNAc 1 (as illustrated in Figure 1.17 A). Sialyation here, as in the 

case of other glycan structures, terminates chain extension. Tn is always further elaborated in normal 

adult tissues and therefore not ordinarily present. STn is only weakly detectable in foetal and normal 

adult tissue (Yonezawa et al., 1992). Both, however, are frequently detected in cancers (Ju et al., 2008a; 

Julien et al., 2012). Typically, Tn is elaborated to form 7 core structures (see Figure 1.19). The most 

commonly occurring of which is core 1, also called the Thomsen–Friedenreich (TF or T) antigen, (Galβ1-

3GalNAcα-O-Ser/Thr), where a Gal monosaccharide is attached through a β1-3 linkage to the GalNAc of 

Tn by the glycosyltransferase core 1 β1,3Gal-T. In humans, this requires the molecular chaperone, Cosmc 

(C1GALT1L1) (Ju and Cummings, 2002) which is located in the ER (Ju et al., 2008a). TF antigen is 

frequently detectable in cancers (Campbell et al., 1995). TF can be terminated with SA to yield STF as 

illustrated in Figure 1.18 B. TF can also be further extended to yield core 2 by the addition of a GlcNAc 

monosaccharide in a β1-6 linkage to GalNAc. This reaction is catalysed by the glycosyltransferase core 2 

β1,6GlcNAc-T.  
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Figure 1.17 O-linkage. In O-linked glycoproteins, the oligosaccharide is linked via a GalNAc molecule in a 

α-O-glycosidic type bond to an oxygen (orange) of a serine or threonine amino acid residue on the 

polypeptide chain. Adapted from Brooks et al. (2002). 

 

Figure 1.18 Elaboration of Tn antigen and TF antigen (core 1). A. The Thomsen nouvelle (Tn) antigen 

GalNAcα→1Ser/Thr can be terminated by adding a β-D-Neu5Ac to yield sialyl Tn (STn), 

NeuAc(α2→6)GalNAcα1→Ser/Thr. B. The Thomsen Friedenreich (TF or T) antigen or core 1, 

Gal(β1→3)GalNAcα1→Ser/Thr can be terminated by adding a β-D-Neu5Ac to yield sialyl TF antigen 

NeuAc(α2→6)Gal(β1→3)GalNAcα1→Ser/Thr. 
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Figure 1.19 Synthesis of O-linked core structures 1-7. Enzymes responsible for catalysing the addition of 

monosaccharides are detailed. Adapted from Brooks et al. (2002). 
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Core 3 GlcNAc(β1→3)GalNAc→Ser/Thr is synthesised by the addition of a GlcNAc monosaccharide to Tn 

in a β1-3 linkage by β1,3 GlcNAc-T and can be further extended by the addition of a further GlcNAc in a 

β1-6 linkage catalysed by β1-6 GlcNAc-T to yield core 4 GlcNAc(β1→6)[GlcNAc(β1→3)]GalNAcα-Ser/Thr. 

The most commonly occurring O-linked core structures are 1-4, however other less common structures 

have been described. These include, Core 5 GalNAc(α1→3)GalNAcα-Ser/Thr, which is Tn with an α1-3 

linked GalNAc monosaccharide and is catalysed by α1,3 GalNAc-T. Tn with the addition of a GlcNAc 

monosaccharide in a β1-6 linkage by β1,6 GlcNAc-T yields core 6 GlcNAc(β1→6)GalNAcα-Ser/Thr. Core 

7 GalNAc(α1→6)GalNAcα-Ser/Thr is Tn with the addition of GalNAc in an α1-6 link by α1,6 GalNAc-T. 

Core 8 Gal(α1→3)GalNAcα-Ser/Thr is synthesised by the addition of a Gal monosaccharide in an α1-3 

linkage to Tn, catalysed by the α1,3 Gal-T.  The enzymes which catalyse the formation of the core 

structures are highly regulated and are only expressed in specific cells or tissues. Core structures that 

terminate in GlcNAc monosaccharide can be extended by either type 1 chain (Gal with a β1-3 linkage) 

or type 2 chain (Gal with β1-4 linkage) as illustrated in Figure 1.20 A. Core structures which terminate in 

a Gal monosaccharide can be elongated by the addition of GlcNAc to yield a range of structures as 

illustrated in Figure 1.20 B. Both type 1 and type 2 chains can be terminated by the addition of either a 

Fuc or SA monosaccharide (as illustrated in Figure 1.21) to yield a number of different structures.  

O-glycan synthesis is thought to be regulated by a number of influencing factors such as, the levels of 

expression of glycosyltransferases, availability of nucleotide sugar donors and acceptor substrates as 

well as subcellular organisation, activity and specificity of the glycosyltransferases. Competition 

between the glycosyltransferases for the available substrates is another means of regulation of O-glycan 

synthesis. For example, as illustrated in Figure 1.22 Tn has three glycosyltransferases competing for it 

and core 1 has five. 
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Figure 1.20 Elongation pathways of core structures ending in either GlcNAc or Gal. A. Core structures 

that terminate in GlcNAc can be extended by the addition of a Gal monosaccharide in either a β1→3 

configuration yielding a type 1 chain or in a β1→4 orientation yielding a type 2 chain. B. Core structures 

which terminate in Gal can be further extended by the monosaccharide GlcNAc to yield a variety of 

structures. 
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Figure 1.21 Termination of type 1 (A) and type 2 (B) chains with either fucosylation or sialylation. 

Adapted from Brooks et al. (2002). 
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Figure 1.22 O-glycan synthesis is thought to be in part regulated by the availability, activity and 

specificity of glycosyltransferases which compete for available substrates. A. Three glycosyltransferase 

compete for Tn antigen. B. Five glycosyltransferases compete for core 1.  
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1.3.4 GALNTs 

A family of 20 isoenzymes, UDP-N-α-D-galactosamine:polypeptide N-acetylgalactosaminyltransferases 

(GALNTs) catalyse the addition of the first N-acetylgalactosamine (GalNAc) monosaccharide to serine 

(Ser) or threonine (Thr) residues of polypeptides at the initiation of O-linked glycosylation (see Table 1.1 

for an overview of the enzyme nomenclature and gene location). It is thought that all of the GALNT gene 

family, except for GALNT4, arose from an ancestral GALNT gene and throughout evolution various 

paralogs formed. Figure 1.23 illustrates the proposed phylogenetic tree for the GALNT gene family based 

upon subfamily clusters (reviewed by Bennett et al., 2012). GALNTs are designated GALNT1 to –T20 in 

accordance with when they were described. GALNTs are located throughout the Golgi apparatus 

(Röttger et al., 1998). All of the GALNTs except for GALNT20 share a type II membrane structure 

composed of a short N-terminal cytoplasmic tail (Smith and Lupashin, 2008), a hydrophobic membrane 

spanning domain, a stem region (90 amino acids, GALNT1, GALNT13, GALNT16, 170 amino acids 

GALNT3, GALNT8, GALNT15 and 470 amino acids GALNT5) (Bennett et al., 2012), a luminal catalytic 

domain (~230 amino acids long) (Paulson and Colley, 1989) and, unique to the GALNTs, a C-terminal 

ricin-like lectin domain (~120 amino acids in length) which has a binding specificity for α-GalNAc 

monosaccharides (Hazes, 1996; Imberty et al., 1997). This common structure is illustrated in Figure 1.24. 

GALNT10 has an additional binding-pocket in its catalytic domain (Kubota et al., 2006). GALNT20 does 

not have the lectin domain but does share the other structural components of this family (Bennett et 

al., 2012).   

Why so many GALNTs are required for initiation of O-glycosylation is not understood. However GALNTs 

show different, albeit partly overlapping, substrate specificities and catalytic activities, as well as being 

expressed in a tissue-specific manner.  Some GALNTs will only glycosylate proteins which have already 

had GalNAc added (Bennett et al., 2012). GALNT1 and -T2 are ubiquitously expressed in all human tissues 

and are thought to be housekeeping enzymes (Homa et al., 1993; White et al., 1995), whilst GALNT4 

(Bennett et al., 1998), -T5, -T7 (Bennett et al., 1999a), -T8 (White et al., 2000), -T10 (Cheng et al., 2002), 

-T14 (Wang et al., 2003), -T15 (Cheng et al., 2004) and –T18 (Raman et al., 2012) are widely expressed 

but are not considered to be housekeeping enzymes. Expression of the remaining GALNTs are highly 

regulated (Hang and Bertozzi, 2005) and they have only been detected in specific locations. For example, 

-T3 in pancreas and testis (Bennet et al., 1996), -T6 in placenta and trachea (Bennett et al., 1999b), -T9 

in brain and the spinal cord (Toba et al., 2000), -T11 in kidneys (Schwientek et al., 2002), -T12 in digestive 

organs (Guo et al., 2002), -T13 in neurons (Zhang et al., 2003b), -T16 in heart (Peng et al., 2010), -T17 in 

brain and testis (Raman et al., 2012), -T19 in cerebellum and cerebral cortex (Nakamura et al., 2005) and 

-T20 in testis (Raman et al, 2012).  

Li et al. (2012) reported a sub-family within the GALNTs designated the Y subfamily genes, which are 

only expressed in vertebrates. These are GALNT8, -T9, -T17 and -T18, which all share a mutation in the 
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catalytic domain from YDX5WGGENXE to LDX5YGGENXE. The remaining 16 GALNTs are termed the W 

subfamily. This mutation observed in the Y subfamily affects the catalytic activity of the GALNT allowing 

the Y subfamily to act as molecular chaperones to the W subfamily which accords with another level of 

regulation of O-glycosylation (Li et al., 2012). Altered levels of expression of GALNTs has been reported 

in a number of cancers including; colorectal (Kohsaki et al., 2000; Shibao et al., 2002; Guo et al., 2004; 

Koyanagi et al., 2008 Guda et al., 2009; Gray-McGuire et al., 2010; Abuli et al., 2011; Clarke et al., 2012), 

gastric (Onitsuka et al., 2003; Gao et al., 2013), breast (Cavallo et al., 2005; Berois et al., 2006a; Freire et 

al., 2006; Patani et al., 2008; Wu et al., 2010), neuroblastoma (Berois et al., 2006b; Berois et al., 2013), 

pancreatic (Li et al., 2011), gallbladder (Miyahara et al., 2004), prostate (Landers et al., 2005), bladder 

(Ding et al., 2012a), lung adenocarcinoma (Gu et al., 2004), oesophageal cancer (Ishikawa et al., 2005) 

and lymphoma (Gibson et al., 2012). Furthermore, dysregulation of GALNTs in a number of epithelial 

cancers has been shown to be important at different stages of the metastatic cascade, as reviewed by 

Beaman and Brooks (2014) (see Appendix 3). 
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Table 1.1 Members of the human GALNT family, which add the first GalNAc monosaccharide in O-linked 

glycosylation. Taken from Beaman and Brooks (2014). 

GALNT Alternative names Accession 
number 
(human) 

Chromosome 
locus 

Reference (human) 

1  X85018 18q12.1 White et al., 1995 
2  X85019 1q41-q42 White et al., 1995 
3  X92689 2q24-q31 Bennett et al., 1996 
4 POC1B Y08564 12q21.33 Bennett et al., 1998 
5  AJ245539 2q24.1 Bennett et al., 1999b 
6  Y08565 12q13 Bennett et al., 1999a 
7  AJ002744 4q34.1 Bennett et al., 1999b 
8  AJ271385 12p13.3 White et al., 2000 
9  AB040672 12q24.33 Toba et al., 2000 
10  AJ505950 5q33.2 Cheng et al., 2002 
11  Y12434 7q36.1 Schwientek et al., 2002 
12  AJ32365 9q22.33 Guo et al., 2002 
13  AJ505991 2q24.1 Zhang et al., 2003b 
14 FLJ12691 Y09324 2q23.1 Wang et al., 2003 
15 GALNTL2, GALNT13, GALNT7, 

PIH5 
NM_054110 3q25.1 Cheng et al., 2004 

16 GLANTL1, KIAA1130 AJ505951 14q24.1 Peng et al., 2010 
17 GALNTL6, GALNT20 AJ626725 4q34.1 Raman et al., 2011 
18 GALNTL4, GALNT15, 

MGC71806 
AJ626724 11p15.3 Raman et al., 2011 

19 GALNTL3, GALNT16, 
GALNT20, WBSCR17 

AJ626726 7q11.23 Nakamura et al., 2005 

20 GALNTL5, GALNT15, 
WBSCR17 

NM_145292 7p36.1 Raman et al., 2011 
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Figure 1.23 Phylogenetic tree depicting the evolutionary divergence of the GALNT family from the 

hypothesised ancestral GALNT gene. GALNTs highlighted in red are termed sub-family Y and act as 

chaperones for the other GALNT family members. Adapted from Bennett et al. (2012). 
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Figure 1.24 Schematic representation of the shared type II membrane structure of the GALNTs, located 

in the Golgi apparatus. The luminal portion consists of a catalytic domain, a ricin-like lectin domain and 

a variable length stem region. They are held in place by a hydrophobic transmembrane domain followed 

by a short N-terminal tail. Adapted from Beaman and Brooks (2014). 

 

1.4 HPA as a prognostic marker of aggressive cancer 

Leathem and Brooks (1987) first reported a lectin a “protein or glycoprotein of non-immune origin, not 

an enzyme, that binds to carbohydrates and agglutinates cells” (Goldstein et al., 1980) from the albumin 

gland of the Roman snail, Helix pomatia agglutinin (HPA), to be useful as an analytical tool for predicting 

aggressive biological behaviour, metastasis and poor patient prognosis in breast cancer. In the 25-year 

retrospective study, paraffin blocks of 179 primary cancers were labelled for HPA using an 

immunoperoxidase method. Labelling was recorded and compared with clinical progress, including 

disease free survival and time until death. It was found that there were significant differences between 

the groups with and without altered glycosylation as detected by HPA-labelling for time to first 
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recurrence and survival time, determined using Kaplan-Meier life-tables. Survival at 5-years post-

diagnosis was 90% for patients with tumours without altered glycosylation as detected by HPA-labelling 

and only 40% for patients whose tumours had the altered glycosylation. At 10-years post-diagnosis, the 

respective percentages were 75% and 35%. Later, in an extension of the previous retrospective study, 

Brooks and Leathem (1991) reported that there was a significant difference in survival rates between 

patients with HPA-positive (293 patients) and HPA-negative (80 patients) tumours (p=<0.00001). At 5-

years post-diagnosis, 85% of patients with HPA-positive tumours were alive, whilst only 55% of patients 

with HPA-negative tumours were alive. At 10-years post-diagnosis the respective figures were 65% and 

30%. Brooks and Leathem (1991) also reported that there was a significant association between axillary 

lymph node (LN) metastases and HPA binding to the cells of the primary tumour.  

In assessment of cancer stage, LN spread is the “gold standard” of prognostic markers, as it is a physical 

indication that a tumour has the ability to migrate and establish away from its primary site. The study 

used 373 primary breast cancers, which were labelled for HPA-binding. Labelling was recorded alongside 

lymph node involvement, tumour size, S-phase fraction, histological grade and patient age at diagnosis. 

Variables were cross-examined using a proportional hazards regression (Cox model), which explored the 

relationship between survival time/time to first relapse and other possible prognostic factors. Initially, 

a univariate analysis was used to assess the independent prognostic importance of each variable, then 

a forward step-wise process was used where a variable was added to the regression equation at a time 

to assess the variables “goodness of fit” in the model. Of the 373 samples, 79% were reported to label 

positively with HPA, of these 68% had lymph node involvement, whilst 90% of the HPA-negatively 

labelled samples were lymph node negative. Therefore, indicating a strong association between HPA 

staining and lymph node involvement, which was confirmed in the regression model. The association of 

HPA-binding and poor patient prognosis were subsequently confirmed in breast cancer by Fenlon et al. 

(1987), Fukutomi et al. (1989), Alam et al. (1990), Fukutomi et al. (1991), Thomas et al. (1993), Noguchi 

et al. (1993a), Brooks et al. (1993), Brooks et al. (1996) and Brooks and Wilkison (2003). This correlation 

was also reported in other cancers including those of prostate (Shiraishi et al., 1992), colorectum (Ikeda 

et al., 1994; Schumacher et al., 1994a; Schumacher et al., 1994b), stomach (Kakeji et al., 1991; Kakeji et 

al., 1994), oesophagus (Yoshida et al., 1993; Takahashi et al., 1994), bladder (Langkilde et al., 1992), lung 

(Kawai et al., 1991) and thyroid (Parameswaran et al., 2011). HPA therefore identifies a biological marker 

associated with metastasis and aggressive biological behaviour in breast and other cancers. 

HPA is a constituent of perivitelline fluid, which, acting as part of the innate immune system, protects 

the fertilised egg of the snail from bacteria (Sanchez et al., 2006). HPA is a hexamer with a total molecular 

mass of 79kDa and has 6 carbohydrate binding sites (Sanchez et al., 2006). Markiv et al. (2010) revealed 

that the native HPA has two forms, HPAI and HPAII, which share a sequence identity of 45% and are 
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consistent with GalNAc-binding lectins of the H-type, therefore demonstrating the heterogeneity of the 

native lectin.  

Lectins bind with carbohydrates non-covalently and usually reversibly in a highly specific manner 

(Ambrosi et al., 2005). The binding specificity of a lectin is usually quoted as the monosaccharide or more 

complex sugar that most effectively inhibits binding to its naturally occurring ligand. HPA has a nominal 

monosaccharide binding specificity for GalNAcα1,3GalNAc > α-GalNAc > α-GlcNAc » α-Gal (Goldstein 

and Poretz, 1986). HPA also has a binding specificity to the following glycoforms: the tumour associated 

Tn antigen (GalNAcα1-3-O-Ser/Thr) (Springer 1989; Ju et al., 2011), Cad antigen (NeuAcα2-3(GalNAcβ1-

R) (Piller et al., 1990), Forssman antigen (GalNAcα1-3-GalNAc) (Baker et al., 1983; Lescar et al., 2007), 

blood group A substance (GalNAcα1-3Galβ1-4GlcNAcβ1-Fucα1-2) (Mourali et al., 1980; Matsui et al., 

2001) GlcNAc (Wu and Suggi, 1991; Rambaruth et al., 2012) and sialic acid (Dwek et al., 2001). Brooks 

et al. (1994) reported that the prognostic significance of HPA binding in cancers is through recognition 

of a heterogeneous range of glycoproteins glycosylated by GalNAc-glycans including, but not exclusively, 

Tn. In this study, an anti-blood group A monoclonal antibody and an anti-Tn monoclonal antibody were 

used alongside HPA in immune- and lectin histochemistry of paraffin wax-embedded sections from 87 

primary breast cancers. There were distinct differences in labelling distribution between the antibodies 

and HPA. Labelling for Tn was limited in distribution, whilst HPA had the broadest labelling profile. 

Interestingly, many samples that did not label for the presence of Tn, did label for α-GalNAc 

glycoproteins detectable by HPA, therefore demonstrating that HPA binds a wider range of GalNAc-

glycans. These results were confirmed with use of SDS-PAGE and western blotting. These findings were 

confirmed by Mitchell et al. (1995). 

Recently, there have been reports that HPA also recognises an array of glycosylated cancer-associated 

glycoproteins involved in cell migration and signalling, which further underpins HPA’s importance as a 

tool for identifying metastatic cancers. A study by Fry et al. (2013) identified cadherin-5 from HPA-

binding breast cancer serum proteins to be associated with recurrent disease with a specificity of 90%. 

This was later confirmed by Fry et al. (2016) in a breast cancer study and revealed that the ratio of 

cadherin-5 and HPA binding significantly (p=0.007) distinguished patients with metastatic disease 

compared to cadherin-5-binding alone (p=0.028), in patients with oestrogen receptor positive tumours 

and vascular invasion. In a proteomic study of colorectal cancer cells HPA-binding partners were found 

to include a number of cell-signalling and cell migration glycoproteins including integrin alphav/alpha6 

and annexin A2/A4 complexed with cytoskeletal components (microfilament proteins alpha and beta 

tubulin, actin and cytokeratin 8 and 18), as well as HSP90, TRAP-1 and tumour rejection factor 1 (Saint-

Guirons et al., 2007). Peiris et al. (2015) demonstrated in colon cancer cells that there is a significant 

association between the labelling score of annexin-4 and HPA (p=0.0002) and time until recurrence, than 

annexin-4 (p=0.0007) or HPA (p=0.0026) independently. Rambaruth et al. (2012) used a breast cancer 
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cell model to demonstrate that HPA-binding correlated with levels of HnRNPH1, HnRNPD-like, 

HnRNPA2/B1 as well as Hsp27 and ENO1, which were not observed in HPA-negatively labelled non-

metastatic breast cancer cell lines. Furthermore, binding of HPA to HnRNPs, Hsp27 and ENO1 

demonstrated that HPA-binding recognises O-GlcNAcylated transcription factors (Rambaruth et al., 

2012). Additionally, the Functional Glycomics Gateway glycan-array analysis suggests numerous binding 

epitopes for HPA (Consortium for Functional Glycomics).  

Brooks et al. (2001) reported on several human breast cancer cell lines which consistently synthesise a 

range of HPA binding glycoproteins identical to those observed in clinical tumours, therefore validating 

the use of these cell lines for work to carried out with HPA binding in vitro. In this study, 7 breast cancer 

cell lines were chosen to represent a range of phenotypes from normal breast epithelium (HMT3522), 

primary breast cancer (BT474, MDA MB 435) to malignant and metastatic (MDA MB 468, ZR751) and 

highly tumorigenic/metastatic (MCF7, DU 4475). These were labelled for binding with HPA. HPA binding 

was almost undetectable in the normal breast cell line (HMT3522), weak in cells derived from primary 

breast cancer (BT474) and strong in the highly tumorigenic and metastatic cell lines. HPA binding was 

further studied using flow cytometry and confocal microscopy, and these approaches also demonstrated 

that cells derived from primary breast cancer label weakly for HPA, whilst highly tumourigenic and 

metastatic cell lines label strongly for HPA. Analysis of HPA-binding glycoproteins of both the tumour 

samples and the breast cancer cell lines, was further investigated using SDS-PAGE and HPA lectin 

blotting, which revealed 11 major glycoprotein bands, between 20 to 200 kDa, shared between the 

tumour samples and the cell lines. The number of bands observed per tumour sample or cell line 

concurred with their HPA binding profile. For example, there were fewer bands in the less malignant cell 

lines and more in the metastatic cell lines, whilst the tumour samples which labelled weakly with HPA 

had the fewest bands and those which labelled strongly had the most. These findings validate the use 

of these cell lines for in vitro study of HPA-binding and metastasis.   

Dwek et al. (2001) further validated the use of MCF7 by identifying an oligosaccharide (HPAgly1) 

common to both primary breast cancer sample and MCF7. Whilst Valentiner et al. (2005) reported 

transplanting several breast cancer cell lines into SCID mice to investigate the relationship between their 

metastatic potential and their glycosylation as revealed by HPA-binding. MDA MB 468 and ZR751 did 

not engraft, whilst strongly HPA-binding, DU 4475, MCF7, MDA MB 231, MDA MB 435 produced primary 

tumours and metastatic deposits in the lung. It was confirmed that HPA binding is a marker of metastatic 

potential in this SCID mouse model.  

Since HPA labelling of primary cancers was associated with metastatic competence in human clinical 

studies, as described previously (e.g. Brooks and Leathem, 1987; Fenlon et al., 1987; Fukutomi et al., 

1989; Alam et al., 1990; Brooks and Leathem, 1991; Fukutomi et al., 1991; Kakeji et al., 1991; Kawai et 

al., 1991; Langkilde et al., 1992; Shiraishi et al., 1992; Thomas et al., 1993; Noguchi et al., 1993; Brooks 
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et al., 1993; Yoshida et al., 1993; Ikeda et al., 1994; Kakeji et al., 1994; Schumacher et al., 1994a; 

Schumacher et al., 1994b; Takahashi et al., 1994; Brooks et al., 1996; Brooks and Wilkison, 2003; 

Parameswaran et al., 2011), it would be reasonable to hypothesise that the metastases themselves 

would also be 100% HPA-positive. However, work carried out by Schumacher et al. (1992) revealed that 

this hypothesis was mistaken. The study examined 16 samples of brain metastases arising from HPA-

positive primary breast cancers which were labelled for HPA-binding. 13 (81%) were found to be HPA-

positive, whilst unexpectedly 3 (19%) were HPA-negative. These finding were confirmed by Brooks and 

Leathem (1989) and Brooks and Leathem (1999) in breast cancer metastases to an array of different 

sites. The studies found that 20% of metastases were HPA-negative. Furthermore, at metastatic 

locations where multiple discrete metastatic deposits were found they were a distribution of both HPA-

positive and HPA-negative tumours. Brooks and Leathem (1999) explained the presence of HPA-negative 

metastases arising from HPA-positive primary tumours possibly being a result of the natural progression 

of cancer resulting in alterations of glycosylation over time leading to emergence of HPA-negative 

clones.  

Some research has been performed aimed at understanding how HPA-binding glycans function in 

metastatic mechanisms. For example, Brooks and Hall (2002) used the 7 breast cancer cell lines which 

were reported by Brooks et al. (2001) to stably synthesise α-GalNAc-glycans consistent with those 

observed in clinical tumours (HMT3522, BT474, MDA MB 435, MDA MB 468, ZR751, MCF7, DU 4475) 

and examined their behaviour in a Matrigel invasion assay. They found that HPA-binding glycans were 

not involved in adhesion to, and invasion through, basement membrane components during metastasis. 

Bapu et al. (2016) reported that HPA-binding glycans are involved in the adhesion to vascular 

endothelium under conditions of sweeping flow. This study reported, however, that MCF7 (highly HPA-

positive) and ZR751 (moderately HPA-positive) breast cancer cell lines adhered greatly to endothelial 

cell monolayers under sweeping flow and that adhesion was significantly (p=<0.001) inhibited when 

GalNAc-glycans were masked. This effect was not observed in weakly HPA-positive and therefore poorly 

GalNAc-glycan exhibiting BT474 breast cancer cells. 

 

 

 

 



Chapter 1      Introduction 

47 
 

1.5 Project aims 

HPA identifies a biological marker associated with aggressive biological behaviour, poor patient 

prognosis and metastasis of breast and other cancers. HPA has been reported to bind to an array of α-

GalNAc glycosylated glycans, including the cancer-associated marker Tn (α-GalNAc-O-Ser/Thr). Tn is not 

normally exposed in adult tissues, however it is frequently detectable in cancers. Tn exposure in cancers 

could result from either increased GALNT expression (the family of enzymes to catalyse the addition of 

GalNAc to Ser/Thr residues to form the initial structure in O-linked glycosylation), or a failure in normal 

chain extension resulting from a reduced expression of either C1GalT (the enzyme that catalyses the 

addition of Gal to Tn forming most commonly occurring core structure, core 1) or its molecular 

chaperone COSMC. Little is known about the role of HPA-binding glycans in metastatic mechanisms, 

although it has been observed that HPA-positivity is associated with adhesion to endothelial cell 

monolayer under conditions of sweeping flow. Therefore, the aims of the project described in this report 

are to: 

i. Develop a method for comprehensively documenting the aberrant GalNAc glycosylation 

profiles of a range of breast cancer cell lines (BT474, ZR751 and MCF7). 

ii. Determine whether differentially expressed GALNTs, responsible for initiation of O-linked 

glycosylation, or C1GalT and COSMC, responsible for chain extension are responsible for 

aberrant GalNAc-glycosylation.  

iii. Develop a method to isolate the HPA-positive and HPA-negative cell populations and monitor 

their glycosylation profiles over time. 

iv. Identify transcriptomic differences between HPA-positive and HPA-negative isolated cell 

populations. 

v. Ascertain the functional role of HPA-binding glycans in cell invasion as well as adhesion to 

endothelial cell monolayers. 
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2.0 General methods 
 

2.1 Cell lines and routine culturing  

2.1.1 Cell lines 

Breast cancer cell lines 

The breast cancer cell lines used in this study (see Table 2.1 and Figure 2.1) were chosen to represent a 

range of breast cancer phenotypes from primary, non-metastatic cancer (BT474) to more biologically 

aggressive and metastatic cancers (ZR751 and MCF7). The cell lines have been previously characterised 

within our group and by our collaborators (Schumacher et al., 1995; Schumacher and Adam 1997; Brooks 

et al., 2001) and stably synthesise a heterogeneous profile of HPA-binding glycoproteins identical to 

those synthesised by clinical tumour samples, therefore validating their use as a model in these 

investigations. Figure 2.3, illustrates HPA-binding of MCF7, ZR751 and BT474 cell lines as reported by 

Brooks et al. (2001). All breast-cancer cell lines were obtained from European Collection of 

Authenticated Cell Cultures (ECACC). 

 

Table 2.1 Characteristics of all breast-cancer cell lines validated for use in this work, in order of ascending 

aggressiveness. Adapted from Brooks et al. (2001).  

 BT474 ZR751 MCF7 
Derived from Invasive ductal 

cancer. 
Metastatic, malignant 
ascites from invasive 
primary ductal breast 
cancer. 

Metastatic, malignant 
pleural effusion from 
invasive primary ductal 
breast cancer. 

Age of patient (years) 60 63 69 
Evidence of 
metastasis in SCID 
mice 

Poorly tumourigenic 
in SCID mice 
(Valentiner et al., 
2005; Iorns et al., 
2012). 

Tumourigenic in SCID 
mice (Yin et al., 2003; 
Valentiner et al., 
2005). 

Highly tumourigenic in 
SCID mice (Schumacher 
and Adam, 1997; 
Valentiner et al., 2005).
  

ER status - (Engel and Young, 
1978) 

+ (Engel et al., 1978) + (Brooks et al., 1973) 

HPA lectin labelling 
characteristics as 
reported by Brooks et 
al. (2001) 

+ +++ ++++ 

Derived by Lasfargues et al. 
(1978) 

Engel et al. (1978) Soule et al. (1973) 
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Endothelial cells 

Human umbilical vein endothelial cells (HUVECs) (see Figure 2.2) are a primary cell line which were used 

in this project as detailed in Section 6 for the static adhesion assay. HUVECs were obtained from Lonza, 

Slough UK. 

 

 

Figure 2.1 Phase contrast images of (A) BT474, (B) ZR751 and (C) MCF7 cells 24hrs post seeding under 

routine cell culture procedures. Scale bar = 100µm. 

 

Figure 2.2 (A) Phase contrast image of HUVEC cells 24hrs post seeding under routine cell culture 

procedures. (B) Confluent monolayer of HUVEC cells, taken from Mason et al. (1997).  

 

Figure 2.3 HPA labelling of (A.) BT474, (B.) ZR751 and, (C.) MCF7 cells analysed at the light microscope 

level, from weak to intense HPA labelling (brown colour). Nuclear counterstain haematoxylin (blue). 

Taken from Brooks et al. (2001). Scale bar =15µm 
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2.1.2 Routine cell culture procedures 

Retrieval of cells from liquid nitrogen storage 

A T-25 cell culture flask and 15ml centrifuge tube were each prepared with 5ml of warmed (37oC) 

preferred growth medium (see Table 2.2) and placed in a humidified tissue culture incubator, 37oC, 5% 

CO2 atmosphere until required. A 1.2ml cryovial containing frozen cell suspension was retrieved from 

long-term storage in liquid nitrogen. The cell suspension was gently thawed by rolling in the palm of the 

hand until only a crystal of ice could be observed. The 15ml centrifuge tube was retrieved from the tissue 

culture incubator and the thawed cell suspension was quickly aspirated from the cryovial and dispensed 

into the 15ml centrifuge tube. The cell suspension was centrifuged at 1,100 x g for 3min to pellet. The 

supernatant was discarded and the cell pellet re-suspended in 1ml of warmed (37oC) preferred growth 

medium. The T-25 cell culture flask was retrieved from the tissue culture incubator. The cell suspension 

was aspirated from the 15ml centrifuge tube and dispensed into the prepared T-25 cell culture flask. 

The cells were placed in a humidified tissue culture incubator, 37oC, 5% CO2 atmosphere for 24hr after 

which point the spent medium was aspirated and discarded and replenished with 5ml of warmed (37oC) 

preferred growth medium. The cells were allowed to grow to confluence and were passaged as 

described below. 

 

Table 2.2 Details of growth medium and supplements for cell lines used within this project. 

Cell line Basal medium Supplements 
MCF7 DMEM:F-12 

(Lonza) 
• Heat inactivated foetal calf serum (FCS) 10% v/v (Gibco™) 
• L-Glutamine 2mM (Gibco™) 

ZR751 RPMI-1640 
(Gibco™) 

• Heat inactivated FCS 10% v/v (Gibco™) 
• L-Glutamine 2mM (Gibco™) 
• Sodium pyruvate 1mM (Sigma-Aldrich®) 

BT474 RPMI-1640 
(Gibco™) 

• Heat inactivated FCS 10% v/v (Gibco™) 
• L-Glutamine 2mM (Gibco™) 
• Insulin 2% v/v (Sigma-Aldrich®) 

HUVEC EBM-2 (Lonza) • Hydrocortisone 0.4% v/v (Lonza) 
• Human fibroblast derived growth factor-B (hFGF-B) 0.1% v/v 

(Lonza) 
• Vascular endothelial growth factor (VEGF) 0.1% v/v (Lonza) 
• R3-insulin derived growth factor-1 (R3-IGF-1) 0.1% v/v (Lonza) 
• Ascorbic acid 0.1% v/v (Lonza) 
• Human epidermal growth factor (hEGF) 0.1% v/v (Lonza) 
• Foetal bovine serum 2% v/v (Lonza) 
• Gentamycin and amphotericin (GA-1000) 0.1% v/v (Lonza) 
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Maintenance of cell cultures 

Cells were routinely cultured in T-75 cell culture flasks. Cell culture medium was changed every 48-72hr 

by aspirating spent medium and replenishing with 10ml warmed (37oC) preferred growth medium (see 

Table 2.2) until 70% confluence was achieved, at which point the cells were passaged as detailed below. 

Passaging of cell cultures 

Cells were passaged when 70% confluence was achieved. This was done by aspirating spent medium 

and washing the cells 3x with warmed (37oC) phosphate buffered saline (PBS, pH 7.2-7.4) (Fisher 

Scientific). PBS was aspirated, discarded and replaced with 5ml of 0.05% w/v trypsin/EDTA (Gibco™) 

diluted 1:9 with PBS. The flask was placed in a humidified tissue culture incubator, 37oC, 5% CO2 

atmosphere until cells detached from the culture surface (~5-8min depending on cell line). During this 

time, a 15ml centrifuge tube was prepared with 5ml of warmed (37oC) preferred growth medium (see 

Table 2.2). The flask was retrieved from the tissue culture incubator and the cells checked under an 

inverted microscope to ensure that the cells had detached. The cell suspension was aspirated from the 

flask and dispensed into the prepared 15ml centrifuge tube to deactivate the trypsin. Cells were 

centrifuged at 1100 x g for 3min to pellet. During this time, T-75 cell culture flasks were prepared with 

10ml of warmed (37oC) preferred growth medium. The supernatant was discarded and the cell pellet re-

suspended in 3ml of warmed (37oC) preferred growth medium. Cells were seeded into T-75 cell culture 

flasks at a ratio of 1:2 or 1:5, depending upon the downstream application. Cells were used for a 

maximum of 10 passages before being discarded and replaced with a new frozen stock to ensure 

minimal phenotypic drift. 

Preparation of cell line stocks 

Before any experimental work was carried out, a number of cell stocks were created which were 

employed in all subsequent experiments. Cells were allowed to grow to 100% confluency and then 

trypsinised and pelleted as described above. The supernatant was discarded and the cell pellet re-

suspended in 2ml of 1:9 solution of dimethyl sulphoxide (DMSO) in preferred growth medium (see Table 

2.2). 1ml of the cell suspension was added per 1.2ml cryovial. The cryovials were placed in a freezing 

container (Nalgene®) at -80oC overnight and then transferred to liquid nitrogen for long-term storage. 

Routine mycoplasma testing   

Cells were routinely tested for mycoplasma contamination using the e-Myco™ Mycoplasma PCR 

Detection Kit, according to manufacturers’ instructions (iNtRON Biotechnology).  
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2.2 HPA lectin labelling 

As detailed in Section 1.4, HPA lectin binding is a useful prognostic tool for assessing metastatic 

competence and poor patient prognosis in a range of cancers as the presence of HPA-binding 

glycoproteins on cancer cells, although largely uncharacterised, are associated with cancer progression. 

A considerable number of histochemical studies have used HPA lectin labelling on both histological 

specimens and cancer cell lines. The HPA lectin labelling procedure was optimised as detailed in Section 

3.2.1 to give results consistent with published studies and what is reported here is that optimised 

method. For HPA lectin labelling protocol overview see Figure 2.4.  

Preparation of cells on coverslips 

T-75 cell culture flasks of cancer cells were prepared and allowed to grow to 80% confluence. 13mm 

diameter 70% IMS (industrial methylated spirits) sterilised coverslips were placed into a 24-well cell 

culture plate and left to air dry in a class II cell culture hood. Cells were scraped from their flask, 

dissociated by gentle pipetting and then counted. A suspension of 40,000 cells/ml in warmed (37oC) 

preferred cell culture medium (see Section 2.1.2) was prepared and 500µl of cell suspension was added 

per well, swirled once and placed in a humidified tissue culture incubator, 37oC, 5% CO2 atmosphere for 

24hr to allow sufficient attachment to the coverslips. 

 

 

Figure 2.4 HPA lectin labelling protocol. Truncated cell-surface glycoproteins with terminal GalNAc are 

recognised by biotinylated-HPA lectin which is then incubated with avidin-peroxidase (HRP = horseradish 

peroxidase) and its chromogenic substrate 3,3’-diaminobenzedine (DAB)/hydrogen peroxide (H2O2) to 

produce the brown product.  
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Fixation, HPA lectin labelling and mounting 

Cell culture medium was aspirated and the cells washed 3x with FCS-free preferred growth medium and 

then fixed with cold (4oC) 4% v/v paraformaldehyde (PFA) in 0.1M piperazine-N,N’-bis-(2-ethanesulfonic 

acid) (PIPES) buffer, pH 6.9, for 30min at 4oC. Cells were then washed 3x with PIPES buffer and then 

permeabilised with 0.1% v/v Triton X-100 in PIPES buffer for 10min. Cells were washed 3x with PIPES 

buffer and then endogenous peroxidases were blocked by incubating with 3% v/v hydrogen peroxide in 

methanol for 20min. Cells were washed 3x with lectin buffer (lectin buffer: 50mM Tris, 100mM NaCl, 

2mM MgCl2, 1mM CaCl2), pH 7.6, and then incubated with 10µg/ml biotinylated-HPA (Sigma-Aldrich®) 

in lectin buffer/BSA (lectin buffer/BSA: 3% w/v bovine serum albumin (BSA) in lectin buffer), for 5min. 

Cells were washed 3x with lectin buffer and then incubated with 5µg/ml avidin-peroxidase (Sigma-

Aldrich®) in lectin buffer/BSA, for 30min. Cells were washed 3x in lectin buffer and then incubated with 

the peroxidase substrate 3,3-diaminobenzidine tetrahydrochloride (DAB)/ H2O2 prepared according to 

manufacturers’ instructions (Vector Labs) for 2min. Cells were washed 3x in distilled water and then 

counterstained with Harris’ haematoxylin (Sigma-Aldrich®) for 30sec and then “blued” in running tap 

water for approximately 2min. Coverslips were removed from their wells and were dehydrated by 

passing through 70% v/v IMS in distilled water, then 2 changes of 100% IMS and then cleared in xylene. 

Coverslips were inverted and mounted onto slides with Depex mounting medium (Sigma-Aldrich®).   

Negative and specificity of HPA-labelling controls  

Slides were viewed using a light microscope (Zeiss Axioplan microscope fitted with a JENOPTIK 

ProgResC3 colour camera). Labelling was considered good if controls were as expected. 

1. Negative controls: omission of HPA lectin from the labelling procedure should completely 

abolish labelling. This ensures that there is no avidin-peroxidase binding non-specifically to 

endogenous biotin. Omission of both HPA lectin and avidin-peroxidase from the labelling 

procedure should completely abolish labelling. This ensures that endogenous peroxidases were 

sufficiently blocked. 

2. Specificity control: by adding 0.1M αGalNAc (N-acetylgalactosamine) – the monosaccharide to 

which HPA has the greatest affinity - in lectin buffer/BSA, to the lectin solution for 30min prior 

to incubation with the cells should completely abolish labelling through competitive inhibition 

of HPA binding. 
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2.3 Isolation of viable glycosylation-specific cell populations for further in vitro 

analysis using lectin-coated magnetic beads (cell-separation) 

The method described here, when performed under sterile conditions, can be used to separate cells into 

different populations based on their glycosylation profiles. These can then be sub-cultured for further 

assays or analysis. Maintaining sterility is, however, not necessary if cells are to be used for immediate 

analysis post-separation, for example genetic profiling. Development of the method described here 

resulted in publication (Beaman et al., 2017, see Appendix 3).  

The technique, illustrated in Figure 2.5, employs magnetic beads bearing streptavidin (DynaBeads®) to 

which biotinylated-HPA lectin is immobilised. Once the lectin is immobilised on the beads, they are very 

gently – to minimise physical trauma to the cells – mixed with a suspension of cells. The mixing step is 

kept brief so that it can be conveniently carried out on the bench-top, rather than in a 37oC / CO2 

incubator, without being detrimental to cell viability. During the mixing step, cells that exhibit cell 

surface glycosylation profiles recognised by the immobilised lectin will bind to the beads; those that do 

not will remain free in suspension. Once the lectin-binding cells are attached to the beads, the beads 

can be very easily removed using a magnet. This leaves behind the cells with glycosylation profiles not 

recognised by the lectin. Thorough washing of the bead-lectin bound cells is then necessary to remove 

any contaminating non-lectin bound cells. These cells are pooled with the non-lectin bound cells in the 

original suspension, thus giving two separated populations (see Figure 2.6) for further analysis. 

Once cells have bound to the beads, it is not necessary to release / dissociate the cells. The presence of 

cell-bound beads (see Figure 2.6) does not adversely affect cell viability and during subsequent culture 

the presence of beads naturally diminishes. However, when separated cells have been subjected to 

further lectin cytochemistry, using the same lectin that was employed to separate them in order to 

assess their glycosylation profiles post-separation, the presence of cell-bound beads does reduce their 

ability to label. This could be a result of either steric hindrance due to the physical presence of the beads, 

or to unavailability of lectin-binding sites as they are occupied by binding to lectin immobilised on the 

beads. If this is an issue, it is possible to dissociate the beads from the separated cells. This can be 

achieved using competitive inhibition in a solution of the simple sugar for which the lectin shows 

greatest specificity (i.e. for HPA, α-GalNAc), or by using EDTA/trypsin.  

Preparation of cells 

T75 cell culture flasks were prepared and allowed to grow to 80% confluence as detailed in Section 2.1.2. 

Cells were washed 3x in warmed (37oC) FCS-free preferred cell culture medium. Washing medium was 

aspirated and discarded and replaced with 2ml of warmed (37oC) FCS-free preferred cell culture medium 

(see Table 2.1) into which the cells were scraped from the culture flask using a rubber scraper. The cell 

suspension was sieved through a 70µm cell-strainer and then a 40µm cell-strainer (Fisher Scientific) to 
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yield a single-cell suspension. Cells were counted and 1 x 106 cells were used. Cells were pelleted by 

centrifugation at 1,100 x g for 3min and the supernatant discarded. 

 Preparation of lectin and streptavidin-coupled magnetic beads 

500µl of 10µg/ml of biotinylated-HPA (Sigma-Aldrich®) in 3% w/v BSA in TBS, pH 7.6 (BSA/TBS), was 

prepared and added to 500µl of 5µg/ml of streptavidin-DynaBeads® (Sigma-Aldrich®) in BSA/TBS, and 

placed on an end-over-end mixer for 30min. After this time, the beads were pooled using a magnet and 

unbound-lectin/buffer was aspirated and discarded. The beads were washed 3x with BSA/TBS, to 

remove any unbound-lectin. The magnet was removed and the lectin-bound magnetic-beads were re-

suspended in 1ml of BSA/TBS. 

Combining cell and lectin streptavidin-coupled magnetic-bead preparations 

All reagents were warmed (37oC) and all procedures with cells at room temperature were performed 

swiftly to reduce stress upon cells. The cell pellet was re-suspended in the lectin-bound bead 

preparation and placed on an end-over-end mixer for 5min at room temperature. 

Isolation of glycosylation-specific cell populations   

A magnet was placed on the side of the tube containing the cell/lectin/bead mixture for 2min at room 

temperature in order to trap the cells conjugated to the beads at one side of the tube. Holding the 

magnet in place, unbound cells, and supernatant were gently aspirated into a new tube (this is the 

negative population i.e. the population of cells without the selected glycosylation profile). Holding the 

magnet in place, the positive population (i.e. the population of cells with the selected glycosylation 

profile) was washed 3x with BSA/TBS to ensure that only cells bound to the lectin/beads remain. The 

wash solution was aspirated and added to the negative population. The washing of the bound beads 

was repeated twice more. The positive population was pelleted by centrifugation at 1,100 x g for 3min, 

and the supernatant discarded. The positive population was re-suspended in 1 ml of complete culture 

medium, counted and sub-cultured. The negative population was further purified by holding a magnet 

to the side of the tube for 2min to trap any contaminating positive cell/beads that remained. The 

remaining pure population of free, unbound cells and solution was aspirated into a new tube (this is the 

negative population) and the tube containing any contaminating positive cells/beads was discarded. This 

purification step was repeated twice more. The negative population was pelleted by centrifugation at 

1,100 x g for 3min, and the supernatant was discarded. The negative population was re-suspended in 1 

ml of complete culture medium, the cells were counted and sub-cultured.  
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Dissociation of cells from beads using competitive inhibition of lectin-binding 

Instead of re-suspending in complete culture medium, the positive population was re-suspended in 1 ml 

of 0.1M α-GalNAc (Sigma-Aldrich®) in BSA/TBS and placed on an end-over-end mixer for 5min at room 

temperature. A magnet was placed on the tube for 2min to pool the beads and dissociated cells were 

aspirated into a new tube. This pooling and aspiration was repeated twice more. The negative 

population was re-suspended in 1ml of BSA/TBS, and placed on an end-over-end mixer as a “mock 

dissociation” step.  

“Mock cell separation” control 

To ensure that the separation protocol itself does not affect the cells a “mock separation” was 

performed, where cells were incubated with streptavidin-beads that had not been conjugated to 

biotinylated-HPA and therefore remain unseparated.  

“Mixed population” control 

Again, to ensure that the separation protocol, and, in particular, incubation with biotinylated-HPA does 

not affect the cells, a “mixed population” control was performed. Cells were separated as detailed 

previously and then the HPA-positive and HPA-negative populations were mixed back together in the 

proportions which they are reported to exist as an unseparated population; for example MCF7 are 

reported as being 90% HPA-positive (Brooks et al., 2001) and so are a mixture of 90% HPA-positive and 

10% HPA-negative. These were then placed on an end-over-end mixer for 10min before use.  
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Figure 2.5 Isolation of viable glycosylation-specific cell populations for further in vitro analysis using 

lectin-coated magnetic beads. Biotinylated-HPA lectin is immobilised on streptavidin-coated magnetic 

beads by mixing 10µg/ml biotinylated-HPA and 5µg/ml streptavidin-DynaBeads® in 3% BSA-TBS on an 

end-over-end mixer for 30min. The HPA-bound DynaBeads® are then incubated with a cell suspension 

for 5min on an end-over-end mixer. Cells with terminal GalNAc bind to the HPA-bound DynaBeads® and 

a magnet is used to pool the DynaBeads®. Non-bound cells can be aspirated and bound-cells are re-

suspended in 0.1M GalNAc to elute HPA-bound DynaBeads® leaving an HPA-positive and HPA-negative 

population. 

 

Figure 2.6 Isolated populations using cell separation procedure. A. HPA-positive population with 

magnetic beads still bound to their surface. B. HPA-negative population. Scale bar = 50µm. 
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2.4 Extraction of genomic DNA  

Extraction of genomic DNA (gDNA) was performed using an Invitrogen™ PureLink™ Genomic DNA Mini 

kit, according to manufacturers’ instructions (Invitrogen™). Tan and Yiap (2009) reported that the 

process of extracting gDNA using spin columns is more efficient and cleaner than traditional phenol-

based processes. The method employs the use of chaotropic salts to disrupt hydrogen bonds and 

hydrophobic interactions. These changes destabilise the protein and assist the transfer of the DNA to 

the silica of the spin column; the addition of alcohol also aids this. 

Sample preparation 

T-25 cell culture flasks were prepared with cells and allowed to grow to 80% confluence as detailed in 

Section 2.1.2. Cells were scraped from their flask and counted. No more than 5x106 cells were used per 

preparation. Cells were pelleted by centrifugation at 1,100 x g for 3min, the supernatant was discarded 

and the cell pellet re-suspended in 200µl PBS (Fisher Scientific). The cell suspension was transferred to 

a 1.5ml microcentrifuge tube and then 20µl of proteinase K (Invitrogen™, 20mg/ml in storage buffer) 

added to remove DNases that may be present. To this 20µl of RNase A (Invitrogen™, 20mg/ml in 50mM 

Tris-HCl, pH 8.0, 10mM EDTA) was added, mixed by brief vortexing and incubated at room temperature 

for 2min to remove any RNA from the sample. After this time, 200µl of PureLink™ genomic lysis/binding 

buffer (Invitrogen™) was added to the sample and mixed well by vortexing. This was then incubated at 

55oC for 10min to aid protein digestion.  

gDNA isolation 

The gDNA was precipitated from the sample by the addition of 200µl of 100% ethanol to the lysate. The 

gDNA was purified by adding the sample (~640µl) to a PureLink™ spin column (Invitrogen™) in a 

collection tube. This was then centrifuged at 10,000 x g for 1min to bind the DNA to the column. The 

collection tube was discarded and the spin column was placed into a fresh collection tube. To remove 

impurities from the DNA, such as proteins and salts, the sample was washed twice, firstly by adding 

500µl of wash buffer 1 (Invitrogen™) to the spin column and then centrifuged at 10,000 x g for 1 min. 

The collection tube was discarded and replaced with a fresh tube. Secondly, 500µl of wash buffer 2 

(Invitrogen™) was added to the spin column and centrifuged at 20,000 x g for 3min. The collection tube 

was discarded and replaced with a 1.5ml microcentrifuge tube. To elute the DNA from the spin column, 

200µl of PureLink™ genomic elution buffer (Invitrogen™) was added to the spin column and incubated 

at room temperature for 1 min for maximum yield of sample and then centrifuged at 20,000 x g for 

1min. The DNA was quantified using a spectrophotometer with UV absorbance at 260nm and the 

concentration adjusted to 50ng/µl using nuclease-free H2O (NFH2O).  
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2.5 Isolation of RNA  

TRI Reagent® is a monophasic solution of phenol and guanidinium isothiocyanate that is used for 

simultaneous isolation of RNA, DNA and protein (Chomczynski, 1993). This procedure is an improvement 

on the single-step method reported by Chomczynski and Sacchi (1987) for total RNA isolation. TRI 

Reagent® is the most effective method for isolation of total RNA of all types from 0.1-15kb in length. 

The resulting RNA is intact with little or no contaminating DNA or protein (Chomczynski, 1993). 

Homogenising sample 

T-75 cell culture flasks of cells were prepared and allowed to grow to 80% confluence as detailed in 

Section 2.1.2. Cells were scraped from their flask and counted and 5x106 cells were used per extraction. 

Cells were pelleted and growth medium aspirated and discarded. 1ml of TRI Reagent® (Sigma-Aldrich®) 

was added to the cell pellet and was mixed to produce a homogenous lysate, then left to stand for 5min 

to ensure complete dissolution of nucleoprotein complexes. 

Phase separation 

 0.2ml of chloroform was added to the lysate and mixed well for 15sec then allowed to stand for 15min. 

The sample was centrifuged at 12,000 x g for 15min at 4oC to separate into 3 phases: a red organic layer 

containing protein, an interphase containing DNA, and a colourless upper aqueous layer containing RNA. 

The colourless upper aqueous layer was carefully aspirated and transferred to a new tube. 0.5ml of 2-

propanol was added and mixed then allowed to stand for 10min. The sample was centrifuged at 12,000 

x g for 10min at 4oC. The supernatant was carefully aspirated and 1ml of 75% ethanol was added to wash 

the pellet. The sample was mixed and then centrifuged at 7,500 x g for 5min at 4oC. The supernatant 

was carefully aspirated and the pellet left to air-dry for 10min. The pellet was re-suspended in 10µl of 

NFH2O. The RNA was quantified using a spectrophotometer with UV absorbance at 260nm and the 

concentration adjusted to 50ng/µl using NFH2O.  

 

2.6 DNase I treatment of RNA 

DNase I is an endonuclease isolated from bovine pancreas that digests double- and single-stranded DNA. 

It has been purified to remove RNase activity, therefore making it suitable for removing DNA from RNA 

preparations. It is important when using RNA for quantitative polymerase chain reaction (qPCR) that the 

sample is digested with DNase I, as PCR can detect even a single molecule of DNA. Parallel reactions 

should also be run without adding reverse transcriptase to check for amplification of contaminating 

DNA. This is especially important if primers that do not span an intron are to be used (Huang et al., 

1996).  
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Preparation of RNA for reverse transcription 

To duplicate tubes (i.e. for +RT and -RT reactions) 1µl of RNA prepared as described in Section 2.5 was 

added to 5µl of NFH2O, 1µl of 10x reaction buffer (1ml of 200mM Tris-HCl, pH 8.3 and 20mM MgCl2) and 

1µl of DNase I (Sigma-Aldrich®, 1 unit/µl in 50% glycerol, 10mM Tris-HCl, pH 7.5, 10mM CaCl2 and 10mM 

MgCl2). The preparations were mixed gently by flicking the tube then incubated for 15min. 1µl of stop 

solution (50mM EDTA) to bind Ca2+ and Mg2+ ions and therefore inactivate DNase I was added per 

preparation, then heated at 70oC for 10min to denature both the DNase I and the RNA (Sanyal et al., 

1997).  

 

2.7 Reverse transcription 

Reverse transcription was performed using a High-Capacity RNA-to-cDNA™ kit (Applied Biosystems™) 

according to manufacturers’ instructions and as described here. Reverse transcription synthesises 

complementary DNA (cDNA) from an RNA template. The production of the first strand cDNA is achieved 

by reverse transcriptases (RTs) and a short primer complementary to the 3' end of the RNA. cDNA can 

be used directly as a template for the PCR. A minus reverse transcription control (-RT control) is run 

alongside to test for contaminating DNA that may be present in the RNA from previous steps. This 

control contains all the reaction components except for the RTs, therefore when used in PCR no 

amplification should be observed (Bustin, 2004).  

RNA-to-cDNA reaction 

A master mix was prepared on ice of the reagents detailed in Table 2.3 for the required number of 

reactions plus 10% to allow for pipetting error. To the tubes prepared as detailed in Section 2.6, 11µl of 

each master mix was added per +RT and -RT reaction and mixed. The tubes were heated to 37oC for 1hr 

and then the reaction was stopped by heating to 95oC for 5min. The preparations were stored at -20oC 

until required. 

 

Table 2.3 Reaction components for reverse transcription. 

Component Component volume/reaction (µl) 
 +RT reaction -RT control 
2x RT buffer 10 10 
20x Enzyme mix 1 - 
NFH2O - 1 
Total/reaction 11 11 
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2.8 qPCR 

After the reverse transcription of RNA to cDNA (detailed in Section 2.7), qPCR is used to amplify and 

report in real-time the presence of PCR products. This requires a suitable detection chemistry to report 

the presence of PCR products, which can be either probe or non-probe based. The experimental work 

carried out here used iTaq™ SYBR® green supermix (Bio-Rad). This is a non-probe based detection 

method; SYBR green fluoresces when intercalated with double stranded DNA (dsDNA). In solution, the 

unbound dye emits little fluorescence; during the PCR assay, increasing amounts of dye bind to the 

nascent dsDNA. qPCRs are described as the point when amplification of a PCR product is first detected, 

termed the cycle threshold (Ct). The smaller the Ct, the larger the starting copy number of the nucleic 

acid target (Bustin and Mueller, 2005). Two types of control are performed in qPCR to ensure that there 

is no contaminating DNA: no template control (NTC) where cDNA is omitted from the reaction and -RT 

or no reverse transcriptase (NRT) control where the -RT template prepared as described in Section 2.7 

is used instead of the +RT. In order to reduce errors, such as difference in starting amount of template, 

efficiency of amplification and correct for sample-to-sample variation, reference genes are used as an 

internal control to normalise Ct values against. The reference genes used in the experimental work 

carried out here are beta-actin (ACTB) and glucuronidase-beta (GUSB), which are commonly used 

reference genes that should theoretically be expressed at a constant level (Arya et al., 2005). Ideally a 

range of reference genes would have been trialled to ensure that those genes with stable expression 

across all three cell lines were chosen, however due to time constraints commonly used reference genes 

were utilised. There are two types of quantification used in qPCR; these are absolute and relative. 

Absolute quantification relates the signal detected (Ct) to copy number of the amplicon using a 

calibration curve, whilst relative quantification is based on the expression level of the target gene versus 

the reference gene (Bustin, 2004). In the experimental work carried out here, relative quantification was 

used. Relative quantification or the comparative threshold method (2-∆∆Ct) calculates the relative 

expression levels of the target gene relative to a reference control. The amount of target in the sample 

normalised to an endogenous reference gene and relative to a normal calibrator (for example, an 

untreated sample versus a treated sample) is then given by 2-∆∆Ct, where ∆∆Ct = ∆Ct (sample) - ∆Ct 

(calibrator) and ∆Ct is the Ct of the target gene subtracted from the Ct of the reference gene (Arya et 

al., 2005). Relative quantification was used for the work reported here due to the higher cost of using 

absolute quantification resulting from the high number of samples and genes being tested. Bustin et al. 

(2009) proposed a set of guidelines, termed MIQE (minimal information for publications of quantitative 

real-time PCR experiments), to provide consistency to the manner in which qPCR data are reported.      

Reaction mix preparation and thermal cycling profile 

 A master mix was prepared on ice of the reagents detailed in Table 2.4 for the required number of 

reactions plus 10% to allow for pipetting error. 19µl of master mix was added per reaction well on a 96-



Chapter 2      General methods 

64 
 

well plate. To this, 1µl of cDNA prepared as described in Section 2.7 was added and mixed per reaction 

or 1µl of -RT for NRT controls or 1µl of NFH2O for NTCs. The plate was spun briefly by centrifugation to 

remove any air bubbles and then placed in a CFX96 Touch™ thermal-cycler on a 2-step amplification 

protocol (detailed in Table 2.5) with melt curve analysis. 

 

Table 2.4 qPCR reaction setup. 

Component Volume (µl) 
iTaq™ universal SYBR® green supermix (2x) 10 
Forward primer 0.2 
Reverse primer 0.2 
NFH2O 8.6 
Total reaction mix volume 19 

 

Table 2.5 Thermal cycling profile, 2-step amplification with melt curve. 

 Temperature (oC) Time (sec) Cycles 
Denaturation 95 5 

40 Annealing/extension 60 30 
Melt curve 65-95, 0.5 increments 5  - 
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3.0 Characterisation of model cell lines 
 

3.1 Background 

Leathem and Brooks (1987) first reported that binding of a lectin from the albumin gland of the Roman 

snail, Helix pomatia agglutinin (HPA), was a useful analytical tool for predicting aggressive biological 

behaviour, metastasis and poor patient prognosis in breast cancer. Since then, HPA labelling has been 

repeatedly reported to be associated with long-term poor patient prognosis and reduced survival in a 

range of cancers, including breast cancer (reviewed by Mitchell and Schumacher, 1999; Brooks, 2000). 

HPA primarily binds glycans terminating in the monosaccharide GalNAc, however its prognostic 

significance is through recognition of a heterogeneous range of glycoproteins glycosylated by GalNAc-

glycans, most notably Tn (Brooks et al., 1994). Brooks and Carter (2001) reported that over production 

of GalNAc bearing moieties is not a result of failed sialylation (addition of SA, a common chain 

terminator), as proposed by Fenlon et al. (1987). Instead, they suggested, it is most likely to be a result 

of failed normal chain-extension, possibly through up-regulation of GALNTs, therefore overwhelming 

downstream transferases and leading to an abundance of exposed Tn (Brooks and Carter, 2001). This is 

supported by numerous publications in the literature reporting that aberrant expression of GALNTs is a 

useful indicator of metastatic disease in cancers including colorectal (Kohsaki et al. 2000; Shibao et al. 

2002; Guo et al. 2004; Koyanagi et al. 2008; Guda et al. 2009; Gray-McGuire et al. 2010; Abuli et al. 2011; 

Clarke et al. 2012), gastric (Onitsuka et al. 2003; Gao et al. 2013), breast (Cavallo et al. 2005; Berois et 

al. 2006a; Freire et al. 2006; Patani et al. 2008; Wu et al. 2010), neuroblastoma (Berois et al. 2006b; 

Berois et al. 2013), pancreatic (Li et al. 2011), gallbladder (Miyahara et al. 2004), prostate (Landers et al. 

2005), bladder (Ding et al. 2012a), lung adenocarcinoma (Gu et al. 2004), oesophageal cancer (Ishikawa 

et al. 2005) and lymphoma (Gibson et al. 2012). Alternatively, alterations in the highly organised and 

compartmentalised secretory pathway have been reported in the literature to be the cause of the 

appearance of Tn/TF antigens on a number of cancers (reviewed by Chia et al., 2016). Neo-proteins 

passing through the secretory-pathway encounter enzymes in a specific order of action in a kinetically 

constrained manner (reviewed by Bard and Chia, 2016). Gill et al. (2012) reported that the 

overexpression of Src by growth factor stimulation led to the relocation of GALNT2 from the Golgi 

apparatus to the ER in human fibroblast cells, therefore exposing protein substrates to GALNTs sooner 

and for a longer period, thus leading to increased O-glycosylation and potentially a greater amount of 

truncated glycans, such as Tn and TF, that are seen in cancers. 

MCF7, ZR751 and BT474 breast cancer cell lines have been previously characterised within our group 

and by others and stably synthesise a heterogeneous profile of HPA-binding glycoproteins (see Section 

2.1.1 and Figure 2.3) identical to those synthesized by clinical tumour samples (Schumacher et al., 1995; 
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Schumacher and Adam, 1997; Brooks et al., 2001). 98.66% of MCF7 cells are reported by Brooks et al. 

(2001) to label for HPA binding with an intensity of +++, 73.56% of ZR751 cells labelling ++ and 31% of 

BT474 cells labelling +/-. In this study, as others in the literature, HPA labelling was estimated 

subjectively by eye. In order to validate their use as a model in the investigations reported here, HPA-

labelling profiles of the cells used in the studies needed be comparable to those reported previously, 

and therefore optimisation of the HPA lectin labelling procedure was required. Cell lines and routine 

culturing are described in Section 2.1.1. Optimisation of HPA lectin labelling of cultured cells is described 

here and the optimised procedure, then employed in investigations throughout this thesis, is detailed 

in Section 2.2. Optimisation was carried out based on a “standard” HPA lectin labelling procedure 

reported by Brooks and Hall (2002). Once optimal conditions were created, methods of quantifying the 

labelling were also developed. Previously, in studies of clinical tumours and of cell lines (as described 

above and in Section 1.4), HPA lectin labelling was recorded as a combination of approximate 

percentage of labelled cells alongside an estimate of intensity of labelling (+/-, +, ++, +++, ++++) on a 

subjective scale; for example, “80% ++” or “30% +++” (Leathem and Brooks, 1987; Fenlon et al., 1987; 

Fukutomi et al., 1989; Alam et al., 1990). In some studies, a simpler classification of “stainers” and “non-

stainers” irrespective of HPA labelling intensity was employed, as it was observed that there was no 

relationship between extent of HPA positivity and prognosis in clinical studies, only with presence or 

absence of HPA labelling. “Stainers” were classified as >5% of cells clearly labelled (+) or >50% labelled 

(+/-). “Non-stainers” were classified as <5% of cell labelled (+) or <50% labelled (+/-) (e.g. Brooks and 

Leathem, 1991; Gusterson et al., 1993; Noguchi et al., 1993a; Noguchi et al., 1993b; Thomas et al., 1993; 

Scumacher et al., 1994a; Noguchi et al., 1994a; Noguchi et al., 1994b Dwek et al., 2001). By further 

exploring and extending the more complex initial quantification of HPA lectin labelling in cell lines, it is 

hoped that new insight into the GalNAc-glycosylation of the cancer cells and the analytical use of HPA 

labelling will be determined.  

As aberrant expression of GALNTs are reported to be useful as a prognostic marker of metastatic disease 

in a number of cancers, described previously, and as it has been proposed that the aberrant GalNAc-

glycosylation associated with poor prognosis may result from dysregulation in GALNTs (Brooks and 

Carter, 2001), also described above, the expression profiles of GALNTs were established for the model 

cell lines. It was necessary to identify which of the 20 known GALNT genes would be considered within 

this study. GALNT2 was included as it is considered a “house-keeping” gene and is reported to be 

expressed ubiquitously (Homa et al., 1993; White et al., 1995). GALNT3 and GALNT6 were reported by 

Brooks et al. (2007) as being abundantly detectable by immunocytochemistry in aggressive, malignant 

breast cell lines (ZR751, T47D, MCF7 and DU4475), which also label strongly with HPA, whilst being 

weakly or undetectable in cell lines (HMT3522 and BT474) where HPA labelling is weak or negative. 

GALNT14 was chosen as several studies have shown that GALNT14 is implicated in metastasis (Wang et 

al., 2013; Huanna et al., 2015). GALNT20 or WBSCR17 was included as it is a rarely studied GALNT that 
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shares a family with GALNT11; both genes have been reported to be involved in cell motility (Nakayama 

et al., 2012; Takasaki et al., 2014). C1GalT is the most common transferase to build upon the Tn structure 

(see Section1.3.3) and it has been hypothesised that the abundance of truncated glycosylation in cancers 

results from reduced expression of C1GalT (Barrow et al., 2013; Hofmann et al., 2015) or its molecular 

chaperone COSMC (Beatson et al., 2015), not upregulation of the GALNTs, and so for completeness 

C1GalT and COSMC were also included in this study.  

 

Aims and objectives 

The aims of the experiments described in this chapter were to optimise the HPA lectin labelling 

procedure and quantification, as well as establishing GALNT/C1GalT/COSMC gene expression profiles 

for the model breast cancer cell lines BT474, ZR751 and MCF7. Therefore, the objectives of this chapter 

are to: 

I. Optimise the HPA lectin labelling procedure for MCF7, ZR751 and BT474 cell lines to ensure that 

HPA-labelling profiles are consistent with previous reports. 

II. Optimise HPA lectin labelling quantification methods to assess in more detail than previously 

reported the range of aberrant GalNAc-glycosylation in MCF7, ZR751 and BT474 cells. 

III. Investigate gene expression levels of a number of GALNT genes as well as C1GalT and COSMC 

in MCF7, ZR751 and BT474 cells to seek mechanisms underlying HPA-binding GalNAc-

glycosylation. 

 

3.2 Methods 

3.2.1 HPA lectin labelling optimisation 

The “standard” HPA lectin labelling procedure (for example, as described by Brooks and Hall, 2012) was 

originally developed from protocols used to label fixed, paraffin wax embedded histology section with 

antibodies. HPA lectin labelling of cultured cells is considerably different from labelling prepared 

histology sections; for example, formalin fixation and processing for paraffin wax embedding is 

chemically harsh and can mask antigens (Cerio and MacDonald, 1986). Furthermore, antibody binding 

to an antigen and lectin binding to a carbohydrate have different dynamics (MacCallum et al., 1996; 

Sanchez et al., 2006).  The critical steps, as far as sensitivity and specificity are concerned, of the 

procedure are the lectin concentration and incubation period. HPA lectin labelling was optimised for 

MCF7, ZR751 and BT474 breast cancer cell lines. The “standard” procedure (Brooks and Hall, 2012) uses 

a concentration of 10 µg/ml biotinylated HPA, incubated at room temperature for 1 hour. Using the 
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“standard” as a starting point, a “checkerboard of conditions” was trialled, testing a range of HPA 

concentrations and incubation times as illustrated in Figure 3.1 (suppliers of reagents are as listed in 

Section 2.2). Cells were fixed with 4% v/v PFA in 0.1M PIPES buffer, pH 6.9, for 30min at 4oC. Cells were 

then washed 3x with PIPES buffer and cells were permeabilised with 0.1% v/v Triton X-100 in PIPES 

buffer for 10min. Cells were washed 3x with 0.1M PIPES buffer and endogenous peroxidases were 

blocked with 3% v/v hydrogen peroxide in methanol for 20min. Cells were washed 3x with lectin buffer 

and then incubated with either 2.5, 5 or 10 µg/ml biotinylated-HPA in 3% w/v BSA in lectin buffer for 

either 5, 15, 30 or 60 minutes. Cells were washed 3x with lectin buffer and then incubated with 5µg/ml 

avidin-peroxidase in 3% w/v BSA in lectin buffer for 30min. Cells were washed 3x in lectin buffer and 

then incubated with DAB-H2O2 for 2min. Cells were washed 3x in distilled water and then the cells were 

counterstained with Harris’ haematoxylin for 30sec. Haematoxylin was blued in running tap water for 

2min. The cells were dehydrated through an alcohol series, cleared in xylene and mounted using Depex. 

Three replicates per condition were prepared and all 3 cell lines were trialled. To ensure that the 

labelling was specific, several controls where included: a positive, a negative and a specificity control, as 

detailed in Section 2.2, with 3 replicates per control prepared. Slides were observed using a light 

microscope and HPA lectin labelling intensity and percentage were discerned by eye. This was achieved 

through an estimation of the intensity of the brown colouration (HPA labelling) of the cells and 

estimating the percentage of the cells which are labelled; for example cells are either highly labelled 

(+++), moderately labelled (++), weakly labelled (+) or negative (-) plus an estimate of the percentage of 

cells labelling positive, from 0-100% as described by Leathem and Brooks (1987).  

 

 

Figure 3.1 A checkerboard of conditions, testing a range of concentrations of biotinylated-HPA (10 µg/ml, 

5 µg/ml and 2.5 µg/ml) and a range of incubation times (1 hour, 30 minutes, 15 minutes and 5 minutes). 
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3.2.2 A different quantification method of HPA lectin labelling 

A different, more comprehensive quantification method of HPA lectin labelling than was employed in 

Section 3.2.1 was then developed. This involved physically counting HPA-positive and HPA-negative cells 

in selected fields of view, rather than their subjective estimation. 6 slides per cell line were HPA lectin 

labelled using the method optimised in Section 3.2.1 (described in Section 2.2). Starting from the centre 

of the slide and working outward in an anti-clockwise spiral, 10 discrete fields of view were captured 

(illustrated in Figure 3.2) using a Zeiss Axioplan microscope fitted with a JENOPTIK ProgResC3 colour 

camera. Figure 3.3 shows a field of view used for counting. All cells in the field of view were counted 

unless cells were rounded up, did not contain a visibly labelled nucleus or straddled the edge of the field 

of view. If the majority of cells in a field of view were un-countable then the next field of view was taken 

in its place. HPA positive cells were considered as any cells which had brown cytoplasmic labelling of any 

degree of intensity (+, ++, +++, or ++++) and HPA-negative cells were cells which had a blue cytoplasm (-

) as indicated in Figure 3.3.  

 

 

Figure 3.2 Representation of how images were captured. Images were captured by starting in the middle 

of the sample and then moving out in an anti-clockwise spiral. 10 discrete fields of view were captured 

per slide. 
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Figure 3.3 Example field of view of slides prepared for counting HPA-positivity. HPA positive cells were 

considered as any cells which had brown cytoplasmic labelling as indicated. HPA-negative cells were cells 

which had a blue cytoplasm as indicated. Cells which were rounded up, did not contain a visibly labelled 

nucleus or straddled the edge of the field of view were omitted as indicated. Images captured with a 

Zeiss Axioplan microscope fitted with a JENOPTIK ProgResC3 colour camera. Scale bar = 10µm. 

 

3.2.3 NanoZoom quantification of HPA lectin labelling and morphology assessment 

In order to analyse the glycosylation of the cells, as revealed by HPA labelling, in even greater detail and 

using an approach that eliminates observer bias to an even greater extent, slides prepared as described 

in section 3.2.2 were converted into a digital image using a Hamamatsu NanoZoomer 2.0-HT Digital Slide 

Scanner: C9600 by Dr Alison Forhead at Cambridge University. These images were then imported into a 

program called NewCast where it was possible to take the complete coverslip as the area to be counted 

and set up parameters for random zones within the coverslip area to be selected. This was achieved by 

indicating the number zones required within NewCast, which then randomly generated the desired 

number of zones, thus removing any potential human bias as to the fields selected for analysis. These 

zones where then analysed using a program called NDP.viewer, which was then used for all subsequent 

data collection. For all NanoZoom data collected, the same 20 random zones were used. Of the 20 

random zones identified, the first 10 random zones that were suitable for analysis were used for 
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collecting data. If the zone was out of focus, contained no cells or contained damage from slide 

processing it was not used and the next random zone was used in its place. Similarly, when counting 

cells within a selected zone, the same rules applied as detailed in Section 3.2.2 and Figure 3.3 where 

cells that were rounded-up or did not contain a visibly labelled nucleus, as well as cells straddling the 

border, were omitted. HPA labelling intensity was classified as: negative (-), slightly positive (+), 

moderately positive (++), highly positive (+++) or ambiguous (which weren’t counted), as illustrated in 

Figure 3.4. This refinement in assessing labelling provides a more accurate and detailed account of the 

data collected from section 3.2.2 which merely described the labelling seen within the cell lines as 

present or absent and also removed observer bias in selection of zones of the slide to be scored. One 

feature of the software was that cell morphology measurements could easily be taken, an approach that 

was not possible in the analysis described in Section 3.2.1. As well as HPA labelling intensity, therefore, 

measurements of the longest (X) and shortest (Y) aspects of a cell were recorded, as illustrated in Figure 

3.5. A ratio of the X and Y measurements >2:1 was taken to indicate an elongated morphology and 

anything under this was termed a rounded morphology. 

 

 

Figure 3.4 Print screen of a zone in NDP.viewer illustrating cells which are: (-) negative for HPA-labelling, 

(+) slightly positive, (++) moderately positive, (+++) highly positive and ambiguous, which wasn’t counted. 

Screen shown in bottom right of figure is a view of complete coverslip area, with the small red box 

indicating where in the coverslip the field of view originates. Scale bar = 50μm. 
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Figure 3.5 Print screens of a zone in NDP.viewer illustrating how measurements of the longest axis X (A) 

and the shortest axis y (B) were taken. In this example an MCF7 moderately positive (++) cell measures 

X = 76.2µm by Y = 47.6µm and so would have an X:Y ratio of 1.6:1 indicating a rounded morphology. 

Screen shown in bottom right of figures is a view of complete coverslip area, with the small red box 

indicating where in the coverslip the field of view originates. Screen show in top left of figures is 

NDP.viewer menu. Scale bar = 25μm. 
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3.2.4 Expression levels of GALNTs 

Primer pairs were designed and optimised for use with both DNA and RNA (see Table 3.1). RNA was 

extracted from the cell lines (see Section 2.5 and 2.6) and converted to cDNA (see Section 2.7), which 

was used in qRT-PCR (see Section 2.8). ACTB and GUSB were the two reference genes chosen to 

normalise the data to as they were reported to be in the top five most stably expressed reference genes 

in breast cancer by Gur-Dedeoglu et al. (2009). Data were compiled from 3 biological repeats per cell 

line as well as minus reverse transcriptase (-RT) and no template control (NTC) controls. Samples were 

normalised using the delta-delta Ct method where samples were normalised to either ACTB or GUSB 

and then to MCF7. Normalised data were compared against one another using a 2-tailed t-test, error 

bars were created from the standard deviation of the mean. 

 

Table 3.1 Primer pair sequences, and melting temperature (Tm) for genes of interest and reference 

genes, designed and optimised for use with both DNA and RNA. 

Primer name Primer sequence Tm (oC) 
ACTB (F) 5’-AATGTCACGCACGATTTCCC-3’ 

(R) 5’-CTATCCCTGTACGCCTCTGG-3’ 
59.2 
59.0 

GUSB (F) 5’-AAACCCTGCAATCGTTTCTG-3’ 
(R) 5’-GGCTCCGTATGTGGATGTG-3’ 

64.3 
64.6 

GALNT2 (F) 5’-GGTTCCAGACCATCAGGATA-3’ 
(R) 5’-CCCAGCATTGTGACATTCAT-3’ 

61.8 
63.9 

GALNT3 (F) 5’-CTCATGATCAGGAAGCGACTC-3’ 
(R) 5’-TGAGAACTACACGGCTGTCG-3’ 

64.3 
64.5 

GALNT6 (F) 5’-ATTCCCATTCCTCGTCCTTG-3’ 
(R) 5’-CGCAAAGCAGCTGTGTCTAC-3’ 

65.4 
64.2 

GALNT14 (F) 5’-ACTCTCCCGCTGGTTGAAAG-3’ 
(R) 5’-ACCTGTGGGACCAGTTTGAT-3’ 

65.9 
63.7 

GALNT20 (F) 5’-TCCTCCCCTCCATTGACAAC-3’ 
(R) 5’-CTGATGGGGAGAGAAGGGTC-3’ 

55.0 
60.0 

C1GalT (F) 5’-GGGCTACATGAGTGGAGGAG-3’ 
(R) 5’-GGCACAAAGGGATGAAAAGT-3’ 

64.1 
63.2 

COSMC (F) 5’-ATCATCCCTCCCTGTTCAGG-3’ 
(R) 5’-GCCCCACTACGTTTGCTATC-3’ 

58.5 
58.7 
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3.3 Results 

3.3.1 HPA lectin labelling optimisation 

In order to determine the optimal HPA lectin labelling conditions for the model breast cancer cell lines 

used within this study, and in agreement with what has been reported previously (Schumacher et al., 

1995; Brooks et al., 2001; Brooks and Hall, 2002), a checkerboard of HPA lectin concentration and 

incubation periods was tested for MCF7, ZR751 and BT474 cell lines. Figures 3.6-3.8, illustrate the HPA-

lectin labelling results of all tested conditions for the cell lines. To ensure that HPA lectin labelling was 

specific, controls were included as detailed in Section 2.2. As illustrated in Figure 3.10, HPA lectin 

labelling for all three cell lines was specific as all negative controls were negative. Images were assessed 

for HPA labelling intensity by eye and an estimation of the percentage of HPA-positively labelled cells 

were given in each case (see Table 3.2). Figure 3.6 illustrates that MCF7 HPA labelling was seen very 

strongly at both 10µg/ml and 5µg/ml for all incubation periods and labelling was still apparent, but not 

as intensely, even at 2.5µg/ml and with only 5min incubation. ZR751 cells, illustrated in Figure 3.7, 

labelled very strongly at both 10µg/ml and 5µg/ml for incubation periods of 1hr to 15min and less so for 

5min. For all the remaining options, labelling was moderate to weak with 2.5µg/ml for 15 min, and with 

5min incubation not labelling at all. Figure 3.8 illustrates that BT474 HPA labelling was weak to negligible 

under all conditions. As illustrated in Figure 3.9, HPA concentration 10 µg/ml, incubated for 5 minutes 

was selected as providing the optimal labelling for all cell lines, as those conditions resulted in the same 

HPA labelling intensity and proportion of labelled cells consistent with that reported previously (Brooks 

et al., 2001), therefore, validating these conditions for use in this study.  

 

Table 3.2 Intensity and percentage of HPA lectin labelling from optimisation of HPA concentration and 

incubation period of all breast cancer cell lines. Optimised conditions of 10 µg/ml HPA lectin incubated 

for 5 minutes are highlighted. 

HPA 
incubation 
period 

HPA concentration 
10 µg/ml 5 µg/ml 2.5 µg/ml 

MCF7 ZR751 BT474 MCF7 ZR751 BT474 MCF7 ZR751 BT474 
1 hr ++++ 

(100%) 
++++ 
(99%) 

+ 
(50%) 

+++ 
(100%) 

++ 
(75%) 

+ 
(30%) 

+++ 
(90%) 

+ 
(40%) 

+ 
(10%) 

30 min +++ 
(100%) 

+++ 
(80%) 

+ 
(50%) 

+++ 
(99%) 

++ 
(75%) 

+ 
(20%) 

++ 
(80%) 

+/- 
(10%) 

+/- 
(5%) 

15 min +++ 
(100%) 

+++ 
(80%) 

+ 
(40%) 

+++ 
(99%) 

+/- 
(50%) 

+/- 
(5%) 

++ 
(80%) 

- 
(0%) 

- 
(0%) 

5 min +++ 
(99%) 

++ 
(75%) 

+/- 
(30%) 

++ 
(85%) 

+/- 
(45%) 

- 
(0%) 

+ 
(80%) 

- 
(0%) 

- 
(0%) 
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Figure 3.6 Optimisation of HPA labelling of MCF7 breast cancer cell line. HPA labelling is the strongest 

(++++) with 10μg/ml biotinylated HPA incubated for 1 hour and gradually decreases in intensity to the 

weakest (+) labelling observed with 2.5μg/ml biotinylated HPA incubated for 5 minutes. Images 

representative of 3 biological replicates with 10 images captured per condition. Slides were imaged with 

a Zeiss Axioplan microscope fitted with a JENOPTIK ProgResC3 colour camera. Scale bar = 10 µm.       
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Figure 3.7 Optimisation of HPA labelling of ZR751 breast cancer cell line. HPA labelling is the strongest 

(++++) with 10μg/ml biotinylated HPA incubated for 1 hour and gradually decreases in intensity to the 

weakest (-) labelling observed with 2.5μg/ml biotinylated HPA incubated for 15 and 5 minutes. Images 

representative of 3 biological replicates with 10 images captured per condition. Slides were imaged with 

a Zeiss Axioplan microscope fitted with a JENOPTIK ProgResC3 colour camera. Scale bar = 10 µm.        
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Figure 3.8 Optimisation of HPA labelling of BT474 breast cancer cell line. HPA labelling is the strongest 

(+) with 10μg/ml biotinylated HPA incubated for 1 hour, 30 and 15 minutes also with 5μg/ml biotinylated 

HPA incubated for 1 hour and 30 minutes and with 2.5μg/ml biotinylated HPA incubated for 1 hour and 

gradually decreases in intensity to the weakest (-) labelling observed with 5μg/ml biotinylated HPA 

incubated for 15 and 5 minutes also with 2.5μg/ml biotinylated HPA incubated for 15 and 5 minutes. 

Images representative of 3 biological replicates with 10 images captured per condition. Slides were 

imaged with a Zeiss Axioplan microscope fitted with a JENOPTIK ProgResC3 colour camera. Scale bar = 

10 µm.       
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Figure 3.9 Optimised HPA lectin labelling conditions of 10 µg/ml biotinylated HPA, incubated for 5 

minutes. Breast cancer cell lines labelled as follows: MCF7 (+++), ZR751 (++) and BT474 (+/-). Images 

representative of 3 biological replicates with 10 technical replicates. Images captured with a Zeiss 

Axioplan microscope fitted with a JENOPTIK ProgResC3 colour camera. Scale bar = 10µm. 
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Figure 3.10 Lectin labelling negative controls. All negative controls had abolished HPA labelling. Images 

representative of 3 biological replicates with 10 images captured per condition. Images captured with a 

Zeiss Axioplan microscope fitted with a JENOPTIK ProgResC3 colour camera. Scale bar = 10 µm.  
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3.3.2 A different quantification method of HPA lectin labelling 

In order to investigate the HPA positivity of the model cell lines further, a different and more detailed 

quantification method was devised. Previously, quantification of HPA-positive cells was discerned by 

visual estimation of the intensity of the HPA labelling and an estimate of the percentage of positively 

labelling cells. Here, cells were HPA labelled with the optimised procedure as described in Section 3.2.1 

and 10 fields of view were captured. Cells within the fields of view were individually counted as either 

HPA-positive cells (of any intensity +++, ++ or +) and the number of negative cells (-). This was performed 

for each cell line, MCF7, ZR751 and BT474. See data Tables A1.1-A1.3. As illustrated in Figure 3.11, 93.8% 

of MCF7 cells were HPA-positive; 46.9% of ZR751 cells were HPA-positive; and only 6.44% of BT474 cells 

were HPA-positive. MCF7 HPA-positivity was significantly greater than both ZR751 (p<0.001) and BT474 

(p<0.001), whilst ZR751 HPA-positivity was significantly greater than BT474 (p<0.001). These findings 

were in agreement with what was determined more subjectively in Section 3.3.1. 

 

Figure 3.11 Percentages of HPA-positivity for all three breast cancer cell lines. MCF7 cells labelled highly 

with HPA with 93.8%, whilst ZR751 cells labelled less with 46.9% of cells being HPA positive. BT474 cells 

were the least HPA positive with only 6.44% of cells labelling. Error bars are calculated from standard 

error of the mean. p values are calculated using a two-tailed t-test with unequal variance. Images 

captured with a Zeiss, Axioplan microscope fitted with a JENOPTIK ProgResC3 colour camera. Scale bar 

= 10µm. 
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3.3.3 NanoZoom quantification of HPA lectin labelling and morphology assessment 

In order to better understand the complexities of HPA lectin labelling of the cell lines, a more complex 

quantification method was employed where digital images of the slides were captured and all cells 

within randomly selected fields were classified as either negative (-), slightly positive (+), moderately 

positive (++), highly positive (+++). This allowed the detail of the cell line HPA-labelled identity to reflect 

not just a percentage of HPA-positive cells, but what proportional intensity of HPA labelling makes up 

the HPA-positivity.  Moreover, the program NewCast randomly generated fields of view selected for 

analysis, thus removing an element of human bias. NDP.viewer facilitated data analysis. As illustrated in 

Figure 3.12, MCF7 cells presented as an overwhelmingly HPA-positive population with only 7.8% HPA 

negative cells, which is split roughly 90:10 between HPA +++ or HPA ++ (strongly HPA-positive) and HPA+ 

or HPA – (weakly HPA-positive). ZR751 cells were 84.4% HPA-positive, which comprised 27.6% HPA+++, 

29.2% HPA++ (i.e. strongly HPA-positive) and 27.6% HPA+ (weakly HPA-positive). The majority of ZR751 

cells were HPA++, however the populations were split roughly 50:50 between HPA +++ or HPA ++ 

(strongly HPA-positive) and HPA+ or HPA – (weakly HPA-positive). BT474 cells were 80.4% HPA-positive, 

but only 2.9% were HPA+++, and 14.3% HPA++ (strongly HPA-positive) and 63.2% HPA+ (weakly HPA-

positive). BT474 cells were therefore predominantly very weakly HPA-positive (HPA+) or HPA-negative 

(HPA-) (82.8%), which was roughly split 10:90 between HPA +++ or HPA ++ (strongly HPA-positive) and 

HPA+ or HPA – (weakly HPA-positive). These finding illustrate that the glycosylation profile of a cell line 

is more complex than previously reported.  
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Figure 3.12 HPA labelling intensities designated as negative (-), slightly positive (+), moderately positive 

(++) and highly positive (+++) as a percentage of the whole population for MCF7, ZR751 and BT474 cells. 

MCF7 cells are divided mostly between HPA++ and HPA+++, whilst ZR751 cells are mostly HPA+ and 

HPA++, and BT474 cells are predominantly HPA+. Data collected using NDP.viewer. Error bars are 

calculated from standard deviation of the mean and p values are calculated using a two-tailed t-test with 

unequal variance. Data collected from 3 biological replicates per cell lines with 10 technical replicates 

each. 
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In order to investigate the morphology of cells in relation to their HPA positivity, the longest (X) and 

shortest (Y) aspects of the cells reported above were recorded against their HPA-labelling intensities. 

Table 3.3 details the average X:Y ratio as well as the percentage of cells within each HPA labelling 

intensity for all three cell lines. An X:Y ratio >2:1 was taken to indicate an elongated morphology. It 

became clear that the MCF7 cells had a rounded morphology across all HPA labelling intensities (as 

illustrated in Figure 3.13). ZR751 cells, however, displayed considerably greater morphological variation 

across HPA labelling categories than MCF7 cells. As illustrated in Figure 3.13 and Table 3.3, ZR751 HPA-

negative cells were significantly more elongated (with an X:Y ratio of 2.34:1) than HPA + (X:Y ratio 1.96:1, 

p<0.01), HPA ++ (X:Y ratio 1.68:1, p<0.001) and HPA +++ (X:Y ratio 1.67:1, p<0.001) cells. The same was 

observed in BT474 cells where HPA-negative cells were significantly more elongated (with an X:Y ratio 

of 2.47:1) than HPA+ (X:Y ratio 1.73:1, p<0.001), than HPA++ (X:Y ratio 1.54:1, p<0.001) and HPA+++ (X:Y 

ratio 1.76:1, p<0.001) cells.  

 

Table 3.3 Average percentage HPA labelled, X:Y ratio and corresponding morphology against HPA 

labelling intensity for: MCF7, ZR751 and BT474 cells. 

 HPA-labelling intensity  
HPA - HPA + HPA ++ HPA +++ 

MCF7 
    

% HPA labelled 7.76 26.12 30.35 35.76 
Average X:Y ratio 1.99:1 2.00:1 1.93:1 2.00:1 
Morphology Rounded Rounded Rounded Rounded 
ZR751 

    

% HPA labelled 15.6 27.6 29.2 27.6 
Average X:Y ratio 2.34:1 1.96:1 1.68:1 1.67:1 
Morphology Elongated Rounded Rounded Rounded 
BT474 

    

% HPA labelled 19.5 63.24 14.34 2.94 
Average X:Y ratio 2.47:1 1.73:1 1.54:1 1.67:1 
Morphology Elongated Rounded Rounded Rounded 
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Figure 3.13 Morphology (X:Y ratio) plotted against HPA labelling intensity for MCF7, ZR751 and BT474 

cells. MCF7 cells do not appear to have any relationship between HPA labelling status and their 

morphology, whilst ZR751 and BT474 HPA-negative cells are significantly more elongated than HPA-

positive cells irrespective of intensity. Data collected using NDP.viewer. Numbers (n) of Y axis are n:1. 

Error bars are calculated from standard deviation of the mean and p values are calculated using a two-

tailed t-test with unequal variance. Data collected from 3 biological replicates per cell lines with 10 

technical replicates each.  
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3.3.4 Expression levels of GALNTs 

In order to determine the expression levels of chosen GALNTs (GALNT2, GALNT3, GALNT6, GALNT14, 

GALNT20) as well as the transferase (C1GalT) and its chaperone (COSMC), qPCR was performed and the 

data analysed using the delta-delta Ct method. If aberrant expression of GALNTs results in greater 

exposure of terminal GalNAc-glycans recognised by HPA, we would expect that the MCF7 and ZR751 

cells, which label highly and moderately, respectively, with HPA, would have a number of differentially 

expressed GALNTs. Conversely, BT474 cells which label weakly with HPA would have the least number 

of differentially expressed GALNTs. Similarly, it would be expected that C1GalT and COSMC, responsible 

for chain extension and therefore reduction in exposed Tn and consequent HPA-labelling, would be 

reduced in both MCF7 and ZR751 cells, and increased in BT474 cells. Figures 3.14 and 3.15 illustrate the 

mRNA expression levels of the chosen genes when normalised to MCF7 and either ACTB or GUSB, 

respectively.  

When normalised using either ACTB or GUSB, ZR751 cells expressed significantly more (p<0.01 or 

p<0.05, respectively) GALNT2 than MCF7 cells. MCF7 cells normalised to ACTB expressed significantly 

more GALNT3 (p<0.01) than ZR751 cells. When normalised to GUSB, ZR751 cells expressed significantly 

more (p<0.001) GALNT20 than MCF7 cells. These findings are in opposition with what was expected, 

with MCF7 cells expressing significantly less GALNTs than weakly HPA-positive BT474 cells. When 

normalised to GUSB, MCF7 expressed significantly less C1GalT (p<0.05) than ZR751 cells. Also, when 

normalised to GUSB, MCF7 cells expressed significantly less C1GalT (p<0.05) than BT474 cells. When 

normalised either ACTB or GUSB, MCF7 cells expressed significantly less COSMC (p<0.05 or p<0.01, 

respectively) than ZR751 cells and BT474 cells (p<0.01 or p<0.05). Also, ZR751 cells expressed 

significantly more COSMC than BT474 cells (p<0.05). These data suggest that MCF7 cells, which label 

highly with HPA and therefore synthesise high levels of GalNAc-glycans, have a reduction in C1GalT and 

COSMC but there is no clear indication that aberrant GALNT expression is responsible for the synthesis 

of HPA-binding GalNAc-glycans in the three cell lines.  
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Figure 3.14 mRNA expression levels of GALNT2, GALNT3, GALNT6, GALNT14, GALNT20, C1GalT and 

COSMC normalised using the ∆∆Ct method to ACTB and MCF7. There is no apparent correlation between 

HPA labelling and GALNT expression, however MCF7 cells express significantly less COSMC than either 

ZR751 and BT474 cells suggesting a possible role of failed normal chain extension as a cause for the 

increased amount of terminal GalNAc residues. Data compiled from 3 biological replicates per cell line. 

Normalised data were compared against one another using a 2-tailed t-test. MCF7 cells are considered 

a more aggressive breast cancer cell line than ZR751 cells and BT474 cells are the least aggressive as 

they are poorly tumorigenic in animal models which is represented by the aggressiveness triangle. 

 

Table 3.4 p values for Figure 3.13 mRNA expression levels of genes of interest normalised to reference 

gene ACTB. Significant p values have been highlighted. 

 MCF7/ZR751 MCF7/BT474 ZR751/BT474 
GALNT2 0.005923 0.401299 0.767565 
GALNT3 0.005877 0.377217 0.369164 
GALNT6 0.130694 0.380387 0.376506 
GALNT14 0.137391 0.611012 0.133093 
GALNT20 0.055383 0.118425 0.198036 
C1GalT 0.054934 0.088861 0.150655 
COSMC 0.03126 0.001403 0.041467 
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Figure 3.15 mRNA expression levels of GALNT2, GALNT3, GALNT6, GALNT14, GALNT20, C1GalT and 

COSMC normalised using the ∆∆Ct method to GUSB and MCF7. There is no apparent correlation between 

HPA labelling and GALNT expression, however MCF7 cells express significantly less C1GALT and COSMC 

than either ZR751 and BT474 cells suggesting a possible role of failed normal chain extension as a cause 

for the increased amount of terminal GalNAc residues. Data compiled from 3 biological replicates per 

cell line. Normalised data were compared against one another using a 2-tailed t-test. MCF7 cells are 

considered a more aggressive breast cancer cell line than ZR751 cells and BT474 cells are the least 

aggressive as they are poorly tumorigenic in animal models which is represented by the aggressiveness 

triangle. 

 

Table 3.5 p values for Figure 3.14 mRNA expression levels of genes of interest normalised to reference 

gene GUSB. Significant p values have been highlighted. 

 MCF7/ZR751 MCF7/BT474 ZR751/BT474 
GALNT2 0.041356 0.328203 0.128385 
GALNT3 0.065442 0.141693 0.121132 
GALNT6 0.271487 0.081629 0.074203 
GALNT14 0.183998 0.601847 0.175699 
GALNT20 0.000771 0.10208 0.129999 
C1GalT 0.024376 0.031813 0.463765 
COSMC 0.008948 0.022911 0.03235 
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3.4 Discussion 

The work described in this chapter began by optimising an HPA lectin labelling method for use with 

cultured cells instead of paraffin wax embedded histology samples. This resulted in a labelling method 

in which the HPA incubation step was reduced from 1 hour to 5 minutes and which gave labelling entirely 

consistent with that previously reported in the literature (Brooks et al., 2001) for the cell lines under 

study (MCF7, ZR751 and BT474). Confirmation that HPA binding occurs effectively in less than 5 minutes 

may prove to be beneficial in other applications, including those described in other parts of this thesis. 

The “standard” labelling protocol reported by Brooks and Hall (2012) had originally been adapted from 

published protocols optimised for antibody labelling in immunohistochemistry and that equivalent lectin 

labelling could be achieved with such a reduced incubation time is consistent with the idea that lectins 

bind much more quickly than antibodies. In the case of endogenous human lectins, GALNTs of the Y 

subfamily (which include GALNT8, GALNT9, GALNT17 and GALNT18) have lectin binding sites which act 

as chaperones to other GALNTs (Raman et al., 2012). Here, having a rapid binding time would be 

beneficial physiologically as the Y subfamily modulate the kinetic properties of the remaining GALNTs 

(Wandall et al., 2007). The optimised HPA labelling protocol will be employed in further investigations 

reported in this thesis.  

Using the optimised HPA labelling method, HPA lectin labelling was initially quantified by eye as a 

subjective estimate of percentage of the cells that were labelled alongside an estimation of the intensity 

of the HPA labelling, consistent with the assessment method employed in numerous published studies 

(e.g. Leathem and Brooks, 1987; Fenlon et al., 1987; Fukutomi et al., 1989; Alam et al., 1990; Fukutomi 

et al., 1991; Thomas et al., 1993; Noguchi et al., 1993; Brooks et al., 1993; Brookes et al., 1996; Brooks 

and Wilkison, 2003). This confirmed that HPA labelling of the cell lines achieved using the optimised 

method gave results consistent with that previously reported in the literature for these cell lines 

(Schumacher et al., 1995; Brooks et al., 2001). A different quantification method was then employed 

where defined fields of view were selected according to a pre-designed grid pattern and every individual 

cell counted as either HPA-negative or HPA-positive (with any degree of positivity). This approach 

reflected the practice of defining clinical tumour specimens as simply HPA “stainers” and “non-stainers” 

adopted by some authors (e.g. Brooks et al., 2001; Schumacher et al., 1994a), based on the observation 

that it was the presence or absence of the glycosylation pattern detected by HPA-labelling, and not its 

intensity that carried prognostic significance. It also gave a more precise count of HPA-labelling and non-

labelling cells within the cell population. Results of this analysis revealed that 93.8% of MCF7 cells, 46.9% 

of ZR751 cells and 6.44% of BT474 cells were HPA-positive. These proportions are consistent with what 

was observed by eye in the previous analysis and with what was previously reported in the literature 

(Brooks and Leathem, 1991; Schumacher et al., 1995; Brooks et al., 2001), therefore confirming that 

these cell lines exhibit a stable HPA-binding profile over time and in different laboratories.  
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In order to provide more detailed information on the HPA lectin labelling profile of the cell lines, a more 

complex approach was employed, where digital images of HPA labelled slides were created, viewed in 

a program called NDP.viewer and fields of view selected using the software NewCast. This allowed for 

analysis of the entire slide, random selection of fields for analysis thereby removing an aspect of human 

bias, and in the analysis cells were scored as either highly positive (+++), moderately positive (++), slightly 

positive (+) or negative (-) for HPA labelling. Thus, a more detailed and complex profile of glycosylation 

revealed by HPA labelling than has been reported previously was determined. This, plus the earlier 

observation that the cell lines consistently exhibit different and stable profiles of HPA-labelling suggests 

that there is fine regulation of glycosylation occurring.  

Little is known about how glycosylation is controlled, although the GALNT gene family, which initiates 

O-linked GalNAc glycosylation, plays a role in O-glycosylation regulation by interplay of their large family 

number (20 isoenzymes in humans) and in their acceptor peptide substrate specificities. There is not 

complete functional redundancy between them, as they have distinct acceptor peptide substrate 

specificities with some overlap. For example, it is theorised that some members of the family show 

preference for unmodified peptide sequences, or partially glycosylated peptide sequences (reviewed by 

Bennett et al., 2012). GALNT1s lectin and catalytic domains are closely associated, so is therefore 

thought to prefer acceptors in high O-glycan density regions (Fritz et al., 2004). GALNT2s lectin and 

catalytic domains show little interaction and so it is thought that they prefer low-density O-glycan or 

“naked” peptide acceptors (Fritz et al., 2006). Furthermore, some GALNTs show preference for 

glycosylating Ser or Thr residues; for example, GALNT2 prefers to glycosylate Thr versus Ser (Fritz et al., 

2006). Also, the Y family of GALNTs do not have a functional catalytic domain and instead act as 

chaperones by binding GalNAc on partially glycosylated peptide sequences therefore increasing the 

activity of the other GALNTs members and adding a further layer of control (Li et al., 2011).  

The heterogeneity of glycosylation profiles within cell population is intriguing and is consistent with 

what has been observed in clinical tumours (Brooks and Leathem, 1999) where a significant sub-

population of cells within a tumour labelled ++ to +++ whilst the remaining tumour cells were negative 

for HPA labelling. The findings detailed in this chapter illustrate that the glycosylation profiles of the cell 

lines is more complex than previously reported and a more detailed classification of HPA labelling 

intensity, as reported here, may provide a clearer picture of glycosylation as a prognostic tool. 

Furthermore, it is clear that subtle control of glycosylation is at play for cell lines to display 

heterogeneous, yet consistently proportioned, HPA-binding glycosylation profiles, consistent with that 

observed in clinical tumours. 

The NDP.viewer programme allowed for other aspects of the digital images of the cells to be 

conveniently assessed, and morphology of the cells was thus evaluated. The longest (X) and shortest (Y) 

axis of the cells was measured and recorded alongside their HPA labelling intensity. An X:Y ratio of >2:1 
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was taken to indicate an elongated morphology and anything below this was classified as a rounded 

morphology. Analysis revealed that for ZR751 and BT474 cells, unexpectedly, HPA-negative (–) cells had 

an elongated morphology whilst HPA-slightly positive (+), HPA-moderately positive (++) and HPA-highly 

positive (+++) cells had a rounded morphology. This association was not observed in MCF7 cells, which 

all exhibited a rounded morphology. A rounded morphology is associated with epithelial, non-invasive 

cells, whilst elongated morphology is associated with invasive mesenchymal cells (as reviewed by Yang 

and Weinberg, 2008). This unexpected association between HPA-positivity and an epithelial morphology 

and HPA-negativity with a mesenchymal morphology in cell populations within a cell population is 

intriguingly reminiscent of EMT, described in Section 1.2.2.i. This distinction may not have been 

observed if not for categorising HPA labelling intensity in the manner described in this chapter.  

Schumacher et al. (1992) first reported in a SCID mouse model that in spite of the strong association 

between the HPA positivity of the primary tumour and its metastatic competence, HPA-positive tumours 

can give rise to both HPA-positive and HPA-negative metastases. This was later confirmed by Brooks and 

Leathem (1999) using clinical primary breast cancer samples and samples of metastases later taken at 

post mortem-examination. They reported that the primary tumours were all HPA-positive whilst only 

79% of metastases were HPA-positive. They explained this observation by suggesting that further 

disruptions in the glycosylation pathways as tumours progressed resulted in the emergence of HPA-

negative clones and HPA-negative metastases. The results of the work presented in this chapter suggest 

another, intriguing, possibility that populations of cells undergoing EMT, and the reverse process MET, 

might, as well as changing morphological characteristics, change their glycosylation. 

In order to determine whether altered expression of GALNTs was responsible for exposure of the 

terminal GalNAc-glycans that HPA recognises, qPCR analysis was performed. Several GALNTs were 

chosen to be assessed for expression in MCF7, ZR751 and BT474 cell lines using qPCR. Previously, Brooks 

et al. (2007) reported GALNT3 and GALNT6 to be abundantly detectable by immunocytochemistry in the 

aggressive breast cancer cell lines ZR751, T47D, MCF7 and DU4475. These cell lines were also reported 

to label extensively with HPA lectin. GALNT3 and GALNT6 were not detectable in the less aggressive cell 

lines HMT3522 and BT474, which exhibit considerably less HPA labelling. These findings suggested that 

GALNT expression might correlate with HPA binding. When several GALNT genes were investigated for 

expression in MCF7, ZR751 and BT474 in the study reported here, no correlation between HPA labelling 

and GALNT (GALNT2, GALNT3, GALNT6, GALNT14, GALNT20) expression was discerned. This may be 

because GALNTs other than the ones studied here are also involved in this process. For example, some 

GALNTs act as molecular chaperones to other members of the family thereby increasing their capacity 

to catalyse O-linked reactions (Li et al., 2012). Alternatively, relocation of GALNTs to the ER from the 

Golgi apparatus could result in prolonged exposure to GALNTs without the need for increased 

expression levels (Gill et al., 2011). Gill et al. (2010) demonstrated that activation of Src kinase in the 
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Golgi apparatus by EGF and/or PDGF selectively re-distributes Golgi-localised GALNTs to the ER, which 

subsequently results in increased protein O-glycosylation density as well as increasing the truncated O-

glycans that are frequently observed in cancers. In the study reported here, alongside the GALNTs, 

C1GalT and COSMC expression levels were investigated. C1GalT and its molecular chaperone COSMC 

build core 1, the next most commonly occurring O-linked glycan structure after Tn. Both C1GalT and 

COSMC were significantly downregulated in MCF7 cells compared to ZR751 and BT474. This is consistent 

with failure of normal chain extension (building of core 1) resulting in MCF7 cells being highly HPA 

labelled. Barrow et al. (2013) reported that knock-down of C1GalT in colon cancer cells resulted in an 

increase in the truncated O-linked glycans Tn, TF and sTn. COSMC is essential for expression of C1GalT, 

and must be present during C1GalT translation, or the enzyme is inactive (Narimatsu et al., 2011). Ju et 

al. (2008b) reported that knock-down of COSMC resulted in failure of formation of active C1GalT, which 

also increased the prevalence of Tn and sTn antigens in colorectal cancer cells, therefore demonstrating 

that both C1GalT and COSMC are essential for normal chain extension of O-linked protein glycosylation. 

Taken together, these finding suggest that there is no clear indication that aberrant GALNT expression 

is responsible for exposure of GalNAc-glycans recognised by HPA. However, the significant reduction in 

expression of C1GalT and COSMC in MCF7 cells compared to both ZR751 and BT474 suggests a possible 

role of lack of normal chain extension as being a cause for MCF7 cells labelling strongly for GalNAc-

glycans. 

 

3.5 Key findings 

• The HPA lectin labelling procedure was optimised, which enabled the incubation period of HPA 

lectin to be reduced from 1 hour to 5 minutes. 

• MCF7, ZR751 and BT474 cells exhibit a range of HPA labelling intensities, which demonstrates 

that their glycosylation profiles, as far as GalNAc-glycans are concerned, are more complex than 

previously reported.  

• HPA-negative cells are significantly more elongated in morphology than HPA +, HPA ++ and HPA 

+++ cells in both ZR751 and BT474 cell lines, suggesting a potential link between GalNAc-

glycosylation and EMT.  

• No relationship was observed between GALNT expression and exposure of GalNAc-glycans 

detected by HPA lectin labelling. However, C1GalT and COSMC are significantly down-regulated 

in strongly HPA-binding MCF7 cells suggesting that a failure in normal chain extension may 

contribute to the exposure of truncated GalNAc-glycans. 
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Chapter 4 
Isolation of viable glycosylation-specific cell populations for further in 

vitro analysis using lectin-coated magnetic beads. 
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4.0 Isolation of viable glycosylation-specific cell    
populations for further in vitro analysis using 
lectin-coated magnetic beads 

 

4.1 Background 

HPA binding profiles of the cell lines were characterised as described in Chapter 3.0, revealing a 

difference in morphology between the HPA-positive (+++/++/+) and HPA-negative (-) cells. It was 

observed that HPA-positive cells generally exhibited a round morphology whilst HPA-negative cells were 

more elongated. To explore this further, an assay was developed which enabled isolation of the two 

populations so that they could be studied independently from one another. Figure 4.1 illustrates the cell 

separation procedure, which is described in Section 2.3 and published (Beaman et al., 2017, see 

Appendix 3). Initially, streptavidin linked magnetic beads were mixed with biotinylated-HPA to 

immobilise the HPA on the surface of the beads. Then, cells were scraped from their culture flask and 

counted. The HPA-coated beads where mixed briefly with the prepared cells and then, HPA binding cells 

attached to the beads were isolated from the unbound population by using a magnet. To dissociate the 

HPA/beads from the HPA-positive cells, competitive inhibition was performed by the addition of the 

monosaccharide α-GalNAc. The freed beads were isolated using a magnet leaving free HPA-positive 

cells.  
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Figure 4.1 Cell separation with HPA coated magnetic beads. 1. Biotinylated HPA and streptavidin 

magnetic beads are combined in an end-over-end mixer. 2. Cells are removed from their flask and (3.) 

added to the bound lectin/beads. 4. HPA-positive cells bind to lectin/beads, (5.) and are isolated with a 

magnet, allowing for HPA-negative, unbound cells to be removed. 6. HPA-positive cells are removed from 

the lectin/beads using competitive inhibition with 0.1M GalNAc and (7.) then the lectin/beads are pooled 

with a magnet and the HPA-positive cells removed.  
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Isolation of distinct populations of cells from a heterogeneous population allows for the study of discrete 

cell types. Isolated cells are considered to be where “a population of cells is depleted of cells which share 

particular characteristics” (Sharpe, 1988). However, it is important to note that no separated cell 

population can be considered to be completely “pure”, as a population of one cell type is not entirely 

homogeneous (Baguley and Leung, 2010). The efficiency of a cell separation technique can be 

determined by a combination of purity and “recovery”. Recovery can be considered in two ways: 1. total 

recovery, where the number of separated cells as a percentage of the total cell count of the unseparated 

population, or 2. target recovery, where the number of separated cells are measured against the number 

of target cells in the original population. Total recovery is used in assessing whether cells have been lost 

during the procedure. However, perhaps, the more important of the two is target recovery as this is a 

measure of the number of target cells lost (Sharpe, 1988; Tomlinson et al., 2012). The most central 

concept when performing cell separation is the cell viability, as there is no point in separating cells with 

a high degree of purity if recovered cells are dead or altered as a result of the process. In order to 

maintain cell viability during cell separation procedures, the following needs to considered: firstly, cells 

need to be separated in conditions that are closest to optimal, for example, kept in growth medium and 

at 37oC; secondly, the procedure must not contain any reagents that may damage or change the cells; 

and thirdly, physical stresses such as high g force during centrifugation must be kept to a minimum. 

Furthermore, it is imperative that the separation method itself is brief, again to minimise stresses 

incurred to the cells (Sharpe, 1988; Beaman et al., 2017). The degree of: purity, recovery and viability, 

of the separated cell population is a function of the assay used. 

The choice of cell separation technique is made based on consideration of the following: the initial cell 

source, the characteristics of the cell type, and the required purity of the isolated population. There are 

four main categories of cell separation type (see Table 4.1), these are, 1. by adherence, 2. by density, 3. 

by antibody binding and 4. by lectin binding (Tomlinson et al., 2012).  
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Table 4.1 Main categories of cell separation, their use and pros and cons. See text for source material. 

Cell separation type Uses Pros Cons 

Adherence 
Isolating cells from 
tissue 

Simple and inexpensive Non-specific and relies 
on ability of cells to 
adhere and proliferate 

Density 

Tissues that contain 
many unwanted cells, 
for example, blood and 
bone marrow 

Can be used for large-
scale cell isolation 

Non-specific 

Antibody-binding 

Isolation of cells with a 
known antigen 

High-purity Limited to antibody 
availability and 
presence of unique 
markers for cell type 

Lectin-binding 
Isolation of cells with 
specific glycosylation 
profile 

Purity  Purity based on 
isolation of cells with 
an array of glycans 

 

 

The method of cell isolation by adherence is used for isolating cells from whole tissues, for example, 

isolation of stromal cells from dental pulp (Gronthos et al., 2000), and although it is a simple technique 

and inexpensive, the process is non-specific and reliant on cells to adhere and proliferate. Adherence 

isolation is achieved by disrupting whole tissue by either enzymatic, mechanical or a combination of 

both methods. Then this is followed by subsequent filtration to remove clumps and produce a single cell 

suspension. This is then plated onto an adhesive surface, such as a cell culture flask, and cells are 

cultured until they have adhered. Non-adhered cells are eluted and either retained or discarded 

(Tomlinson et al., 2012).    

Density-based isolation of cells uses centrifugation to separate cells based on cell density relative to a 

graduated separation medium. The most common tissue with which this method is clinically used is 

blood; for example, in processes such as aphaeresis, where mononuclear cells are isolated for treatment 

of conditions such as leukaemia (Buckner et al., 1969). Density-based cell isolation is limited; for 

example, if the densities of cells are similar, it is difficult to isolate a specific cell type.  

Cell separation by antibody labelling can be categorised as either positive isolation, where an antibody 

binds to, and is used to then isolate target cells, or negative-isolation where an antibody binds to and 

isolates unwanted cells therefore leaving targets cells. Antibody-binding provides populations with high 

purity as isolation of target or unwanted cells is dependent on the presence of the particular antigen 

that the antibody is raised against. Antibodies can be bound to, for example, a fluorescent molecule or 

magnetic particles. Alternatively, antibodies can be immobilised on a substrate. Fluorescence activated 

cell sorting (FACS) is a commonly used cell separation technique (Herzenberg et al., 2002). It requires 

cells to be labelled with an antibody conjugated to a fluorescent molecule. Single cells are passed 
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through a laser, the excitation emission of the fluorophore bound to the cell is detected and determined 

to be either above or below the threshold value. By electrically charging the droplet, each cell is 

contained within, and then passes through, charge detector plates. Cells are deflected to designated 

collection tubes and are therefore sorted. FACS allows multiple fluorescent labels to be used to identify 

different cell types, and cells are analysed individually, therefore providing considerable information. 

However, viability of unlabelled cells post-sorting can be reduced due to high likelihood of bacterial 

contamination incurred through the process, and removal of antibodies from cells cannot be achieved. 

FACS is used, for example, in the isolation and sorting of circulating tumour cells (CTCs) of breast cancer 

patients and the subsequent characterisation of tumour-initiating cells from the sorted populations 

(Baccelli et al., 2012). Magnetic activated cell sorting (MACS) uses antibodies bound to magnetic 

particles (Šafařík and Šafaříková, 1999). Unwanted cells are labelled, and, when passed through a 

magnetic field, are retained whilst target un-labelled cells are collected. MACS does not allow for 

analysis of single cells in the way that FACS does, and only one label can be used (Tomlinson et al., 2012). 

MACS can be used for example, in enrichment of CD34+ leukocytes for further characterisation and 

immunophenotyping (Kato and Radbruch, 1992). Antibodies conjugated to magnetic beads are also 

used for small-scale or batch cell separations. An example is, DynaBeads®, patented by Professor John 

Ugelstadv in 1976 (Olsvik et al., 1994). There are further techniques for cell separation that utilise 

antibody-binding, for example, antibodies immobilised to a polymer surface (Adams et al., 2008), 

antibodies immobilised on a column surface (Mahara and Yamaoka, 2010), cryo-gel-based affinity 

chromatography (Kumar and Srivastava, 2010) and aqueous-phase partitioning (Sousa et al., 2011). 

Lectin-based cell separation was first reported by Li and Osgood (1949), where the lectin Phaseolus 

vulgaris agglutinin (PHA) from red kidney beans was used to agglutinate erythrocytes, making their 

density greater so that they could be pelleted out, and thereby isolating leukocytes. Agglutination is an 

historically used technique for cell separation by lectins (Sharon and Lis, 1989). Lectin-based cell 

separation is similar to antibody-based separation except that separation is based on lectin-

identification cell surface sugars. Dodla et al. (2011) reported that the lectin Vicia villosa agglutinin (VVA) 

from the hairy vetch plant could be used for isolation of human neural progenitor cells. Wang et al. 

(2011) reported that lectins can be used for the isolation and identification of human pluripotent stem 

cells (hPSCs). They found that lectins that bound hPSCs and not non-pluripotent stem cells, and 

preferentially bound hPSC proteins, had a high affinity for glycans containing the monosaccharide 

GalNAc. HPA is an example of such a lectin.  

The experiments reported in Chapter 3 revealed great heterogeneity of HPA lectin labelling intensity 

and cell morphology within a cell population. The HPA lectin labelling profiles, as characterised in 

Chapter 3, have also been well documented in the literature for MCF7, ZR741 and BT474 cells (reviewed 

by Brooks et al., 2001). Why such proportions of differentially glycosylated cells exist within in a cell 
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population is unknown and why these proportions remain constant within a cell line is also under 

question. Cellular glycosylation changes in response to events such as inflammation (Dewald et al., 2016) 

and hypoxia (Lehnus et al., 2013) have been observed, so it would be reasonable to assume that cells 

isolated based on their glycosylation profiles would have the ability to change their profile over-time in 

response to cell signalling. 

 

Aims and objectives 

The aims of the experiments in this chapter are to separate the HPA-positive and HPA-negative cell 

populations and investigate whether their glycosylation and morphology changes over time or remains 

constant. Therefore, the objectives of this chapter are to: 

I. Isolate cells based on HPA-binding characteristics. 

II. Assess the morphologies of the isolated populations, at time 0 and over a time course of up to 

72 hours. 

III. Assess glycosylation and morphological characteristics of isolated populations over time. 

IV. Verify that the isolated HPA-positive and HPA-negative populations isolated from the parental 

cell lines are of the same origin.  

 

4.2 Methods 

4.2.1 Cell separation 

The cell separation protocol is based around the optimised HPA lectin labelling protocol developed in 

the work described in Chapter 3 and detailed in Section 2.3. In summary, streptavidin-coupled M280 

Dynabeads® (2.8 µm beads containing 17% iron to make them magnetic, with 650-900 pm of free biotin 

/mg of beads) were incubated with biotinylated-HPA for 30 minutes at room temperature on an end-

over-end mixer. 1 µg of biotinylated HPA to 0.1 µg of streptavidin-coupled M280 Dynabeads® was used 

for the separation of 1 million cells. To minimise stress to the cells, the HPA-bead conjugate was 

incubated with the cells in suspension for 5 minutes at room temperature, also on an end-over-end 

mixer. By limiting the amount of time the cells are at less than optimal temperature and conditions, 

minimal stress was incurred by the cells. Cells which bound to the HPA-bead conjugate were pooled to 

the side of a microcentrifuge tube using a magnet (as the beads are magnetic) for 2 minutes and the 

HPA-negative (un-bound) cells collected at the bottom of the microcentrifuge tube and were aspirated 

leaving only the bound HPA-positive cells. The HPA-negative cells were placed into a new 

microcentrifuge tube and the magnet removed from the HPA-positive cells which were then re-
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suspended. Henceforward, in this chapter, the HPA-negative cell population will be referred to as the 

“N-population” and the HPA-positive cell population as the “P-population”. 

ZR751 cells were used to optimise the procedure as this cell line has equal proportions of HPA-positive 

and HPA-negative cells as demonstrated previously (see Section 3.3.2). Three biological replicates of 

ZR751 cells were used for the cell-separations. The P- and N-populations were grown on separately and 

then lectin labelled and imaged as detailed in Section 2.2 over 72 hours post-separation. The ZR751 cells 

were lectin labelled and imaged at the time points 0, 24, 48 and 72 hours post-separation. This was then 

trialled with MCF7 and BT474 cells – also with 3 biological replicates each – with cells lectin labelled and 

imaged at 0 hours for MCF7 cell and 24 hours for BT474 then 72 hours post-separation for both cell 

lines. Ideally the BT474 cells would also have been images at 0 hours, however the cells were too 

rounded up to be able the discern HPA-labelling. To ensure that exposure to the Dynabeads® itself had 

no effect on the cell sample, a control was performed where cells were subjected to an identical sham 

procedure but without the addition of biotinylated HPA. Cells were imaged using a light microscope and 

observed for HPA-labelling changes over time as detailed in Section 3.2.2.  

4.2.2 NanoZoom assessment of HPA lectin labelling and morphology of isolated populations 

over time 

P- and N-populations derived from ZR751 cells, as detailed in Section 4.2.1, were converted to digital 

images by NanoZoomer 2.0-RS digital slide scanner (Hamamatsu Photonics, Welwyn, UK) which was 

performed by Dr Alison Forhead at Cambridge University. Cells were assessed for HPA-positivity and X:Y 

measurements as described in Section 3.2.3. 

4.2.3 SEM analysis of isolated populations 

MCF7, ZR751 and BT474 cell lines were separated based on their HPA binding status as summarised in 

Section 4.2.1 and described in detail in Section 2.3. Three biological replicates were prepared per cell 

line. 13mm diameter glass coverslips were sterilised in 70% IMS, placed in a cell culture 24-well plate 

and left to air-dry in a class II cell culture hood. A suspension of 40,000 separated cells/ml was prepared 

and 500µl of cell suspension was added per well. Plates were gently swirled once and then left to grow 

at 37oC with 5% CO2 atmosphere for 24 hours. Then, media was aspirated from the wells and the cells 

fixed with 2% v/v glutaraldehyde in PIPES buffer, pH 7.4, for 30min at room temperature. Cells were 

then dehydrated through an ethanol series (10%, 20%, 30%, 50%, 70%, 90%, 95%, 100%) before 3x 

washes in absolute ethanol. The slides were critical point dried, sputter coated in gold and mounted on 

13mm diameter stubs using carbon tabs and then imaged using a Hitachi S3400 scanning electron 

microscope. Critical point drying, sputter coating and training on the Hitachi S3400 scanning electron 

microscope was carried out by Dr Louise Hughes, Oxford Brookes University. 
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Images were captured of individual cells or small groups of cells, so that pseudopodia could be 

discerned. If an HPA-labelled Dynabead was adherent to a cell, it confirmed that the cell was HPA-

positive. Pseudopodia were classified as projections from the main cell body. The HPA lectin labelling 

profile (HPA-positive or HPA-negative) and presence of pseudopodia were recorded for each cell 

captured per cell line.  

4.2.4 CODIS STR analysis 

Having identified a morphological difference between populations of cells isolated based on their HPA-

binding profiles, it was necessary to ensure that the HPA-positive and HPA-negative populations were 

of the same cell line and were not a product of contamination. For this a comparative method of 

identification was used. Combined DNA Index System (CODIS) Short Tandem Repeat (STR) analysis was 

used to verify the cell lines used in this study. STRs are repetitive sequences of DNA, typified by a variable 

number of short sequences ~2-7bp in length (Ruitberg et al., 2001). They are highly polymorphic and are 

good genetic markers. In cell line authentication, 13 CODIS STR loci are employed all of which are (1) 

tetrameric repeat sequences, (2) located on separate chromosomes, (3) characterised in population 

genetics and (4) reproducible (Ruitberg et al., 2001). Of the 13 CODIS STR loci, the loci listed in Table 4.2, 

are generally used for cell line authentication and so where used in the work described here.  

 

Table 4.2 CODIS STR loci primer pair sequences as determined by Azari et al. (2007).  

STR Locus Chromosomal 
location 

Primers 

Amelogenin X,Y (F) 5’-CCC TGG GCT CTG TAA AGA ATA GTG-3’ 
(R) 5’-ATC AGA GCT TAA ACT GGG AAG CTG-3’ 

CSF1PO 5q (F) 5’-AAC CTG AGT CTG CCA AGG ACT AGC-3’ 
(R) 5’-TTC CAC ACA CCA CTG GCC ATC TTC-3’ 

D16S539 16q (F) 5’-GGG GGT CTA AGA GCT TGT AAA AAG-3’ 
(R) 5’-GTT TGT GTG TGC ATC TGT AAG CAT-3’ 

D5S818 5q (F) 5’-GGT GAT TTT CCT CTT TGG TAT-3’ 
(R) 5’-AGC CAC AGT TTA CAA CAT TTG TAT CC-3’ 

D7S820 7q (F) 5’-ATG TTG GTC AGG CTG ACT ATG-3’ 
(R) 5’-GAT TCC ACA TTT ATC CTC ATT GAC-3’ 

THO1 11p (F) 5’-ATT CAA AGG GTA TCT GGG CTC TGG-3’ 
(R) 5’-GTG GGC TGA AAA GCT CCC GAT TAT-3’ 

TPOX 2p (F) 5’-ACT GGC ACA GAA CAG GCA CTT AGG-3’ 
(R) 5’-GGA GGA ACT GGG AAC CAC ACA GGT TA-3’ 

 

Genomic DNA (gDNA) was extracted (as detailed in Section 2.4) from MCF7, ZR751 and BT474 

unseparated parental cell lines as well as HPA-positive and HPA-negative isolated cell populations (cells 

separated as detailed in Section 2.3). A PCR was set up for each of the 7 primer pairs for the STR loci 

detailed in Table 4.2, for each sample, as well as a negative control which contained nuclease-free water 
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instead of gDNA template. PCR was performed using Taq PCR core kit (Qiagen). PCR components per 

reaction are detailed in Table 4.3. The thermocycler program used for the PCR is detailed in Table 4.4. 

The recipe detailed in Table 4.5 was sufficient to cast 2x 0.75mm 12% polyacrylamide gels, to which 10 

µl of PCR product was added per well, as well as 10 µl of 103ng/μl MassRuler™ (Thermo Scientific) per 

gel. The gel was run for 3 hours at 50 volts and then stained using 10mg/ml ethidium bromide for 30 

minutes. The gel was visualised under UV using a ChemiDoc™ XRS+ system with ImageLab™ and images 

were captured.  

 

Table 4.3 Volumes used per PCR reaction and per no temple control (NTC) for CODIS STR.  

Component Volume/reaction (μl) Volume/NTC (μl) 
10x PCR buffer (Qiagen) 2  5  
dNTP (10mM each) 0.4  1  
Forward primer (0.5μM) 0.5  1  
Reverse primer (0.5μM) 0.5  1  
Taq DNA polymerase (5U/µl) 1 1  
NFH2O 10 11  
gDNA (50ng/µl)  1 N/A 
Total reaction volume 20 20  

 

Table 4.4 Thermal profile used for CODIS STR PCR reaction (Azari et al., 2007). 

Step Time (sec) Temperature (oC) 
Initial denaturation 120 94 

35 cycles 
Denaturation 30 94 
Annealing 45 64 
Extension 45 72 

Final extension 600 72 
Hold ∞ 4 

 

Table 4.5 12% polyacrylamide gel recipe sufficient for the casting of 2x 0.75mm gels. 

*Tetramethylethylenediamine was added last. 

Component Volume 
30% Bis-acrylamide (29:1) (Sigma Aldrich®) 4.8ml 
H2O 4.8ml 
5x tris borate EDTA (Sigma Aldrich®) 2.4ml 
10% ammonium persulphate (v/v) (Sigma 
Aldrich®) 

200µl 

Tetramethylethylenediamine* (Sigma Aldrich®) 10µl 
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4.3 Results 

4.3.1 Cells separated based on their HPA-binding profile, revert to mixed HPA-binding 

populations over-time 

In order to independently assess HPA-positive (P-population) and HPA-negative (N-population) cells, 

cells were separated using HPA conjugated to magnetic beads and cultured for 72 hours post-

separation. The HPA-positivity of the isolated P- and N-populations were quantified at 0hrs, 24hrs, 48hr 

and 72hrs post-separation for the ZR751 cell line (illustrated in Figure 4.2) and at 0hr for MCF7 or 24hr 

for BT474 and 72hrs post-separation for both the MCF7 (illustrated in Figure 4.4) and BT474 cell lines 

(illustrated in Figure 4.5). To ensure that the Dynabeads did not bind non-specifically, the ZR751 cells 

were also subjected to a sham separation protocol involving non-HPA labelled beads. As illustrated in 

Figure 4.3, this resulted in no separation of the cells. Figure 4.6 A illustrates the changing HPA-positivity 

proportions over 72 hours post-separation for the ZR751 P- and N-populations. At 0hrs post-separation, 

the ZR751 P-population was 100% HPA +++, and the ZR751 N-population was 100% HPA –. By 24 hours 

post-separation, the ZR751 P-population had become a mixture of highly and moderately HPA-positive 

(61.3% HPA ++ and 38.7% HPA +++), whilst the ZR751 N-population had become a mixture of weakly 

HPA-positive and negative (60.8% HPA + and 39.2% HPA-) cells. By 48 hours post-separation, the ZR751 

P-population had started to become a mixed population (2.15% HPA -, 11.8% HPA +, 58.1% HPA ++ and 

28% HPA +++), whilst the ZR751 N-population had also started to become a mixed population (20.9% 

HPA -, 48.8% HPA +, 26.7% HPA ++ and 3.98% HPA +++). At 72 hours post-separation, the ZR751 P-

population exhibited almost the same HPA labelling profiles as pre-separation (18.9% HPA +, 56.8% HPA 

++ and 24.3% HPA +++), whilst the ZR751 N-population also exhibited HPA labelling proportions similar 

to those seen pre-separation (33.3% HPA +, 54.6% HPA ++ and 12% HPA +++). Both the P- and N- ZR751 

populations had changed their HPA-positivity profile to almost obtain an unseparated proportion of 

HPA-positivity as illustrated in Figure 4.6 B. (pre-separation proportions are 15.6% HPA -, 27.6% HPA +, 

29.2% HPA ++ and 27.6% HPA +++). It was impossible to distinguish HPA – cells in both P- and N- 

populations for 72 hours post-separation, as the haematoxylin counterstain did not work. The lack of 

HPA-negative cells at 72 hours post-separation are therefore considered an anomaly.  

This reversion to pre-separated glycosylation profiles over time was also observed in the MCF7 P- and 

N-populations as illustrated in Figure 4.7 A. MCF7 P-population at 0 hours post separation were 2.3% 

HPA ++ and 97.7% HPA +++, whilst the MCF7 N-population were 100% HPA -. By 72 hours post-

separation, the MCF7 P-population were mixed (2.6% HPA -, 14.06% HPA +, 33.33% HPA ++ and 50% 

HPA +++), whilst the MCF7 N-population was also mixed (3.7% HPA -, 10.55% HPA +, 45.76% HPA ++ and 

40% HPA +++). Therefore, showing a reversion to nearly unseparated proportions as illustrated in Figure 

4.7 B (pre-separation proportions are 7.76% HPA -, 26.12 HPA +, 30.35% HPA ++ and 35.76% HPA +++).  
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This reversion to pre-separated glycosylation profiles over time was also observed in the BT474 P- and 

N-populations, as illustrated in Figure 4.8 A. BT474 P-population 24 hours post-separation were 85.3% 

HPA ++ and 14.7% HPA +++. The BT474 N-population were 84.41% HPA – and 15.58% HPA +. Then, at 

72 hours post-separation, the BT474 P-population were mixed (3.88% HPA -, 49.22% HPA +, 38.76% HPA 

++ and 8.14% HPA +++), whilst the BT474 N-population 72 hours post-separation were also mixed 

(29.35% HPA -, 61.64% HPA + and 9% HPA ++). This again illustrates a reversion to nearly unseparated 

proportions (as illustrated in Figure 4.8 B pre-separation proportions are 19.5% HPA -, 63.24% HPA +, 

14.34% HPA ++ and 2.94% HPA +++).  
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Figure 4.2 ZR751 cells separated and populations cultured over 72 hours post-separation, labelled for 

HPA binding. At 0hrs post-separation the P-population was highly HPA-positive whilst the N-population 

was completely HPA-negative. Over time both the P- and N-populations become a mixture of HPA-

positive and HPA-negative cells. Images here are representative of 3 biological replicates, with 10 images 

captured per replicate and per day. Images captured with a Zeiss Axioplan microscope fitted with a 

JENOPTIK ProgResC3 colour camera. Scale bar = 10 µm. 
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Figure 4.3 Sham separation control. ZR751 cells were subjected to a sham separation protocol using non 

HPA-labelled beads to ensure that the beads themselves were not adhering to them non-specifically. 

Images captured with a Zeiss Axioplan microscope fitted with a JENOPTIK ProgResC3 colour camera. 

Scale bar = 10 µm. 

 

Figure 4.4 MCF7 cells separated and cultured over 72 hours, labelled for HPA binding. At 0hrs post-

separation the P-population was highly HPA-positive whilst the N-population was completely HPA-

negative. At 72hrs post-separation both P- and N-populations were a mixture of HPA-positive and HPA-

negative cells. Images here are representative of 3 biological replicates, with 10 images captured per 

replicate and per day. Images captured with a Zeiss Axioplan microscope fitted with a JENOPTIK 

ProgResC3 colour camera. Scale bar = 10µm. 
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Figure 4.5 BT474 cells separated and cultured over 72 hours, labelled for HPA binding. At 0hrs post-

separation the P-population was highly HPA-positive whilst the N-population was completely HPA-

negative. At 72hrs post-separation both P- and N-populations were a mixture of HPA-positive and HPA-

negative cells. Images here are representative of 3 biological replicates, with 10 images captured per 

replicate and per day. As quantification of HPA-labelling was impossible for the BT474s at 0 hours post-

separation, 24 hours was used instead. Images captured with a Zeiss Axioplan microscope fitted with a 

JENOPTIK ProgResC3 colour camera. Scale bar = 10µm. 

 



Chapter 4    Isolation of viable glycosylation-specific cell populations 
 

108 
 

 

Figure 4.6 A. ZR751 isolated P- (HPA-positive, brown bars) and N- (HPA-negative, blue bars) populations, 

percentage cells exhibiting different degrees of HPA-positivity over 72hrs post-separation. B. 

Unseparated ZR751 cells (pink bars), percentage cells exhibiting different degrees of HPA-positivity. Error 

bars showing standard error of the mean of 3 biological replicates. Initially P- and N-populations are 

completely HPA+++ or HPA-, respectively, however over 72hrs both P- and N-populations exhibit a similar 

HPA labelling profile as the unseparated parental population. 
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Figure 4.7 A. MCF7 isolated P- (HPA-positive, brown bars) and N- (HPA-negative, blue bars) populations, 

percentage cells exhibiting different degrees of HPA-positivity at 0 and 72hrs post-separation. B. 

Unseparated MCF7 cells (pink bars), percentage cells exhibiting different degrees of HPA-positivity. Error 

bars calculated by standard error of the mean with 3 biological replicates. Initially P- and N-populations 

are completely HPA+++ or HPA-, respectively, however over 72hrs both P- and N-populations exhibit a 

similar HPA labelling profile as the unseparated parental population. 

 

 

 

 



Chapter 4    Isolation of viable glycosylation-specific cell populations 
 

110 
 

 

Figure 4.8 A. BT474 isolated P- (HPA-positive, brown bars) and N- (HPA-negative, blue bars) populations, 

percentage cells exhibiting different degrees of HPA-positivity at 24 and 72hrs post-separation. B. 

Unseparated BT474 cells (pink bars), percentage cells exhibiting different degrees of HPA-positivity. Error 

bars calculated by standard error of the mean with 3 biological replicates. Initially P- and N-populations 

are completely HPA+++ or HPA-, respectively, however over 72hrs both P- and N-populations exhibit a 

similar HPA labelling profile as the unseparated parental population. 

 

4.3.2 HPA-negative cells are elongated, whilst HPA-positive cells are rounded  

In order to independently assess the morphology of HPA-positive (P-population) and HPA-negative (N-

population) populations over time, ZR751 cells were separated based on their HPA-binding profiles using 

HPA conjugated to magnetic beads and cultured post-separation for 72 hours. Populations were labelled 

for HPA binding at 0hr, 24hrs, 48hrs and 72hrs post-separation and then digital images of the 

preparations were captured by NanoZoom. The HPA-positivity and X and Y measurement of the cells 

were recorded. Figure 4.9 illustrates ZR751 P- and N-populations at 0hr, 24hrs, 48hrs and 72hrs post-

separation. Both the ZR751 P- and N-populations at 0 hours post-separation are all rounded with an X:Y 

ratio of less than 2:1. Over 72 hours post-separation, the ZR751 P- and N-populations gradually reverted 

to mixed HPA labelled populations with distinct morphologies of the HPA-positive (rounded) and HPA-

negative (elongated) cells within them. As illustrated in Figure 4.10 A, initially, the ZR751 P-population 

were 100% HPA +++ and rounded in morphology with an X:Y ratio of 1.06:1. The ZR751 N-population 

were 100% HPA – and also rounded in morphology with an X:Y ratio of 1.46:1. At 24 hours post-

separation, the ZR751 P-population were split between HPA +++ and HPA ++ and were rounded with X:Y 

ratios of 1.13:1 and 1.04:1, respectively. The ZR751 N-population at 24 hours post-separation were split 
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between HPA – and HPA + cells and were markedly elongated with X:Y ratios of 3.28:1 and 3.08:1, 

respectively. At 48 hours post-separation, the ZR751 P-population consisted of a mixture of HPA 

labelling intensities. Cells that were HPA +++ (X:Y ratio of 1.21:1) were rounded, whilst cells that were 

HPA ++ (X:Y ratio of 2.06:1), HPA + (X:Y ratio of 2.97:1) or HPA – (X:Y ratio of 5.6:1) were elongated. The 

ZR751 N-population also consisted of a mixture of HPA labelling intensities. Again, HPA +++ (X:Y ratio of 

1.67:1) and HPA ++ (X:Y ratio 1.99:1) were rounded, whilst HPA + (X:Y ratio of 2.6:1) and HPA – (X:Y ratio 

of 2.96:1) were elongated. At 72 hours post-separation, both ZR751 P- and N-populations displayed 

similar proportions of HPA positivity and corresponding morphology to that which was observed in 

unseparated ZR751 cells (as illustrated in Figure 4.10 B). These results illustrate that HPA-negative cells 

have an elongated morphology whilst HPA-positive cells have a rounded morphology and confirm that 

cells isolated based on their HPA-binding profile revert to an unseparated HPA-positivity and 

morphology profile over a time frame of 72 hours. 
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Figure 4.9 ZR751 cells separated and populations captured over 72 hours, labelled for HPA binding. 

Initially P- and N-populations were either highly HPA-positive or HPA-negative, respectively. However, at 

72hrs post-separation both the P- and N-populations exhibit similar HPA labelling profiles. Images here 

are representative of 3 biological replicates, with 10 images captured per replicate and per day. Images 

captured with a NanoZoomer 2.0-RS digital slide scanner (Hamamatsu Photonics, Welwyn, UK). Scale 

bar = 25 µm. 
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Figure 4.10 A. ZR751 isolated P- (brown bars) and N- (blue bars) populations, average X:Y ratio against 

HPA-positivity over 72hrs post-separation. B. Unseparated ZR751 cells (pink bars), average X:Y ratio 

against HPA positivity. Error bars calculated by standard error of the mean with 3 biological replicates. 

In isolation as well as unseparated HPA-negative cells remain significantly more elongated than HPA-

positive cells of any intensity. 

 

4.3.3 HPA-negative cells have significantly more pseudopodia than HPA-positive cells 

In order to further assess the morphology of HPA-positive and HPA-negative cells, cells were isolated 

based on their HPA-binding profile using HPA conjugated magnetic beads and imaged using scanning 

electron microscopy (SEM). Single cells were assessed for HPA-positivity and presence of pseudopodia.  

Figure 4.11 illustrates a representative HPA-positive and a representative HPA-negative ZR751 cell. The 

HPA-positive cell is rounded in morphology and the HPA-negative cell is elongated and has many 

pseudopodia. This observation was consistent across the 146 images captured. As illustrated in Figure 

4.12, HPA-negative cells have significantly (MCF7 p<0.05, ZR751 p<0.001, BT474 p<0.001) more 

pseudopodia than the HPA-positive cells. It was observed (as illustrated in Figure 4.13) that when HPA-

positive cells do have pseudopodia, the HPA-binding site (signified by the presence of a Dynabead) is 

usually located opposite to the projection. HPA-negative cells have a more elongated and invasive 

morphology as determined by the incidence of pseudopodia, whilst HPA-positive cells have a round 

morphology and rarely possess pseudopodia.  
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Figure 4.11 ZR751 cells separated and imaged at 24hrs post-separation. A. HPA-positive cell, very 

rounded and no pseudopodia. B. HPA-negative cell, elongated and many pseudopodia. Images here are 

representative of 3 biological replicates, with 10 images captured per replicate. Images captured with 

SEM S3400 (Hitachi). Scale bar = 20µm. 
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Figure 4.12 A comparison of HPA-positive (brown bars) and HPA-negative (blue bars) cells across MCF7, 

ZR751 and BT474 cell lines with pseudopodia. For all cell lines HPA-negative cells are significantly more 

likely to have pseudopodia. Error bars represent standard error of the mean of three biological replicates 

per cell line.  

 

Figure 4.13 SEM image of MCF7 cells, highlighting Dynabead position in opposition to pseudopodia 

formation. Images captured with SEM S3400 (Hitachi). Scale bar = 50µm. 
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4.3.4 CODIS STR analysis 

In order to determine whether the HPA-positive and HPA-negative isolated populations really represent 

different states of a single cell line, or the presence of two separate cell lines through contamination, 

CODIS STR analysis was performed. Every cell line has a characteristic STR profile in which a known 

number of repeats for the STR loci is expected (see Table 4.6). Expected sizes were determined from the 

STRbase (http://www.cstl.nist.gov/div831/strbase/str_fact.htm). As illustrated in Figures 4.14-4.16, the 

same sized bands are present in unseparated parental cell lines, and HPA-positive and HPA-negative 

populations for all cell lines (MCF7, ZR751 and BT474). Table 4.7 details the expected and observed band 

sizes for each cell line. Although, from this simple method of analysis the exact band sizes cannot be 

easily determined, bands sizes across unseparated, HPA-positive and HPA-negative populations are the 

same. Taken together this suggests that the isolated HPA-positive and HPA-negative populations are the 

same as the unseparated parent cell lines.  

 

Table 4.6 CODIS STR loci and alleles for cell lines with expected PCR product sizes as determined by 

STRbase http://www.cstl.nist.gov/div831/strbase/str_fact.htm. Number in brackets indicates expected 

allele repeat characteristic of the cell line. 

STR Locus MCF7  
(allele)  
size bp 

ZR751 
(allele)  
size bp 

BT474 
(allele)  
size bp 

Amelogenin (x) 106bp (x) 106bp (x) 106bp 
CSF1PO (10) 199bp (10) 199bp 

(11) 203bp 
(10) 199bp 
(11) 203bp 

D16S539 (11) 288bp 
(12) 292bp 

(11) 288bp (9) 280bp 
(11) 288bp 

D5S818 (11) 135bp 
(12) 139bp 

(13) 143bp (11) 135bp 
(13) 143bp 

D7S820 (8) 223bp 
(9) 227bp 

(10) 231bp 
(11) 235bp 

(9) 227bp 
(12) 239bp 

THO1 (6) 183bp (7) 187bp 
(9) 195bp 
(3) 171bp 

(7) 187bp 

TPOX (9) 236bp 
(12) 248bp 

(8) 232bp (8) 232bp 
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Figure 4.14 MCF7 STR gels, detailing expected sizes (in red under each gel) of STR loci. U = unseparated, 

P = HPA-positive, N = HPA-negative and NC = negative control.    
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Figure 4.15 ZR751 STR gels, detailing expected sizes (in red under each gel) of STR loci. U = unseparated, 

P = HPA-positive, N = HPA-negative and NC = negative control.  
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Figure 4.16 BT474 STR gels, detailing expected sizes (in red under each gel) of STR loci. U = unseparated, 

P = HPA-positive, N = HPA-negative and NC = negative control.    
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Table 4.7 Expected (E) and observed values for STR loci for MCF7, ZR751 and BT474 for unseparated (U), 

HPA-positive (P) and HPA-negative (N) cell populations. 

STR locus MCF7 ZR751 BT474 
E U P N E U P N E U P N 

Amelogenin 106 ~100 ~100 ~100 106 ~200 ~200 - 106 ~100 ~100 ~100 
CSF1PO 199 ~200 ~200 ~200 199, 

203 
~300 ~300 ~300 199, 

203 
~200 ~200 ~200 

D16S539 288, 
292 

~300 ~300 ~300 288 ~300 ~300 ~300 280, 
288 

- - - 

D5S818 135, 
139 

~150 ~150 ~150 143 ~150 ~150 ~150 135, 
143 

~150 ~150 ~150 

D7S820 223, 
227 

~200 ~200 ~200 231, 
235 

~100 ~100 ~100 227, 
239 

~250 ~250 ~250 

THO1 183 ~200 ~200 ~200 171, 
187, 
195 

~200 ~200 ~200 187 ~200 ~200 ~200 

TPOX 236, 
248 

~200 ~200 ~200 232 ~200 ~200 ~200 232 - - - 

 

 

4.4 Discussion 

4.4.1 The plasticity of glycosylation-specific populations and cell morphology – connection 

between glycosylation and EMT? 

It was observed that when cells were separated based on their HPA-binding glycosylation profile and 

grown-on post-separation, the HPA-positive (P-population) and HPA-negative (N-population) 

populations revert to their unseparated glycosylation profile over a time course of 72 hours. If the 

isolated populations had been observed over a longer period of time than the 72 hours post-separation 

detailed here, exact unseparated HPA-positivity proportions would likely have been achieved. At 0 hours 

post-separation, both P- and N-populations had a rounded morphology, which was consistent with cells 

not having fully adhered to the coverslip, or due to cellular division. However, by 24 hours post-

separation, the HPA-positive cells were observed to have a markedly rounded morphology reminiscent 

of epithelial cells, whilst the HPA-negative cells had an elongated morphology like mesenchymal cells 

(Kalluri and Weinberg, 2009). Interestingly, these glycosylation-related morphological characteristics 

persisted during isolation of the P- and N-populations and their reversion to an unseparated profile. 

Plasticity of the HPA-positive (rounded) and HPA-negative cells (elongated) could be viewed as being 

analogous to EMT-MET and MET-EMT, its reverse process (Tsai and Yang, 2013). That separated cells 

revert to their unseparated glycosylation profiles suggests some form of cell-cell communication 

underlying homeostasis of glycosylation profiles within the cell population. Gill et al. (2010) reported 

that translocation of GALNTs from the Golgi apparatus to the ER increased cell adhesion to the ECM and 
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cell invasiveness, as well as increasing the presence of Tn. They also reported that cell invasion is 

dependent on Tn-bearing proteins on lamellipodia (Gill et al., 2010). This may suggest that modification 

of protein glycosylation alters protein function in this case and therefore may have a role in controlling 

EMT-MET (Kurkon et al., 2015). Park et al. (2010) demonstrated that GALNT6 glycosylates and stabilises 

the oncogene MUC1. MUC1 is often up regulated in breast cancer, and over expression of MUC1 was 

reported by Gnemmi et al. (2014) as inducing EMT features including Snail (an EMT associated 

transcription factor) activation. Taken together, these data suggest a role for glycosylation initiation 

enzymes and glycosylation in control of EMT, consistent with the observations reported here. Freire-de-

Lima et al. (2011) reported that TGFβ, an EMT inducer, promotes up-regulation of site specific O-

glycosylation in the variable region of oncofoetal fibronectin, a major component of the EMC, involved 

in integrin binding and expressed by tumour cells. This demonstrates that O-glycosylation of proteins 

has control over EMT induction.   

4.4.2 HPA-negative cells have an elongated morphology and pseudopodia – a more invasive 

phenotype?  

Shankar et al. (2010) demonstrated that actin-dependant pseudopodia are critical in mesenchymal cell 

migration and together are determinants of EMT. This was achieved by knock-down of four pseudopod-

specific proteins in human tumour cell lines, resulting in reduced actin cytoskeleton dynamics and 

induction of MET. In the work reported here, HPA-negative cells were significantly more likely to have 

pseudopodia than HPA-positive cells. This further suggests that HPA-negative cells have a mesenchymal-

like phenotype and that the plasticity observed between HPA-positive and HPA-negative cells is 

EMT/MET-related. Appeddu and Shur (1994) reported that binding of cell-surface β1,4-

galactosyltransferase (GalTase) to specific N-linked oligosaccharides on laminin mediates cell 

locomotion via pseudopodia. This further identifies glycosylation playing a role in cell migration and 

EMT. In the work reported here, it was observed that when a HPA-positive cell possessed pseudopodia, 

the projection was always opposite the location of the magnetic bead, which could possibly be due to 

steric hindrance caused by the bead binding or, intriguingly, perhaps suggesting that pseudopodia can 

only form where HPA-binding glycans are not present. Hidaka and Mitsui (2015) reported that N-

glycosylation of seizure-related gene 6 (sez-6) regulates cell surface distribution, and therefore 

modulates the position of, filopodia-like protrusions. Furthermore, Nakayama et al. (2012) reported that 

knock-down of WBSCR17 (GALNT20) in HEK293T cells reduced lamellipodia formation. These findings 

suggest that pseudopodia formation and localisation can be a result of glycosylation modulation.  

How the HPA-positive and HPA-negative isolated cell populations revert to a mixed population is a major 

question that is posed from the work reported here. One potential answer is epigenetic regulation of 

the GALNT genes. Gaziel-Sovran et al. (2011) reported that knock-down of mir-30d in melanoma cells 

up-regulated GALNT7 and alters the glycosylation status of the cells. Whilst up-regulation of mir-30d, 
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suppresses GALNT7 and enhances cell invasion. Alternatively, the reversion maybe orchestrated by 

EMT↔MET plasticity.  

To conclude, the work described in this chapter suggests for the first time that GalNAc-glycosylation, 

detected by HPA-labelling, and morphology of cancer cells are interrelated, and plastic, and that cancer 

cells have the ability to regulate their glycosylation profile as a collective population. The ability to alter 

not only their glycosylation status but also their morphology is analogous to the reversible 

developmental program EMT, as discussed in Section 1.2.2.i, and therefore may be important in cancer 

cells ability to successfully metastasise.   

4.4.3 Cell populations isolated based on their HPA-binging profile are from the same parental 

cell line  

In order to determine whether the HPA-positive and HPA-negative isolated cell populations really were 

representing different states, CODIS STR analysis was performed. From these results it was clear that 

the isolated cell populations were not a result of the presence of two separate cell lines but were cells 

from the same cell line with different cell surface properties. It was not possible to determine the exact 

band sizes with the simple CODIS STR method reported here, however band sizes across the 

unseparated, HPA-positive and HPA-negative populations for each cell lines were the same, as illustrated 

in Table 4.6. Most of the observed band sizes were roughly the same as the expected band sizes (as 

illustrated in Figures 4.14-4.16). However, for ZR751 in particular Amelogenin was expected to be 106bp 

but was observed to be 200bp, CSF1PO was expected to be 199bp and 203bp and was observed to be 

300bp, and D7S820 was expected to be 231bp and 235bp but was observed to be 100bp. These observed 

differences in ZR751 unseparated, HPA-positive and HPA-negative cells could potentially mean that the 

cell line is not correctly identified. Furthermore, some non-specific bands were present, for example as 

observed in MCF7 TPOX (see Figure 4.14). This is thought to be a result of technical issues with the PCR 

reaction. For example, as a result of the annealing time being too long or too much primer being added 

which increased the likelihood of non-specific binding. However, the same discrepancies are observed 

in both the unseparated parental cell line and isolated populations of each cell line, confirming that the 

isolated populations arise from a single parental cell line. If more time and resources were afforded to 

the project, it would be preferable to have the unseparated cell lines authenticated. Misidentification 

and cross-contamination of cell lines is a considerable problem which can compromise research 

(Geraghty et al., 2014). It has been reported that 18-36% of cell lines in use are incorrectly designated 

(reviewed by Lacroix, 2007). For example, Liscovitch and Ravid (2007) reported that multi-drug resistant 

breast cancer cell line MCF-7/AdrR were actually cells derived from the ovarian adenocarcinoma cell line 

OVCAR-8. Nelson-Rees and Flandermeyer (1976) demonstrated that a number of supposedly different 

cell lines were in fact all HeLa cells. 
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4.4 Key findings 

• Cells that have been isolated based on their HPA-binding profile and subsequently cultured, 

revert to their unseparated glycosylation profile, as determined by HPA-labelling, over a time 

frame of approximately 72 hours.  

• HPA-positive and HPA-negative cells isolated from the same cell lines have distinct 

morphologies, with the HPA-positive cells being rounded and the HPA-negative cells being 

elongated.  

• The morphologies of the cells separated on the basis of their glycosylation profiles changes over 

a time frame of up to 72 hours consistent with their changing glycosylation. 

• HPA-negative cells are significantly more likely to have pseudopodia and pseudopodia are more 

likely to form where HPA-binding glycans are absent.  

• The separated HPA-positive and HPA-negative cell populations are the same as the unseparated 

cell lines, as determined by CODIS STR analysis. 
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5.0 Molecular analysis of HPA-positive and HPA-
negative populations  

 

5.1 Background 

The clear morphological differences between the HPA-positive and HPA-negative populations and their 

plasticity revealed by the work described in Chapter 4 suggested a potential transcriptomic difference 

between the two populations and so a microarray was performed to help identify any differentially 

expressed genes between the populations A microarray allows for the investigation of gene expression 

between two samples of thousands of genes at a time. This is achieved through fluorescently labelling 

sample cDNA which can then hybridise to DNA probes on the chip, un-bound cDNA is washed away and 

then detection and quantification of the bound fluorescent cDNA follows (Kurella et al., 2001). 

As discussed in Section 1.2.2.i, activation of the developmental program EMT allows epithelial cancer 

cells to disaggregate from tightly structured epithelial cell monolayers, become motile, invade BM and 

ECM and disseminate to distant sites. Thiery (2002) proposed that once mesenchymal cancer cells have 

reached their secondary site, they undergo a reversion to epithelial cells, to form epithelial tumours 

through the process of MET. The plasticity of EMT↔MET in cancer cells may underlie the successful 

completion of metastasis. To understand the dynamics of EMT↔MET plasticity, first the molecular 

mechanisms underlying EMT must be considered. EMT effectors are proteins which identify cells as 

being either epithelial or mesenchymal, such as, E-cadherin, cytokeratin, vimentin and N-cadherin (as 

reviewed by Tsai and Yang, 2013). EMT core regulators are those transcription factors which regulate 

EMT effectors, and can be considered as three groups: (1) SNAI1 and SNAI2, (2) ZEB1 and ZEB2 and (3) 

TWIST1 and TWIST2. SNAI1 (Cano et al., 2000), SNAI2 (Bolós et al., 2016), ZEB1 (Eger et al., 2005), ZEB2 

(Comijn et al., 2001) and TWIST1 (Vesuna et al., 2008) mediate EMT through repression of E-cadherin 

by binding to the promoter region. Casas et al. (2011), reported that TWIST1 and SNAI2 act co-ordinately 

to initiate EMT and that TWIST1 induces SNAI2 to repress E-cadherin. TWIST2 also initiates EMT through 

repression of E-cadherin, but does so through activation of STAT3 (Fang et al., 2011). EMT is thought to 

be generated in response to extracellular signals termed EMT inducers, which induce EMT core 

regulators (Yang and Weinberg, 2008). EMT inducers include, TGFβ (Zavadil and Böttinger, 2005), Wnt 

(Yook et al., 2005) and Notch (Wang et al., 2010b). However, TGFβ appears to be the principal regulator 

of EMT being able to induce EMT at transcriptional, translational and posttranslational levels (reviewed 

by Katsuno et al., 2013).  

Several mechanisms of control of the core regulators have been reported in the literature, suggesting a 

greater level of control of the plasticity of the EMT↔MET program. One such example is the ZEB/miR-
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200 double negative feed-back loop. ZEB factors repress miR-200 transcription through binding to the 

conserved recognition sequence in the promoter region, whilst miR-200 inhibits expression of ZEB by 

binding to sites within their 3’ UTRs (Korpal et al., 2008; Park et al., 2008; Brabletz and Brabletz, 2010). 

A further double negative feed-back loop, SNAI/miR34, was reported by Siemens et al. (2011), which 

was also found to be interconnected to the ZEB/miR200 feed-back loop, which taken together pushes 

cell plasticity (Brabletz, 2012). SNAI represses miR200, whilst ZEB represses miR34. Lu et al. (2013) 

proposed that interconnection of the two negative feed-back loops helps to give rise to hybrid epithelial-

mesenchymal phenotypes that are often seen in cancer cells. Yu et al. (2014) reported that miR-300 

negatively regulates TWIST by binding to the 3’ UTR region. A number of miRs have been reported to 

modulate EMT core regulators and are reviewed by Zheng and Kang (2014). miR control of EMT core 

regulators demonstrates a level of control over the EMT↔MET program that correlates with cellular 

plasticity in cancer metastasis.    

Aims and objectives 

The aims of the experiments in this chapter were to: 

I. To assess the gene expression differences between the populations and highlight any potential 

pathways or processes that the differentially expressed genes may be involved in. 

 

5.2 Methods 

5.2.1 Microarray 

A work-flowchart for the microarray is illustrated in Figure 5.1. Three cell separations were performed 

as detailed in Section 2.3 using MCF7 cells and the HPA-positive and HPA-negative populations were 

pelleted by centrifugation at 1,100 x g for 3min and snap-frozen. RNA was extracted from both 

populations using Tri Reagent as detailed in Section 2.5. The quality of the RNA was assessed using an 

©Agilent 2100 Bioanalyser and if the RIN (RNA integrity number) value was ≥7 it was considered good 

quality. The cDNA was synthesised using a Pico 6000 RNA chip (©Aligent) and the quality checked again 

on an ©Agilent 2100 Bioanalyser. The array used had 12 sub arrays (24 samples) and 135,000 probes. A 

NimbleGen array slide (Roche) was scanned at 3µm on an InnoScan 700 Microarray Scanner for split 

channel Cy3 and Cy5 TIFF images using Mapix version 5.1 software. The TIFF images were aligned to 

their NimbleGen design files and converted into probe intensity values using the NimbleGen DEVA 

software. The data were LOESS normalised for within array variation of Cy3 and Cy5 dyes using the R 

statistical program. This was quintile normalised for across array variation using DNAstar (ArrayStar Inc.). 

The Log2 intensity values were formatted using Excel. The RNA quality assessment, microarray, 
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normalisation processes, heatmap and scatter plot were performed by Dr Ryan Pink of Oxford Brookes 

University. The complete microarray data set was analysed with three different methods, these were: 

(1) with hierarchical clustering using Euclidean distances and centroid linkages to produce a heatmap 

using ArrayStar® software (DNASTAR, Inc), (2) as a pair-wise comparison using scatter plot of expression 

values (log2) of MCF7 HPA-positive versus HPA-negative populations using ArrayStar® software 

(DNASTAR, Inc) and (3) with a volcano plot of expression values (log2) against p values. The microarray 

data was also analysed for genes associated with EMT that had a >1.8-fold change differences between 

MCF7 HPA-positive and HPA-negative cell populations. Furthermore, for significantly altered gene 

expression levels of GALNTs, C1GalT and COSMC, which were investigated previously in the whole cell 

lines (see Section 3.3.4). As well as the top 10 most significantly altered genes. 

 

 

 

 

Figure 5.1 Work-flowchart of microarray.  
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5.2.2 DAVID KEGG pathway analysis 

Analysis was performed on the microarray data so pathways that the differentially expressed genes are 

involved in could be identified. DAVID (The Database for Annotation, Visualization and Integrated 

Discovery, https://david.ncifcrf.gov/) is an online bioinformatics database for microarray data, which 

contains a number of resources to efficiently evaluate the data for example, Annotation Tool, GoCharts, 

KeggCharts and Domain Charts. KeggCharts produce an annotated illustration of a KEGG (Kyoto 

Encyclopaedia of Genes and Genomes) biochemical pathway that several of the differentially expressed 

genes are involved in (Dennis et al., 2003). 

The microarray data were organised into those genes which displayed a 1.8-fold change, the minimum 

limit of detection before measurement noise influences results (Butte et al., 2001) and with <0.06 

significance level between the HPA-positive and HPA-negative cells, in order to encompass those 

differences that are just outside of significant, which may have been reduced as a result of 

normalisation. The EntrezIDs for all the genes which corresponded to these criteria were used within 

DAVID, and KEGG pathway analysis was performed where genes were grouped based on biological 

systems they are known to be within. 

5.2.3 qPCR to validate Microarray data 

Eight genes were selected from the microarray results to have their expression within the HPA-positive 

and HPA-negative populations validated using qPCR. These were: CDH1, VIM, SMAD2, GALNT6, TFPI2, 

SPARC, FBLN1 and ZEB1. The genes were chosen as they were considerably differentially expressed 

between the HPA-positive and HPA-negative cell populations and have been reported in the literature 

to be implicated in EMT. Primers for these genes were designed and are detailed in Table 5.1. Three 

biological replicates each of MCF7, ZR751 and BT474 cells were separated as detailed in Section 2.3 and 

had their RNA extracted as detailed in Section 2.5. The RNA samples were DNase treated (see Section 

2.6) and converted to cDNA (see Section 2.7). qPCRs were run and analysed as detailed in Section 2.8. 
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Table 5.1 Primer pair sequences, and melting temperature (Tm) for genes of interest and reference 

genes, designed and optimised for use with both DNA and RNA.  

Primer name Primer sequence Tm (oC) 
GUSB (F) 5’-AAACCCTGCAATCGTTTCTG-3’ 

(R) 5’-GGCTCCGTATGTGGATGTG-3’ 
64.3 
64.6 

CDH1 (F) 5’-CCCAAGTGCCTGCTTTTGAT-3’ 
(R) 5’-CCTACCCCTCAACTAACCCC-3’ 

59.0 
58.8 

VIM (F) 5’-GCTTCGCCAACTACATCGAC-3’ 
(R) 5’-TTGTCGTTGGTTAGCTGGTC-3’ 

59.4 
58.1 

SMAD (F) 5’-ACTCTCTGATAGTGGTAAGGGT-3’ 
(R) 5’-CGTCTCCAGGTATCCCATCG-3’ 

57.4 
59.4 

GALNT6 (F) 5’-ATTCCCATTCCTCGTCCTTG-3’ 
(R) 5’-CGCAAAGCAGCTGTGTCTAC-3’ 

65.4 
64.2 

TFPI2 (F) 5’-CAGAAGCCCATACAAGTAGCT-3’ 
(R) 5’-CTGCAAGTGAGTGTGGACGA-3’ 

57.5 
60.3 

SPARC (F) 5’-GTGAGATCCGACCATCCCAT-3’ 
(R) 5’-GCTCTTCTCAGGGGCTCTAG-3’ 

59.0 
59.0 

FBLN1 (F) 5’-TTTGAGTATCAGTGCCCCGT-3’ 
(R) 5’-TCCTCGTTGAGATGGTAGCC-3’ 

59.0 
58.9 

ZEB1 (F) 5’-CTCTTTCAGCATCACCAGGC-3’ 
(R) 5’-CAGAACAACAGCTTGCACCA-3’ 

58.9 
59.2 

 

 

5.3 Results 

5.3.1 Microarray 

The complete microarray data set was analysed using three different methods to provide both a visual 

representation of the complex data and a method for measuring similarity between experiments (gene 

ratios), these were, (1) a heatmap, (2) a scatter plot and (3) a volcano plot. The heatmap illustrated in 

Figure 5.2 utilised hierarchical clustering of the genes using Euclidean distances and centroid linkages. 

Gene clusters which are expressed highly (red colour) in MCF7 HPA-positive (right side) are expressed 

lowly (blue colour) in HPA-negative (left side) population and vice versa. The scatter plot as illustrated 

in Figure 5.3 demonstrates the correlation between MCF7 HPA-positive and HPA-negative samples (r2) 

and the number of genes present at specific fold changes between samples as calculated using a 

Student’s t-test. For example, at 2-fold change there are 423 genes with a 95% confidence, at 4-fold 

change there are 32 genes with a 95% confidence and at 8-fold change there are 3 genes with a 95% 

confidence. The volcano plot illustrated in Figure 5.4 demonstrates the spread of the fold change (log2) 

between MCF7 HPA-positive and HPA-negative populations and indicates the number of genes which 

have a >1.8-fold change and <0.06 p value. 
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Figure 5.2 Heatmap produced using ArrayStar® software (DNASTAR, Inc) of gene expression organised 

in to hierarchical clusters of MCF7 HPA-positive (right) versus HPA-negative populations (left). Blue 

colour indicates low gene expression level and red indicates high gene expression level. 
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Figure 5.3 Scatter plot produced using ArrayStar® software (DNASTAR, Inc) illustrating the correlation 

between samples (r2 = 0.8002) and the number of genes present at specific fold changes (log2) between 

MCF7 HPA-positive (x axis) and HPA-negative (y axis) populations.  

 

Figure 5.4 Volcano plot illustrating the number of genes which have a p value (y axis) <0.06 and a fold 

change (log2) (x axis) >1.8 between MCF7 HPA-positive and HPA-negative populations.  
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In order to investigate whether the gene expression patterns of the HPA-positive and HPA-negative 

populations are consistent with their suspected epithelial or mesenchymal phenotypes, MCF7 cells were 

separated based on their HPA-binding profiles, RNA was extracted and microarray was performed. 

Microarray analysis was carried out to investigate transcriptomic differences between HPA-positive and 

HPA-negative cell populations. There was found to be 911 significantly different genes between the 

HPA-positive and HPA-negative cell populations. The microarray dataset was examined for >1.8 fold 

changes in expression levels between HPA-positive and HPA-negative cells of genes known to be 

involved in EMT. As shown in Table 5.2, seventeen genes reported to be involved in EMT had a fold 

change of >1.8 between HPA-positive and HPA-negative cells, five of which were significantly different. 

These were: nidogen 1 (NID1) (p<0.05) up-regulated in HPA-negative cells, complement factor H (CFH) 

(p<0.05) up-regulated in HPA-negative cells, sine oculis homeobox 1 (SIX1) (p<0.05) up-regulated in HPA-

negative cells, wnt family member 2B (WNT2B) (p<0.05) down-regulated in HPA-negative cells. 

 

Table 5.2 Genes reported to be involved in EMT with a fold change greater than 1.8. Significant changes 

are highlighted. *Regulation direction is HPA-negative compared to HPA-positive. 

Entrez 
ID 

Gene name Fold 
change  

p 
value 

Regulation 
direction* 

Reference of involvement 
of EMT 

4811 NID1 5.20 0.02 UP Pedrola et al., 2015 
3082 HGF 4.35 0.06 UP Yu et al., 2009 
3075 CFH 3.59 0.04 UP Orr et al., 2012 
2201 FBN2 3.50 0.04 UP Yang et al., 1999 
6495 SIX1 3.46 0.05 UP Micalizzi et al., 2010b;  

Ono et al., 2012 
7431 VIM 3.30 0.18 UP Mendez et al., 2010 
999 CDH1 3.06 0.14 DOWN Ye et al., 2012 
79977 GRHL2 2.86 0.08 DOWN Werner et al., 2013 
7291 TWIST1 2.76 0.11 UP Lee et al., 2006b 
7482 WNT2B 2.69 0.03 DOWN Kubo et al., 2005 
1290 COL5A2 2.49 0.12 UP Vittal et al., 2013 
6935 ZEB1 2.45 0.07 UP Burk et al., 2008 
4017 LOXL2 2.41 0.12 UP Moon et al., 2013 
6591 SNAI2/SLUG 2.30 0.39 UP Hajra et al., 2002 
1999 ELF3 2.17 0.11 DOWN Yeung et al., 2017 
5157 PDGFRL 2.14 0.15 UP Guo et al., 2013 
655 BMP7 2.09 0.25 DOWN Duangkumpha et al., 2014 
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In order to investigate whether the gene expression profiles of HPA-positive and HPA-negative 

populations have differences in O-glycosylation initiating enzymes the dataset was examined for 

significantly altered expression of GALNTs and the next most commonly acting transferase C1GalT and 

its molecular chaperone COSMC. As shown in Table 5.3, gene expression of two GALNTs are significantly 

altered between the MCF7 HPA-positive and HPA-negative populations. GALNT6 was down-regulated in 

HPA-negative cells (p<0.05), with a fold change of 3.10 and GALNT20 (WBSCR17) was also down-

regulated in HPA-negative cells (p<0.05), with a fold change of 3.22. The remaining 18 GALNTs have 

negligible altered gene expression between the MCF7 HPA-positive and -negative populations. 

 

Table 5.3 GALNTs, C1GALT1 and COSMC gene expression level changes of separated MCF7 cells. 

Significant changes are highlighted. *Regulation direction is negative compared to positive. 

Entrez ID Gene symbol Pseudonyms  Fold change p value Regulation direction* 
2589 GALNT1  1.48 0.20 UP 
2590 GALNT2  1.61 0.24 UP 
2591 GALNT3  1.05 0.85 DOWN 
8593 GALNT4  1.07 0.82 UP 
11227 GALNT5  1.19 0.63 DOWN 
11226 GALNT6  3.10 0.02 DOWN 
51809 GALNT7  1.49 0.26 DOWN 
26290 GALNT8  1.01 0.99 UP 
50614 GALNT9  1.97 0.98 UP 
55568 GALNT10  1.97 0.21 DOWN 
63917 GALNT11  1.16 0.58 DOWN 
79695 GALNT12  1.22 0.59 DOWN 
114805 GALNT13  1.00 0.99 DOWN 
79623 GALNT14  2.12 0.15 UP 
117248 GALNT15 GALNTL2 1.02 0.93 DOWN 
57452 GALNT16 GALNTL1 1.09 0.81 DOWN 
442117 GALNT17 GALNTL6 1.31 0.32 UP 
374378 GALNT18 GALNTL4 1.65 0.12 DOWN 
168391 GALNT19  GALNTL5 1.14 0.63 UP 
64409 GALNT20  WBSCR17, GALNTL3 3.22 0.02 DOWN 
56913 C1GALT1  1.49 0.34 UP 
29071 C1GALT1C1 COSMC 1.50 0.20 UP 
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The dataset was then assessed for the top 10 largest significant fold changes. As shown in Table 5.4, a 

number of these genes are involved in basement membrane and extracellular matrix structure and 

therefore potentially important for cancer cell invasion. The gene with the largest fold change in 

expression level was NID1 (FC 5.21, p<0.05), which was up-regulated in HPA-negative cells. Further 

genes identified to be significantly up-regulated in the HPA-negative cells included, GAD1 (FC 4.73, 

p<0.01) and SPARC (FC 4.64, p<0.01), which have been implicated in cell invasion.  

 

Table 5.4 Top 10 significant gene expression level fold changes between MCF7 HPA-positive and HPA-

negative populations. *Regulation direction is negative compared to positive. 

Entrez 
ID 

Gene name Fold 
change  

p value Regulation 
direction* 

4811 Nidogen 1 (NID1) 5.21 0.02 UP 
5360 Phospholipid transfer protein (PLTP) 5.08 0.02 UP 
28965 Solute carrier family 27 (fatty acid transporter), 

member 6 (SLC27A6) 
4.77 0.02 DOWN 

2571 Glutamate decarboxylase 1 (GAD1) 4.73 0.01 UP 
55243 Kin of IRRE like (KIRREL) 4.64 0.01 UP 
6678 Secreted protein, acidic cysteine-rich (SPARC) 4.64 0.01 UP 
285498 Rich finger protein 212 (RNF212) 4.62 0.009 UP 
1775 Deoxyribonuclease 1-like 2 (DNASE1L2) 4.48 0.02 DOWN 
2192 Fibulin 1 (FBLN1) 4.48 0.03 UP 
6445 Sarcoglycan, gamma (34KDa dystrophin-

associated glycoprotein) (SGCG) 
4.46 0.0004 DOWN 

 

 

5.3.2 DAVID KEGG pathway analysis 

In order to determine links between the differentially expressed genes between the HPA-positive and 

HPA-negative populations genes which had a fold change of ≥1.8 and a p value of <0.06 (a total of 1119 

genes) were used in KEGG pathway analysis. Three pathways were identified, these were leukocyte 

transendothelial migration (significance level 0.062), Toll-like receptor signalling pathway (significance 

level 0.058) and the complement and coagulation cascades (significance level 0.006). The leukocyte 

transendothelial migration pathway (see Figure 5.5) included 11 differentially expressed genes (detailed 

in Table 5.5). The Toll-like receptor signalling pathway (see Figure 5.6) included 10 differentially 

expressed genes (detailed in Table 5.6). The complement and coagulation cascades (see Figure 5.7), 

included 10 differentially expressed genes (detailed in Table 5.7).  

 

 



Chapter 5    Molecular analysis of HPA-positive and HPA-negative populations 
 

136 
 

 

Figure 5.5 Print screen of leukocyte transendothelial migration KEGG pathway. Red stars denote genes 

which have significant changes in expression levels between the MCF7 HPA-positive and HPA-negative 

populations as discerned by the microarray. 

 

Table 5.5 Genes highlighted in transendothelial migration pathway (Figure 5.5) which have significant 

changes in expression levels between MCF7 HPA-positive and HPA-negative populations as discerned by 

microarray. *Regulation direction is negative compared to positive. 

Entrez ID Gene symbol Fold change p value Regulation direction* 
10411 RAPGEF3 1.96 0.03 UP 
6494 SIPA1 1.99 0.05 UP 
9073 CLDN8 2.61 0.03 UP 
58494 JAM2 2.7 0.01 UP 
387 RHOA 2.48 0.03 UP 
6387 CXCL12 2.65 0.03 DOWN 
9075 CLDN2 1.92 0.05 DOWN 
9080 CLDN9 2.44 0.01 DOWN 
5829 PXN 2.14 0.03 DOWN 
8503 PIK3R3 2.14 0.04 DOWN 
399 RHOH 2.09 0.02 DOWN 
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Figure 5.6 Print screen of Toll-like receptor KEGG pathway. Red stars denote gene which have significant 

changes in expression levels between the MCF7 HPA-positive and HPA-negative populations as discerned 

by the microarray. 

 

Table 5.6 Genes highlighted in Toll-like receptor signalling pathway (Figure 5.6) which have significant 

changes in expression levels between MCF7 HPA-positive and HPA-negative populations as discerned by 

microarray. *Regulation direction is negative compared to positive. 

 

 

Entrez ID Gene symbol Fold change p value Regulation direction* 
3456 IFNB1 1.85 0.03 UP 
5608 MAPK6 3.74 0.05 UP 
6696 SPP1 2.74 0.04 UP 
10333 TLR6 2.4 0.02 UP 
3627 CXCL10 1.94 0.02 DOWN 
3665 IRF7 2.23 0.02 DOWN 
5602 MAPK10 2.46 0.04 DOWN 
5803 PIK3R3 2.14 0.03 DOWN 
7097 TLR2 2.5 0.05 DOWN 
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Figure 5.7 Print screen of complement and coagulation cascades KEGG pathway. Red stars denote gene 

which have significant changes in expression levels between the MCF7 HPA-positive and HPA-negative 

populations as discerned by the microarray. 
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Table 5.7 Genes highlighted in complement and coagulation cascades (Figure 5.7) which have significant 

changes in expression levels between MCF7 HPA-positive and HPA-negative populations as discerned by 

microarray. *Regulation direction is negative compared to positive. 

Entrez ID Gene symbol Fold change p value Regulation direction* 
716 C1S 2.32 0.04 UP 
717 C2 1.97 0.04 UP 
3075 CFH 3.59 0.04 UP 
2244 FGB 1.89 0.05 UP 
2266 FGG 2.42 0.02 UP 
5328 PLAU 1.92 0.02 UP 
710 SERPING1 2.14 0.05 UP 
728 C5AR1 2.16 0.03 DOWN 
1604 CD55 2.61 0.04 DOWN 
623 BDKRB1 1.95 0.05 DOWN 

 

 

5.3.3 qPCR to validate microarray data 

In order to validate the microarray data, eight genes were chosen (as detailed in Table 5.8) to assess 

gene expression levels between HPA-positive and HPA-negative cell populations in the MCF7 cell line. 

MCF7 cells were separated based on their HPA-binding profiles and RNA was extracted, converted to 

cDNA and qPCRs were performed. As illustrated in Figure 5.8, when the data are normalised to GUSB, 

the qPCR results, with the exception of SMAD2 agree with those of the microarray. It was observed in 

the microarray data (see Table 5.8) that CDH1 was down-regulated in MCF7 HPA-negative cells, which 

is also observed in the qPCR data. The remaining genes, were found to be up-regulated in MCF7 HPA-

negative cells in the microarray data and the same is also observed in the qPCR data, although not 

significantly so and with the exception of SMAD2. In the qPCR results, MCF7 HPA-positive cells expressed 

significantly more (p<0.05) SMAD2, which is contrary to what was observed in the microarray data (see 

Table 5.8).  
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Table 5.8 Regulation direction, fold change and p values for genes chosen from microarray data to 

validate with qPCR. qPCR results also indicated. *Regulation direction is HPA-negative compared to HPA-

positive. 

Gene 
symbol 

Gene description Gene 
locus 

Fold 
change 

p 
value 

Regulation direction* 
Microarray qPCR 

CDH1 Cadherin 1 16q22.1 3.06 0.14 DOWN DOWN 
VIM Vimentin 10p13 2.77 0.08 UP UP 
SMAD2 SMAD family member 2 18q21.1 2.01 0.05 UP DOWN 
GALNT6 Polypeptide N-

acetylgalactosaminyltransferase 
6 

12q13 1.63 0.02 UP UP 

TFPI2 Tissue factor pathway inhibitor 
2 

7q22 2.38 0.04 UP UP 

SPARC Secreted protein acidic and 
cysteine rich 

5p33.1 2.21 0.01 UP UP 

FBLN1 Fibulin 1 22q13.31 2.16 0.03 UP UP 
ZEB1 Zinc finger E-box binding 

homeobox 1 
10p11.22 2.45 0.07 UP UP 

 

 

 

Figure 5.8 Normalised to GUSB mRNA expression levels of CDH1, VIM, SMAD2, GALNT6, TFPI1, SPARC, 

FBLN1 and ZEB1 for MCF7 cells normalised using the delta delta Ct method to GUSB and HPA-positive of 

the same gene. Three biological replicates per cell line used. Error bars are calculated from standard 

error of the mean. p values calculated from two-tailed t-test. Data is in agreement with what was 

observed in microarray data except for SMAD2 which is in opposition to what was previously observed. 
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Having validated the microarray data for the genes identified (see Table 5.8), expression levels were 

then assessed in the ZR751 and BT474 cell lines. As illustrated in Figure 5.9 A., ZR751 HPA-positive and 

HPA-negative cell populations had a different gene expression profile compared to MCF7 cells (see Table 

5.9) with GALNT6, TFPI2, SPARC and FBLN1 being down-regulated in HPA-negative cells. BT474 HPA-

positive and HPA-negative cell populations (as illustrated in Figure 5.9 B.) also have a different 

expression profile of the genes tested (see Table 5.9) with all genes being up-regulated in HPA-negative 

cells. 
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Figure 5.9 Normalised to ACTB mRNA expression levels of CDH1, VIM, SMAD2, GALNT6, TFPI1, SPACR, 

FBLN1 and ZEB1 for (A.) ZR751 and (B.) BT474 normalised using the delta delta Ct method to GUSB and 

HPA-positive of the same gene. Three biological replicates per cell line used. Error bars are calculated 

from standard error of the mean. p values calculated from two-tailed t-test. Expression levels of the 

genes of interest were different in P- and N-populations of the ZR751 and BT474 cell than was observed 

in MCF7 cells. 
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Table 5.9 A comparison of gene regulation direction, *HPA-negative compared to HPA-positive, for the 

microarray data and all three cell lines (MCF7, ZR751 and BT474). 

Gene symbol Regulation direction* 
Microarray MCF7 ZR751 BT474 

CDH1 DOWN DOWN DOWN UP 
VIM UP UP UP UP 
SMAD2 UP DOWN UP UP 
GALNT6 UP UP DOWN UP 
TFPI2 UP UP DOWN UP 
SPARC UP UP DOWN UP 
FBLN1 UP UP DOWN UP 
ZEB1 UP UP UP UP 

 

 

5.4 Discussion 

In order to investigate transcriptomic differences between the HPA-positive and HPA-negative cell 

populations, a microarray was performed. This was achieved by cell separating MCF7 cells, extracting 

their RNA, performing a microarray and then analysing the microarray dataset. The dataset was assessed 

for significantly differently expressed EMT associated genes between MCF7 HPA-positive and HPA-

negative cells. Nidogen 1 (NID1) was most significantly (p<0.05) up-regulated in HPA-negative cells. NID1 

encodes a BM glycoprotein that is produced predominantly by mesenchymal cells, which mediates BM 

assembly by connection of laminin and collagen IV networks (Patel et al., 2014). Pedrola et al. (2015) 

reported that over-expression of the transcription factor ETV5 induces EMT in endometrial cancer cell 

lines and regulates NID1 expression which modulates cell migration and invasion. This demonstrates 

that NID1 is involved in cell invasive characteristics. Complement factor H (CFH) was the next most 

significantly (p<0.05) up-regulated gene in HPA-negative cells. Orr et al. (2012) reported that CFH is a 

novel EMT marker in prostate cancer. Fibrillin 2 (FBN2) is a component of connective tissue microfibrils. 

Yang et al. (1999) suggested a potential role of EMT in lung development. FBN2 has also been reported 

to differentially regulate TGFβ during bone formation (Nistala et al., 2010). TGFβ is a key regulator of 

EMT; Fibrillin 5 (FBLN5) has been reported by Lee et al. (2008) to both initiate and enhance TGFβ-

induced EMT in breast cancer cells. Taking this into account, it is reasonable to assume that FBN2 could 

also modulate EMT through regulation of TGFβ. Sine oculis homeobox 1 (SIX1) was significantly (p<0.05) 

up-regulated in HPA-negative cells. SIX1 is a transcription factor involved in the regulation of cell 

proliferation, apoptosis and embryonic development. Micalizzi et al. (2010b) reported that SIX1 

overexpression up-regulates TGFβ type I receptor (TβRI) and subsequently activates TGFβ signalling, 

which induces EMT in breast cancer cells. Furthermore, Ono et al. (2012) reported that overexpression 

of SIX1 represses CDH1 through repression of the miR-200-family and expression of ZEB1, therefore 
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promoting EMT in colorectal cancer. Wnt family member 2B (WNT2B) was significantly down-regulated 

in HPA-negative cells. WNT2B is a paralogue of WNT2 and is part of the WNT family of secreted signalling 

factors which are involved in a number of developmental processes. Kubo et al. (2005) reported that 

overexpression of WNT2B inhibited cellular differentiation of progenitor cells in marginal retina by down 

regulating proneural genes, therefore preventing cells from entering the differentiation cascade 

controlled by Notch. Several of the identified genes induce EMT through repression of E-cadherin 

(CDH1), including TWIST1, ZEB1, SIX1, LOXL2, SNAI2 and PDGRRL.  

The microarray dataset was also assessed for significantly different expression of GALNT genes between 

MCF7 HPA-positive and HPA-negative cell populations. It was observed that GALNT6 was significantly 

(p<0.05) down-regulated in HPA-negative cells. GALNT6 has been reported as a useful 

immunohistochemical marker of invasive breast cancer (Berois et al., 2006a), as well as being implicated 

in EMT through the O-glycosylation of fibronectin (Park et al., 2011; Ding et al., 2012b). GALNT20 was 

also significantly (p<0.05) down-regulated in MCF7 HPA-negative cell populations. GALNT20 is fairly new 

addition to the GALNT gene family (Nakamura et al., 2005) but has been implicated in regulation of 

pseudopodia formation (Nakayama et al., 2012), which is linked with invasive characteristics. There have 

been several reports in the literature demonstrating that GALNTs regulate EMT induction and signalling 

molecules as well as facilitating epithelial or mesenchymal phenotypes. For example, Herr et al. (2008) 

demonstrated that GALNT16 (GALNTL1) negatively regulates TGFβ signalling through the modulation of 

TGFβ receptor ActR-IIB. TGF-β is a key EMT inducer, with GALNT16 acting as a regulator to TGF-β 

consequently it is also regulating EMT. A further example or GALNT regulation of EMT is reported by Wu 

et al. (2011) who showed that up-regulation of GALNT2 suppresses EGF-induced cell growth by 

modifying the response of EGFR binding to EGF. Boskovski et al. (2013) demonstrated that GALNT11 

activates Notch signalling cascade, which is also a key EMT inducer. Huanna et al. (2015) reported that 

overexpression of GALNT14 resulted in enhanced cell migration and invasion, as well as up-regulation 

of the mesenchymal markers N-cadherin, vimentin, MMP-2, VEGF and TGFβ and the down-regulation 

of epithelial marker E-cadherin. Taken together, it is clear that GALNTs and therefore glycosylation which 

is commonly de-regulated in cancers is interconnected and potentially regulating EMT↔MET. Taken 

together these findings indicate that GALNT6 and GALNT20 may play a role in regulating protein O-

glycosylation between HPA-positive and HPA-negative MCF7 cell populations. 

The microarray dataset was also assessed for the top 10 genes with the largest significant fold change 

in expression levels between the MCF7 HPA-positive and HPA-negative cell populations. It was observed 

that the gene with the largest fold change was NID1 (FC 5.21, p<0.05). This gene encodes a glycoprotein 

which establishes and maintains basement membrane structure as well as interacting with cell receptor 

molecules and controlling cell polarisation, migration and invasion. It has also been reported that NID1s 

promoter is aberrantly methylated in colon and gastric cancers, which prevents transcription of nidogen 
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1, therefore weakening the basement membrane architecture and providing favourable conditions for 

cell invasion to occur (Ulazzi et al., 2007). A further gene identified was GAD1 (FC 4.73, p<0.01), which 

encodes the enzyme glutamic acid decarboxylase 1 that catalyses the production of γ-aminobutynic acid 

(GABA) from L-glutamic acid, the principle neurotransmitter in the brain. Kimura et al. (2013) reported 

that up regulation of GAD1 was characteristic in oral squamous cell carcinoma and that GAD1 correlated 

with cell invasiveness and migration by regulating β-catenin translocation to the nucleus and subsequent 

MMP7 activation. SPARC (FC 4.64, p<0.01) encodes a secreted extracellular glycoprotein associated with 

morphogenesis and tissue remodelling and has been reported to modulate the expression of several 

MMPs including MMP2 in breast cancer cell lines (Gilles et al., 1998).  

To further analyse the microarray data KEGG pathway analysis was performed. Genes which were found 

to have >1.8-fold change with a p value of <0.06 were used within the KEGG pathway analysis to find 

correlations between the 1119 genes which were significantly changed. Three pathways were identified, 

these were: transendothelial migration pathway, Toll-like receptor signalling pathway and complement 

and coagulation cascades. The transendothelial migration is important in cancer cell metastasis as they 

must leave the circulation to form secondary tumours (see Section 1.2.5). For this pathway to be 

highlighted here could suggest that there the isolated cell populations have the ability to successfully 

extravasate. The genes which were involved in the transendothelial migration pathway included several 

junctional maintenance genes which can be misregulated and lead to a mesenchymal phenotype 

through loss of cell-cell junctions. Ras homolog family member A (RHOA) was significantly (p<0.05) up-

regulated in HPA-negative cells. RHOA controls cell adhesion and motility through regulation of the actin 

cytoskeleton by actomyosin contractility. Yoshioka et al. (1999) reported that over-expression of RHOA 

increased the invasive ability of tumour cells. Phosphoinositide-3-Kinase Regulatory Subunit 3 (PIK3R3) 

was significantly (p<0.05) down-regulated in HPA-negative cells. Wang et al. (2014) reported that 

overexpression of PIK3R3 increased cell invasion. The Toll-like receptor signalling pathway is part of the 

innate immune system and results in inflammation, which is conducive to cancer cell proliferation (Chen 

et al., 2007). The complement cascade promotes a number of cancer traits (reviewed by Rutkowski et 

al., 2010) as too does the coagulation cascade (reviewed by Falanga et al., 2003). Taken together, gene 

expression patterns determined in the work presented in this chapter and through microarray analysis 

are consistent with results obtained in previous chapters that suggested that both the MCF7 HPA-

positive and HPA-negative cell populations possess characteristics that collectively are important for 

successful metastasis. 

Microarrays are reliant on many steps and normalisation processes and so can provide potentially 

unreliable data (Smyth et al., 2003). To resolve this, several genes were chosen for qPCR analysis in order 

to validate the microarray data. The genes were: CDH1, VIM, SMAD2, GALNT6, TFPI2, SPACR, FBLN1 and 

ZEB1. MCF7 cells were separated based on their HPA-binding profile, RNA was extracted and converted 
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into cDNA and subjected qPCRs. It was found that MCF7 HPA-isolated populations had the same 

expression profile as determined by microarray, except for SMAD2, therefore largely-validating the 

microarray data. ZR751 and BT474 cell lines where then assessed for their expression of the same genes. 

As detailed in Table 5.9, all three cell lines had different expression profiles of the genes tested. BT474 

HPA-negative isolated cells expressed both CDH1 and VIM than HPA-positive cells, which suggests that 

these cells are “metastable” and have features of both epithelial and mesenchymal cells (Lee et al., 

2006a). ZR751 HPA-negative cells expressed less GALNT6, TFPI2, SPARC and FBLN1 than HPA-positive 

cells which was opposite to what was observed in both MCF7 and BT474 cells. Perhaps suggesting that 

the transcriptomic expression of the genes tested are not directly related to the cells glycosylation 

profiles.  

5.5 Key findings 

• A number of EMT associated genes (NID1, CFH, FBN2, SIX1, WNT2B) were significantly 

differentially regulated between the HPA-positive and HPA-negative cell populations, as 

determined by microarray and were consistent with their epithelial-like and mesenchymal-like 

phenotypes, respectively. 

• GALNT6 and GALNT20 were significantly down regulated in MCF7 HPA-negative cells, as 

determined by microarray, possibly suggesting a role of these genes in synthesis of truncated 

O-glycans in HPA-positive cells. 

• DAVID analysis of the microarray data revealed several KEGG pathways that differentially 

expressed genes were involved in. One of these pathways was transendothelial migration, a key 

stage in the metastatic cascade. 
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6.0 Functional differences between HPA-positive and 
HPA-negative populations  

 

6.1 Background 

HPA labelling has been reported as being associated with metastatic competence of cancer as reviewed 

by Brooks (2000) and in Section 1.4 of this thesis. As observed during the work described in Chapter 4, 

HPA-negative cells have a motile, invasive, mesenchymal-like phenotype and HPA-positive cells have a 

rounded, epithelial-like phenotype. Furthermore, it was observed in Chapter 4 that when cells were 

separated based on their HPA binding profiles, they reverted to a mixed population over 72 hours, 

suggesting that the cells have the ability to transition between HPA-positive (epithelial-like) and HPA-

negative (mesenchymal-like) states and vice versa. It was observed in the work described in Chapter 5 

that a number of EMT↔MET associated genes were dysregulated between the MCF7 HPA-positive and 

HPA-negative cells. If the cells are able to utilise both the adhesive traits associated with epithelial cells 

and the motile/invasive characteristics of the mesenchymal cells, related to their glycosylation, then this 

would hypothetically aid in successful metastasis. In order to investigate the different aspects of the 

metastatic cascade that HPA-positive and HPA-negative cells may be involved in, cell migration and 

invasion assays as well as cell adhesion assays will be considered.      

6.1.1 Cell migration and invasion assays 

Cell migration and cell invasion are terms that are often used interchangeably; however, in experimental 

cell biology they are distinct terms (Kramer et al., 2013). Migration refers to the directed movement of 

cells on a substrate occurring on a 2D surface without any obstructive fibre network; whilst invasion is 

cell movement through, and remodelling of, a 3D matrix (Kramer et al., 2013). The process of cell 

invasion is composed of adhesion to, and proteolysis of, ECM and also migration (Friedl and Wolf, 2009), 

therefore making migration a condition of invasion. There are many in vitro and in vivo assays which 

measure the invasive or migratory potential of a cell. Only in vitro assays will be discussed here, but for 

a comprehensive review of in vivo assays see Wolf et al. (2009) and Zhou et al. (2011). The choice of 

migration or invasion assay to use depends on cost, technical experience, cell type and depends on what 

needs to be observed (see Tables 6.1 and 6.2). Firstly, cell migration assays will be considered. Cell 

migration assays in vitro can be categorised as either those which assess filling a space, single-cell 

tracking or those which use a chemoattractant. Space filling assays include wound-healing or scratch 

assays, cell exclusion zone assays, fence or ring assays, microcarrier bead assays and spheroid migration 

assays. Single-cell tracking assays include single cell motility assays and time-lapse cell tracking assays. 
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Those which use a chemoattractant include transwell migration or Boyden chamber assays and capillary 

chamber migration or microfluidic chamber assays. 

Wound-healing or scratch assays allow for the study of cell migration on a 2D surface. A cell monolayer 

is artificially “wounded” by removing a line of cells by scratching with an instrument along the 

monolayer. Cell migration can then be studied from the undamaged area into the scratch and cell 

movement calculated by measuring the reduction of the scratched area at different time points until 

the “wound” is “healed”. This method of assessing cell migration is inexpensive, requires no specialised 

equipment and is easy to analyse (Justus et al., 2014). However, discriminating between cell migration 

and cell proliferation in a wound-healing assay that lasts for longer than 24 hour is dependent upon the 

cells doubling time, so slow migrating cell types can be difficult to assess in this assay. Furthermore, 

discrepancies in scratch thickness, folded cells at the edge of the wound that can subsequently re-attach 

to the wounded site and artefacts induced from mechanical cell damage can all affect the results of the 

assay (Kam et al., 2008). To avoid these issues, further techniques have been developed such as the cell 

exclusion zone assay where a silicone stopper or a dissolvable biocompatible gel creates a 2mm 

diameter cell-free zone. This method is highly reproducible and causes no cell damage. However, care 

must be taken when setting up the assay as cells can migrate into the exclusion zone if the silicone 

stopper is not secured properly. Alternatively, fence or ring assays are the reverse of an exclusion zone 

assay where-by cells are seeded into an artificial “fence” until a monolayer is achieved and then the 

“fence” is removed and cells can migrate radially outwards (Ashby and Zijlstra, 2012).   

Microcarrier bead assay uses cells grown on the surface of microcarrier beads, which are then placed 

on a 2D cell culture surface which they migrate on to. The microcarrier is removed after a set period of 

time and the number of cell migrated onto the culture surface is assessed. By culturing cells on the 

microbead, cell-cell contacts are established, which mimic tight contacts of cells in vivo (Rosen et al., 

1990). However, this technique requires technical experience and is expensive. To better mimic in vivo 

tumour structure, an improvement on the microcarrier bead assay is the spheroid migration assay which 

combines the 3D structure of a spheroid with 2D migration across cell culture plates. The cell spheroid 

much more closely mimics micro-metastases than the microcarrier bead assay as different cellular 

states, nutrient and oxygen supplies are modelled depending on cell location in the spheroid. Again, this 

technique requires technical expertise and is only possible if cells can form spheroids (Pedersen et al., 

1994).   

A single-cell motility assay is used to observe the undirected migration of single cells. One method to do 

this uses cell culture plates coated with colloidal gold particles which, when observed using a light 

microscope, appear as a layer of dark dots. Alternatively, quantum dots can be used. Cells seeded onto 

this layer migrate through by phagocytosing the gold particle thereby leaving a white trail, which can be 

imaged and quantified (Niinaka et al., 2001). Absolute cell speed can be determined via this method, 
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although analysis is labour intensive as only one track can be analysed at a time. An improvement on 

this method is time lapse cell tracking which uses video-microscopy to track multiple cell tracks at once 

and can be automated (Debeir et al., 2005). 

The transwell migration assay was first reported by Stephen Boyden (1962) for the study of leukocyte 

chemotaxis, so is also referred to as a Boyden chamber assay. The transwell assay system is comprised 

of two chambers separated by a permeable membrane. Cells are added to the top chamber in serum-

free (SF) or reduced serum medium and vertically transmigrate through the membrane towards the 

chemoattractant (serum-containing medium or higher serum concentration medium) contained in the 

bottom chamber. The size of the pores in the membrane vary from 3μm to 12μm, and which pore size 

to choose depends on the size of the cells used in the assay. The pore size should be smaller than the 

cell size to prevent non-specific passage. Incubation time for the assay is cell-specific so should be 

optimised for each cell type used. Removal of non-invaded cells which remain on the upper surface of 

the membrane is performed by wiping with a cotton swab. Quantification of the number of migrated 

cells can be performed two ways. Firstly, migrated cells can be fixed and stained with cytological dyes 

such as haematoxylin and the number of cell counted. Alternatively, cells can be fluorescently stained, 

and removed from the membrane by trypsinisation, and subsequently quantified using a fluorescent 

reader. This is less time consuming and can be more sensitive than counting cells manually but all non-

invaded cells must be removed for accuracy (Harisi et al., 2009). Alternatively, NeuroProbe have 

developed a system that uses “bubble entrapment” and the use of dark coloured porous membranes 

which block light transmission, therefore removing the need for two chambers and allowing the process 

to be reduced in size so that experiments can be carried out on 96-well plates and accurately quantified 

using a fluorescent plate reader (Frevert et al., 1998). The transwell method of measuring cell migration 

is inexpensive, easy to set up with no special equipment other than the transwell plate and is readily 

available commercially. However, optimisation can be time consuming and choice of quantification 

method can affect reliability of results.  

The capillary chamber migration assay uses two parallel chambers connected by a narrow bridge 

(capillary tube). On one side, a chemoattractant is added, and cells are added to the other. The number 

of cells in the capillary tube is a measure of the migratory ability of the cells. This approach uses small 

assay volumes making it a suitable choice for rare cell types or expensive reagents, although the small 

reagent volumes mean frequent medium changes are required (Kramer et al., 2013).  
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Table 6.1 Assessment of types of in vitro cell migration assays. See text for source material.  

Assay Type Pros Cons 
Wound-healing Space-fill assessing 

2D migration 
Inexpensive, no specialised 
equipment needed, easy 
analysis 

Can only be observed 
≤24hr, not consistently 
reproducible, can damage 
cells 

Exclusion zone 
migration 

Space-fill assessing 
2D migration 

Reproducible, no cell 
damage, readily available 
commercially 

Needs to be set-up 
correctly, can only be used 
to assess adherent cells 

Fence Space-fill assessing 
2D migration 

Reproducible, no cell 
damage, readily available 
commercially 

Needs to be set-up 
correctly, can only be used 
to assess adherent cells 

Microcarrier 
bead 

Space-fill assessing 
2D migration 

Mimics cell-cell contact of a 
tumour 

Expensive, requires 
technical experience, kits 
not readily commercially 
available 

Spheroid 
migration 

3D to 2D space-fill Mimics micro-metastases Expensive, requires 
technical knowledge, no kits 
commercially available 

Single-cell 
motility 

Single-cell tracking 
of 2D migration 

Can calculate absolute cell 
speed, undirected cell 
movement 

Analysis is time consuming 

Time lapse cell 
tracking 

Single-cell tracking 
of 2D migration 

Can be automated, can track 
several cells at once, can 
calculate absolute cell speed 

Equipment and software 
can be expensive 

Transwell 
(Boyden 
chamber) 

Vertical 
chemotaxis 
assessing 2D 
migration 

Inexpensive, easy to set up, 
readily available 
commercially 

Optimisation needed, 
quantification method 
affects reliability of results 

Capillary 
chamber 
migration 

Horizontal 
chemotaxis 
assessing 2D 
migration 

Good for rare cells or 
expensive reagents as only 
small volumes needed 

High maintenance, difficult 
to automate  

 

Cell invasion assays are similar to migration assays except they assess 3D cell movement, so all assays 

include a matrix component for cells to invade through. Cell invasion assays in vitro, like cell migration 

assays, can be categorised as either those which assess filling a space, single-cell tracking, those which 

use a chemoattractant and those that use spheroids.  

Exclusion zone invasion assay, sometimes called Platypus invasion assay, after the first company to 

manufacture them, is similar to the exclusion zone migration assay as invasion of cells into the exclusion 

zone is monitored over time and quantified. However, the setup of the assay is slightly different: a thin 

layer of basement membrane extracts (BME) which is ECM found at the base of lumen-lining epithelial 
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and endothelial cells is added to the bottom of a 96-well plate and a silicone stopper is added to create 

an exclusion zone. Cells are seeded and allowed to adhere to the ECM. The stopper is removed and a 

second thicker layer of BME is added, sandwiching cells between two sheets of ECM and leaving the 

exclusion zone to be all ECM (Lim et al., 2010). A simpler version of this assay is also used where cells 

are added on top of a column of ECM or collagen I and are observed as they invade vertically (Burgstaller 

et al., 2013).  This assay is a standardised technique and is commercially available and easy to set up. 

However no chemokine gradient is used, so migration is undirected and cells are suspended singularly 

in the ECM and no cell-cell contacts are made. This makes the assay limited in modelling in vivo processes 

(Kramer et al., 2013).  

3D cell tracking uses time-lapse video-microscopy and computer-aided analysis to follow the invasion 

patterns of cells in a 3D ECM allowing for assessment of cell conformational changes and proteolysis of 

ECM (Zaman et al., 2003). It is challenging to track cells in a 3D environment over time and microscopy 

techniques such as wide field, confocal and multiphoton can be used (Rabut and Ellenberg, 2004). Only 

a limited number of cells can be analysed at one time as the process is time consuming. Furthermore, 

specialised equipment and technical knowledge is required.  

Spheroid single-cell invasion assays measure the invasive property of a cell type A (invasive cell 

suspension) into a spheroid of cell type B (non-invasive) (Kramer et al., 2013). Cell type A adheres to the 

spheroid and invades inwards. Spheroid confrontation assays measure the invasion of cell type A 

(invasive spheroid) into a spheroid of cell type B. If invasive, the two spheroids will join and spheroid 

type A will invade into the spheroid type B. However, if non-invasive, then a distinct border will form 

between the two spheroids (Hatterman et al., 2011). Spheroid gel invasion assays measure the astral 

outward invasion of a single spheroid suspended in ECM (Del Duca et al., 2004). If the cells are non-

invasive then the spheroid remains as a compact ball with a distinct border with the ECM (Vinci et al., 

2015).  Quantification of invasion in the spheroid techniques is achieved by either confocal microscopy 

or by paraffin wax embedding and sectioning for immunocytochemical analysis. Spheroid assays most 

closely mimic in vivo tumour cell clusters and are therefore considered preferable to other cell invasion 

assays (Vinci et al., 2015). However, these assays are limited to cells that can form spheroids, 

quantification of invasion is difficult, the techniques are not standardised or readily available 

commercially and some technical expertise is required. Therefore, spheroid invasion assays are 

uncommonly used even though they most closely reflect in vivo circumstances.  

Transwell invasion assay uses the same technique as transwell migration assay except that a thin layer 

of ECM overlays the permeable membrane. The ECM is usually composed of either BME or collagen I. 

The ECM blocks the pores of the membrane, therefore preventing non-invasive cells from migrating 

through, whilst invasive cells can degrade matrix and invade through the ECM layer (Justus et al., 2014). 
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Transwell invasion assays are commonly used as the protocol is standardised, although analysis of 

invaded cells by cytological staining and cell counting can be unreliable (Albini et al., 2004).  

 

Table 6.2 Assessment of types of in vitro cell invasion assays. See text for source material. 

Assay Type Pros Cons 
Exclusion zone 
invasion 

Space-fill assessing 
3D invasion 

Commercially 
available, standardised 
technique, easy to 
setup 

No chemokine gradient, single 
cell suspension no cell-cell 
contact 

3D cell tracking Single-cell tracking 
of 3D invasion 

Monitoring of 3D cell 
movement in real-
time 

Specialised equipment and 
technical knowledge, limited 
analysis, expensive 

Transwell 
invasion 

Vertical chemotaxis 
assessing 3D 
invasion 

Commercially 
available, standardises 
technique, easy to 
setup 

Can be difficult to analyse 

Spheroid single-
cell invasion 

3D invasion of non-
invasive spheroid 

Closely mimics in vivo 
architecture  

Non-standardised, not 
commercially available, 
technical knowledge needed, 
cells must be able to form 
spheroids 

Spheroid 
confrontation 

3D invasion of 
invasive spheroid 
and non-invasive 
spheroid 

Closely mimics in vivo 
architecture 

Non-standardised, not 
commercially available, 
technical knowledge needed, 
cells must be able to form 
spheroids 

Spheroid gel 
invasion 

3D invasion of 
spheroid into ECM 

Closely mimics in vivo 
architecture 

Non-standardised, not 
commercially available, 
technical knowledge needed, 
cells must be able to form 
spheroids 

 

6.1.2 Endothelial cell adhesion assays 

Endothelial cell adhesion assays are used to model cancer cells adhesion to, and subsequent 

extravasation from, blood vessels into tissues (as discussed in Section 1.2.5). In vivo mouse models of 

extravasation are often performed with intravital video microscopy as reviewed in Xu et al. (2011). 

However, here in vitro assays only will be discussed (see Table 6.3). Assays which mimic vascular 

adhesion and extravasation in vitro fall into two categories: those which are performed under static 

conditions and those which are performed under flow conditions. Static assays are performed by 

growing a monolayer of endothelial cells, which prior to the experiment are activated by pro-
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inflammatory cytokines such as TNF-α to increase expression of cell surface proteins which facilitate 

attachment of cancer cells to endothelial cell surface (Lowe and Raj, 2015). Before being added to 

endothelial cell monolayer, cancer cells are labelled with an amphiphilic fluorescent probe so that they 

can be differentiated from the endothelial cells once bound. Labelled cancer cells are removed from 

culture flask with a non-enzymatic dissociation reagent and incubated with the endothelial cell 

monolayer for a period of time. Non-bound cells are removed and the bound cells counted (Glinsky et 

al., 2000; Wilhelmsen et al., 2013). Static assays are easy to perform and require no special equipment 

or specialist technical expertise; however this assay does lack the physiological variable of fluid shear 

stress (Lawrence and Springer, 1991). Alternatively, it could be argued that static assay better represents 

vascular adhesion of cells which have arrested in small capillaries (as discussed in Section 1.2.5). Certain 

adhesive interactions can only occur under shear flow and cannot be studied under static conditions 

(Lawrence et al., 1997). Flow adhesion assays are generally performed using a parallel plate flow 

chamber which simulates physiological flow rates (Lane et al., 2012). The equipment consists of a 

transparent chamber which is mounted on an inverted microscope. A heater is placed in the chamber 

to maintain a temperature of 37oC. Endothelial cell monolayers are established on a microslide, which 

consists of separate wells supplied by a single inlet and a single outlet, and placed into the chamber. The 

chamber connects to a syringe pump which is set to a specific with-drawal rate depending on shear 

stress required. Cells can be introduced at the microslide inlet (Shetty et al., 2014). Video microscopy is 

used to capture cells adhering to endothelial cells under flow.  

Alternatively, Bapu et al. (2014) reported a simpler flow adhesion assay which allowed for the study of 

vascular adhesion under sweeping flow, termed the rocking adhesion assay. This assay allows for the 

study of adhesion under flow but does not need the expensive specialised equipment that for example 

the parallel plate flow chamber requires. The assay setup is the same as detailed for the static assay 

where endothelial cells are grown on glass bottomed cell culture plates to confluence. Prior to the assay, 

the endothelial monolayer is activated with cytokine stimulation. Cancer cells are labelled with an 

amphiphilic fluorescent probe so that they can be differentiated from the endothelial cells once bound 

and removed from their cell culture flask with a non-enzymatic dissociation reagent. Labelled cells are 

introduced to the activated endothelium and placed on a rocking platform which instigates the sweeping 

flow for a period of time. Non-bound cells are removed and the bound cells quantified using 

fluorescence microscopy. Flow adhesion assays mimic physiological shear flow conditions, however 

require specialised equipment and technical knowledge, however the rocking adhesion assay provides 

a simpler experimental setup to study adhesion under sweeping flow (Bapu et al., 2014).   
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Table 6.3 Assessment of types of in vitro endothelial adhesion assays. See text for source material. 

Assay Type Pros Cons 

Static 

Mimics cancer cell 
adhesion to vascular 
endothelium under 
static conditions 

Easy to setup, requires 
no specialised 
equipment. Mimics 
static flow for example 
stasis in small 
capillaries 

Does not mimic 
physiological flow 
conditions 

Flow 

Mimics cancer cell 
adhesion to vascular 
endothelium under 
flow conditions 

Better mimics 
physiological shear 
flow conditions 

Specialised equipment 
and technical 
knowledge required. 
Weakly adherent cells 
cannot be studied 

Sweeping flow 
(rocking assay) 

Mimics cancer cell 
adhesion to vascular 
endothelium under 
sweeping flow 
conditions 

Easier to setup than 
flow assays. Doesn’t 
remove weakly 
adherent cells 

Some specialised 
equipment required. 
Does not mimic 
physiological flow 
conditions 

 

After considering the different in vitro assays available to investigate cell invasion and migration as well 

as cell adhesion, it was decided that a Matrigel (transwell) cell invasion assay and a static adhesion assay 

would be employed. When cells were separated based on their HPA binding profile morphological 

differences were observed between the HPA-positive and HPA-negative isolated populations as detailed 

in Chapter 4. HPA-negative cells were observed to have an elongated morphology with multiple 

pseudopodia suggesting a more mesenchymal-like phenotype. The presence of pseudopodia on the 

HPA-negative cells suggested an invasive phenotype (Weaver, 2006). To test the invasiveness of the 

HPA-negative cells the Matrigel invasion assay offered a readily available standardised technique. The 

HPA-positive cells were observed as having a rounded morphology reminiscent of epithelial cells, and 

HPA positivity has also been reported to be associated with metastatic competence of tumours (see 

Section 1.4). Previously in our laboratory, a rocking adhesion assay has been optimised and employed, 

and has been used to model cancer cell adhesion to endothelium of blood vessels under conditions of 

sweeping flow (Bapu et al., 2014). Using this system it was demonstrated for whole cell lines (MCF7, 

ZR751, BT474) that HPA-binding glycans are functionally involved in cancer cell adhesion to endothelial 

cells under sweeping flow conditions (Bapu et al., 2016). However, adhesion under static conditions had 

not been trialled and the static assay is much simpler to perform than the rocking adhesion assay. 

In the work described here therefore, a static adhesion assay was used as this it is a simple technique 

that requires no specialist equipment and mimics adhesion to vascular endothelium under static 

conditions, for example, during stasis in capillaries (as discussed in Section 1.2.5).  
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Aims and Objectives 

The work described in this chapter aimed to assess the behaviour of the HPA-positive and HPA-negative 

cell populations in models of different aspects of the metastatic cascade. This was achieved by:  

I. The use of a Matrigel invasion assay to assess invasive abilities such as motility and degradation 

of Matrigel matrix. 

II. The use of a static adhesion assay to assess the cell adhesion to activated endothelial cells. 

 

6.2 Methods 

6.2.1 Matrigel® invasion assay 

See Figure 6.1 for protocol overview.  

Preparation of Corning® BioCoat™ Matrigel® plate 

A Corning® BioCoat™ Matrigel® plate was removed from storage at -20oC and allowed to equilibrate to 

room temperature (~30min). After this time, the Matrigel® matrix was rehydrated by adding 500µl of 

warmed (37oC) serum free (SF) tissue culture medium to the insert and 500µl to the well and both were 

incubated for 2hr in a humidified tissue culture incubator at 37oC with 5% CO2 atmosphere. Once 

rehydrated, the SF-medium was aspirated from both the well and the inserts and 750µl of complete 

culture medium (detailed in Section 2.1.2) was added to the well only. 

Preparation of cell suspensions 

24hr before the assay, several T75 cell culture flasks of MCF7, ZR751 and BT474 cells were fed with SF-

medium. On the day of the assay, cells from half of the prepared flasks were separated according to 

their HPA-binding characteristics and magnetic beads removed as detailed in Section 2.3. A cell 

suspension of 200,000 cells/ml in SF-medium was prepared of each of the HPA-positive, HPA-negative 

isolated populations and a mixed population as detailed in Section 2.3. 250µl of each cell suspension 

was added per insert and gently swirled once to ensure an equal distribution of cells. The plate was then 

incubated for 24hr in a humidified tissue culture incubator at 37oC with 5% CO2 atmosphere.  

Preparation of lectin labelling controls 

To ensure that the glycosylation profiles of the unseparated ZR751 and HPA-positive and HPA-negative 

populations were consistent with what was previously described (see Section 3.0), HPA lectin labelling 

controls were set up alongside the Matrigel® plates. 13mm diameter glass coverslips were briefly 

sterilised in 70% v/v IMS in tap water and gently placed into the wells of 24-well cell culture plates. The 
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culture plate lids were left off and the coverslips allowed to air dry in a class II cell culture hood. 250µl 

of either unseparated ZR751, HPA-positive or HPA-negative cell suspension (prepared above in 

“Preparation of cell suspensions”) were added per well, then 750µl of complete culture medium was 

added per well. 3 biological replicates of each were performed. The plate was incubated for 24hr in a 

humidified tissue culture incubator at 37oC with 5% CO2 atmosphere. After which time the cells were 

fixed and HPA labelled as detailed in Section 2.2.  

Fixation, staining and mounting of membranes 

The inserts were removed from the wells. Matrigel® matrix and non-invaded cells were removed from 

the inserts by lightly scrubbing the upper surface of the insert with a cotton-tipped swab and then 

repeating the process with a cotton-tipped swab lightly moistened in SF-medium. The upper surface of 

the insert was then washed twice with SF-medium. The inserts were then placed into a 24-well cell 

culture plate prepared with 1ml/well of ice cold methanol and fixed for 30min at 4oC. The inserts were 

washed twice in phosphate buffered saline (PBS), pH 7.4, and then permeabilised in 0.1% Triton X-100 

in PBS for 10min at room temperature. The inserts were washed twice in PBS and then stained in Harris’ 

haematoxylin for 3min at room temperature. The inserts were “blued” in running tap water and then 

dehydrated though an alcohol series (70%, 90%, 100%, 100%), cleared in xylene and mounted using 

Depex. 

Imaging and invasion analysis 

The membranes were observed using a Zeiss Axioplan microscope fitted with a JENOPTIK ProgResC3 

colour camera. Images at low power resolution of the complete membrane were captured so that all of 

the invaded cells could be counted. This was achieved by imaging the membrane in a grid formation 

starting on the top left hand corner and working left-to-right across the membrane, then down a row 

and across again. If a cell appeared in a previous image, then it was not counted in the next. See Figure 

6.2. 
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Figure 6.1 Corning® BioCoat™ Matrigel® invasion assay protocol. The matrigel membrane is rehydrated 

and then 750µl of complete growth medium added to the well and 250µl of cell suspension added to the 

insert. The plate is incubated for 24hr and then the medium, matrigel and non-invaded cells are removed 

and the membrane fixed and stained. 

 

Figure 6.2 Matrigel® membrane counting technique. All of the invaded cells per membrane were 

counted. This was achieved by imaging the membrane in a grid formation starting on the top left hand 

corner and working left-to-right across the membrane, then down a row and across again. If a cell 

appeared in a previous image, then it was not counted in the next. 
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6.2.2 Static endothelial adhesion assay 

See Figure 6.3 for protocol overview. 

Preparation of endothelial layer 

13mm diameter glass coverslips were briefly sterilised in 70% v/v IMS in tap water and gently placed 

into the wells of 24-well cell culture plates. The culture plate lids were left off and the coverslips allowed 

to air dry in a class II cell culture hood. After this time, 500µl of 0.2% w/v bovine gelatine in PBS, pH 7.4, 

was added per well and then allowed to adhere for 30min. Excess gelatine was aspirated and 100,000 

HUVEC cells (see Section 2.1.1) were seeded per well. The culture medium was changed daily (see 

Section 2.1.2) until the cells had achieved a confluent monolayer. Prior to the assay, the endothelial cells 

were pre-stimulated with 10ng/ml of TNF-α (Sigma) in EBM-2 cell culture medium for 2hr in a humidified 

tissue culture incubator at 37oC with 5% CO2 atmosphere. 

Preparation of cancer cells 

T75 flasks of MCF7, ZR751 and BT474 cancer cells were incubated for 2hr in a humidified tissue culture 

incubator at 37oC with 5% CO2 atmosphere with a warmed (37oC) solution of the fluorescent dye 8-

hydroxypyrenetrisulphonic acid (PTS) (Sigma) at a concentration of 10mg/ml in preferred cell culture 

medium (see Table 2.2). After this time, the PTS solution was aspirated and the cells washed 5x with 

warmed (37oC) PBS, pH 7.4 to removed excess PTS. 10ml of preferred cell culture medium (see Table 

2.2) was dispensed into the culture flask and the cells were scraped from the plastic using a rubber cell 

scraper. The cell suspension was aspirated and pelleted by centrifugation at 1,100 x g for 3min, the 

supernatant discarded and the cell pellet either used for: 1. Cell separation (as detailed in Section 2.3), 

2. A “mock cell separation” control (as detailed in Section 2.3) or 3. A “mixed population” control (as 

detailed in section 2.3). 

Static adhesion assay 

The TNF-α solution was aspirated from the endothelial cells and 200,000 cancer cells in 1ml of preferred 

growth medium were introduced per well. The plate was gently swirled to distribute cancer cells and 

then placed in a humidified tissue culture incubator at 37oC with 5% CO2 atmosphere. Cancer cells were 

allowed to adhere for a range of times (1min, 5min, 10min, 20min, 40min and 1hr) before the non-

adherent cell suspension was gently aspirated and the well washed gently 3x with warmed (37oC) PBS. 
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Figure 6.3 Static adhesion assay protocol. HUVEC monolayer cultured and then activated by the addition 

of TNF-α. Cancer cell suspension added to the monolayer and allowed to attach for a range of incubation 

periods, after which time the medium and unbound cells are aspirated and only cells bound to the 

monolayer remain. 

 

Preparation of labelling controls 

As well as separated populations, unseparated and artificially unseparated populations were seeded 

alongside (see Section 2.3). To ensure that the separation was performed correctly, separated 

populations were seeded into 24-well plates with sterilised 13mm diameter glass coverslips allowed to 

adhere for 24hr and then fixed and lectin labelled as detailed in Section 2.2.  

Preparation of binding controls 

In order to control for the potential effect of steric hindrance created by the relatively large HPA 

molecule and to test the effect of masking GalNAc-glycans specifically, binding controls were performed. 

Here, unseparated cells were incubated with either 10µg/ml HPA (Sigma) or Con A (Sigma) in preferred 

growth medium on an end-over-end mixer for 10min prior to addition to endothelium. Con A 

(Concanavalin A), a lectin isolated from Jack beans (Canavalia ensiformis), has a sugar binding specificity 

for terminal α-D-mannosyl and α-D-glucosyl residues (Naismith and Field, 1996) and has been 

demonstrated to bind breast cancer cells (Yu et al., 1995). By incubating the cancer cells with Con A prior 

to incubation with the endothelial cell monolayer, irrelevant, as far as these experiments are concerned, 
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terminal α-D-mannosyl and α-D-glucosyl residues were masked, thus controlling for non-specific 

inhibition of adhesion mediated simply by the presence of a lectin binding. Incubating cancer cells with 

HPA prior to incubation with the endothelial cells masks GalNAc-glycans therefore preventing GalNAc-

glycan mediated binding to endothelial cells.  

Treatment with HPA-negative conditioned media 

See Figure 6.4 for protocol overview. A cell separation was performed using MCF7 cells as detailed in 

Section 2.3. The HPA-negative population was cultured, and after 4 hours conditioned media was 

collected and filtered through a 0.2μm filter and kept warm (37oC). A new cell separation was performed 

using MCF7 cells as detailed in Section 2.3, yielding a 2x HPA-positive populations, 2x HPA-negative 

populations, 2x mixed populations (90:10) and 2x unseparated populations. All populations were PTS 

treated as described previously. To one flask of each population, regular medium was added, whilst 

HPA-negative conditioned medium was added to the other. The populations were incubated with the 

media (regular and HPA-negative conditioned) for 10min in an end-over-end mixer prior to a 10min 

incubation with endothelial cells.  
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Figure 6.4 Conditioned media assay. An initial separation with MCF7 cells was performed and the 

separated populations cultured for 4hr. After this time, the conditioned medium from the HPA-negative 

cell populations was aspirated from the flask and filtered through a 0.2µm cell culture filter to remove 

any debris. A second cell separation was performed with MCF7 cells that had been treated with PTS 

yielding a PTS-labelled HPA-positive population, a HPA-negative population, a mixed population and an 

unseparated population to which each was treated with either HPA-negative conditioned medium or 

regular medium in an end-over-end mixer for 10min before being added to activated endothelial cell 

monolayer for 10min. 

 

Fixation, imaging and analysis 

Cancer cells bound to endothelial cell monolayers were fixed by adding 1ml/well of ice cold 25% v/v 

acetic acid in methanol for 10min at 4oC. After this time, the coverslips were carefully removed from the 

24-well cell culture plate and mounted onto glass slides with a small amount of fluoromount anti-fade 

mountant (Sigma). Slides were observed within 48hr and stored at 4oC in the dark to preserve 

fluorescence. An inverted fluorescence microscope (Zeiss Primvert fitted with AxioCamICM1) was used 

to observe slides. All adherent cancer cells were counted per coverslip. Counting was performed in a 

checkerboard formation as shown in Figure 6.2. Counts were normalised to unseparated populations 

within each assay and averaged to give fold change. 
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6.3 Results 

6.3.1 HPA-negative population are more invasive than HPA-positive and unseparated 

populations 

In order to assess whether cells which were isolated based on their HPA-binding profiles had different 

invasive capabilities, MCF7, ZR751 and BT474 cancer cells were separated based on their HPA-binding 

status into HPA-positive and HPA-negative populations. Along with unseparated cells, HPA-positive and 

HPA-negative populations were subjected to Matrigel invasion assays to assess invasive ability (example 

of cells invaded through Matrigel membrane are illustrated in Figure 6.5). To check that the separation 

of the cells on the basis of their HPA-binding profiles was successful, HPA lectin labelling was performed 

parallel to the Matrigel assays. As illustrated in Figure 6.6, (A) unseparated ZR751 cells labelled 70% with 

HPA at an intensity of ++, (B) HPA-positive ZR751 cells labelled 100% with HPA at an intensity of +++ and 

(C) HPA-negative ZR751 cells labelled 0% with HPA at an intensity of -. These findings demonstrate that 

the cell separation was successful. To ensure that the lectin labelling, and hence the separations, was 

specific, lectin labelling controls were performed as illustrated in Figure 6.7, all negative controls were 

negative and therefore HPA labelling was deemed specific. 

 

 



Chapter 6    Functional differences between HPA-positive and HPA-negative populations 
 

164 
 

 

Figure 6.5 Cells invaded through Matrigel® membrane 24hr post seeding. 50,000 cells seeded per 

membrane. Images representative of 3 biological replicates per cell line with around 50 images per 

replicate. Images captured with a Zeiss, Axioplan microscope fitted with a JENOPTIK ProgResC3 camera. 

Scale bar = 10µm.  
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Figure 6.6 HPA lectin labelling of ZR751 cells labelled parallel to the Matrigel assay. 50,000 cells seeded 

per well. A. Unseparated ZR751 cells. B. HPA-positive ZR751 cells. C. HPA-negative ZR751 cells. HPA 

labelling of was consistent with what was previously observed. Images representative of 3 biological 

replicates with 10 images captured per replicate. Images captured with a Zeiss, Axioplan microscope 

fitted with a JENOPTIK ProgResC3 camera. Scale bar = 100µm. 
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Figure 6.7 Lectin labelling negative controls of ZR751 cells labelled parallel to the Matrigel assay. 50,000 

cells seeded per well. All unseparated ZR751 cells. A. GalNAc inhibition control. B. No HPA control. C. DAB 

only control. For all negative controls abolished HPA labelling was observed. Images representative of 3 

biological replicates with 10 images captured per replicate. Images captured with a Zeiss, Axioplan 

microscope fitted with a JENOPTIK ProgResC3 camera. Scale bar = 100µm. 
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As illustrated in Figure 6.8 (also see Tables A2.1-A2.3), HPA-negative populations of MCF7, ZR751 and 

BT474 were significantly more invasive than both the HPA-positive (p<0.05, p<0.001, p<0.01, 

respectively) and unseparated (p<0.01, p<0.001, p<0.01, respectively) populations. This demonstrates 

that HPA-negative cells are more invasive and that HPA-binding glycans are not apparently involved in 

cell invasion as assessed in Matrigel invasion assays. In order to ensure that the high levels of invasion 

observed in the HPA-negative cells is not artificially induced by the cell separation procedure, an 

additional control was performed. The cells were separated and then mixed back together again in the 

original proportions of HPA-positive cells and HPA-negative cells, and the invasiveness of this “mixed” 

population was then compared with that of the original (unseparated) ZR751 cells. As illustrated in 

Figure 6.9 (also see A2.4), there are no significant differences between unseparated ZR751 cells and 

“mixed” ZR751 cells, so demonstrating that the cell separation procedure itself does not impart invasive 

properties and that HPA-negative cells are more invasive than both HPA-positive and unseparated 

populations.   
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Figure 6.8 A comparison of invasive ability as determined by the Corning® BioCoat™ Matrigel® invasion 

assay between unseparated cells, HPA-positive cells and HPA-negative MCF7, ZR751 and BT474 cells. For 

all cell lines HPA-negative cells were significantly more invasive than either HPA-positive or unseparated 

cells. Data compiled from 3 biological replicates per cell line. Error bars indicate standard error of the 

mean, and the p values are calculated from a 2-tailed t-test. 

 

Figure 6.9 A comparison of invasive ability as determined by the Corning® BioCoat™ Matrigel® invasion 

assay of unseparated, “mixed”, HPA-positive and HPA-negative ZR751 cells. HPA-negative cells were 

significantly more invasive than either HPA-positive, “mixed” or unseparated cells. Data compiled from 

3 biological replicates per cell line. Error bars indicate standard error of the mean, and the p values are 

calculated from a 2-tailed t-test. 



Chapter 6    Functional differences between HPA-positive and HPA-negative populations 
 

169 
 

6.3.2 HPA-positive populations are more adhesive to endothelial cell monolayers than HPA-

negative and unseparated populations 

In order to assess the adhesive ability of HPA-binding glycans, cancer cells were isolated based on their 

HPA-binding glycans into HPA-positive and HPA-negative populations, and their ability to adhere to an 

endothelial cell monolayer was assessed. Alongside unseparated populations, HPA-positive and HPA-

negative populations were tested in a static adhesion assay which mimics cell adhesion to vascular 

endothelium under conditions of slowed blood flow or stasis during the process of extravasation. To 

ensure that the separation on the basis of HPA-binding profiles was successful, HPA lectin labelling was 

performed alongside the static assays (see Figure A2.1-A2.2). Separation of HPA-positive and HPA-

negative populations was successful. HPA-positive cells were shown to be considerably more able to 

adhere to endothelial cell monolayers than either HPA-negative or unseparated populations, as 

illustrated in Figure 6.10 (also see Table A2.5). After 30 seconds incubation on the endothelial cell 

monolayer, MCF7 HPA-positive populations were significantly more adhesive than HPA-negative 

(p<0.01) and unseparated (p<0.05) populations. At all other time points, the HPA-positive cells were 

considerably more adhesive than HPA-negative or unseparated populations but not significantly so. 

ZR751 (Figure 6.10) HPA-positive populations across all time points tested consistently show a trend of 

being more adhesive to endothelial cell monolayers than HPA-negative and unseparated populations, 

and are significantly more adhesive than HPA-negative populations at 10 minutes (p<0.01) and 20 

minutes (p<0.05) incubation on endothelial cell monolayers. Again, BT474 (Figure 6.10) HPA-positive 

populations at all time points show a trend of being more adhesive to endothelial cell monolayers than 

both HPA-negative and unseparated populations. At 5 and 20 minutes incubation points, HPA-positive 

BT474 cells are significantly more adhesive than HPA-negative (p<0.05, p<0.05, respectively) and 

unseparated (p<0.05) populations. Taken together, these results demonstrate that HPA-positive cells 

are better able to adhere to endothelial monolayers than HPA-negative cells.  
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Figure 6.10 A comparison of adhesion of MCF7, ZR751 and BT474 cell to endothelial cell monolayers 

over-time as determined by static adhesion assay. At all time points for all cell lines HPA-positive cells 

were more adhesive to endothelial cell monolayers than either HPA-negative or unseparated cells. Data 

compiled from 3 biological replicates per cell line. Error bars indicate standard error of the mean, and 

the p values are calculated from a 2-tailed t-test. 
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In order to control for the potential effect of steric hindrance from the relatively large HPA molecule 

and for the effects of blocking HPA-binding glycans specifically, unseparated MCF7, ZR751 and BT474 

cells were incubated with either Con A or HPA or regular medium prior to a 10 minute incubation with 

the endothelial cell monolayer. As illustrated in Figure 6.11 (also see Table A2.6), masking of HPA-

binding glycans significantly reduced cancer cell binding to endothelial cells in MCF7 (p<0.001), ZR751 

(p<0.001) and BT474 (p<0.01). Binding to endothelial cells was also significantly reduced by masking of 

HPA-binding glycans compared to masking of Con A-binding glycans (terminal α-D-mannosyl and α-D-

glucosyl residues) in MCF7 (p<0.01), ZR751 (p<0.05) and BT474 (p<0.01). Masking Con A-binding glycans 

also significantly reduced binding of ZR751 cells (p<0.05), to endothelial cell monolayer compared to 

unseparated cells, indicating that some steric hindrance may be resulting in reduced binding to 

endothelial cell monolayers in these cell lines. However, the effect of masking HPA-glycans remains 

much more pronounced and no significant effect of masking using Con A is seen in adhesion of MCF7 

and BT474 cells.  

 

 

Figure 6.11 A comparison of adhesion of MCF7, ZR751 and BT474 cells to endothelial cell monolayers at 

10min incubation as determined by static adhesion assay after masking of glycans with either Con A 

(green bar) or HPA (brown bar). Non-masked cells compared alongside (pink bar). Masking HPA-binding 

glycans significantly reduced cell adhesion to endothelial cell monolayers when compared to both non-

masked cells and Con A masked cells. Masking Con A-binding glycans also significantly reduced cell 

adhesion to endothelial cell monolayers compared to non-masked cells but not to the extent of masking 

with HPA. Data compiled from 3 biological replicates per cell line. Error bars indicate standard error of 

the mean, and the p values are calculated from a 2-tailed t-test. 
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It was observed (as illustrated in Figure 6.10) that HPA-positive MCF7 cells are more adhesive (at time 

points 30 sec p<0.01, 5min p<0.01, 10min p<0.01, 20min p<0.01) to endothelial cell monolayers than 

unseparated, parental MCF7 cells. As approximately 90% of the parental, unseparated MCF7 cells are 

HPA-positive, such a large difference in the ability of the separated HPA-positive cells to adhere to 

endothelial monolayers is unexpected and suggested that the presence of HPA-negative cells in the 

unseparated population may be having a modulating effect on the HPA-positive cells’ behaviour. In 

order to address the possibility of cell-cell signalling, HPA-negative cell conditioned medium was 

collected from an MCF7 cell separation. HPA-positive, HPA-negative, unseparated and mixed (90% HPA-

positive:10% HPA-negative) cells were then incubated with either regular medium or the HPA-negative 

conditioned medium prior to their introduction to the static adhesion assay. As illustrated in Figure 6.12 

(also see Table A2.7), there was no significant difference in adhesion to endothelial cell monolayers 

between unseparated and mixed cells incubated in either HPA-negative cell conditioned medium or 

regular medium. However, the HPA-positive population incubated with HPA-negative cell conditioned 

medium was significantly more adhesive (p<0.05) than HPA-positive cells incubated with regular 

medium. This is consistent with the HPA-negative cell conditioned medium contained signalling 

molecules which acted to increase the adhesive ability of HPA-positive cells. Furthermore, although it 

did not reach statistical significance (p=0.1), there was a trend for the HPA-negative population to 

become less able to adhere to endothelial cell monolayers when incubated with HPA-negative 

conditioned medium compared to regular medium. This, again, is consistent with cell signalling, 

mediated through elements secreted into the culture medium, regulating adhesive capabilities.      

 

 

 



Chapter 6    Functional differences between HPA-positive and HPA-negative populations 
 

173 
 

 

Figure 6.12 Static adhesion assay of MCF7 cells and HPA-negative conditioned-medium. A comparison 

of adhesion of MCF7 cells to endothelial cell monolayer between populations incubated with HPA-

negative conditioned medium or normal medium at 10min incubation. Incubating with HPA-negative 

conditioned medium did not significantly affect unseparated or “mixed” cells adhering to endothelial cell 

monolayer. However, when HPA-positive isolated cells were incubated with HPA-negative conditioned 

medium adhesion to endothelial cell monolayer was significantly increased. HPA-negative cells treated 

with HPA-negative conditioned medium demonstrated a trend of reducing adhesion to endothelial cell 

monolayer however not significantly so. Data compiled from 3 biological replicates. Error bars indicate 

standard error of the mean, and the p values are calculated from a 2-tailed t-test. 

 

6.4 Discussion  

It was observed that separated HPA-negative cell populations were significantly more invasive than both 

HPA-positive and unseparated cell populations when tested in a Matrigel invasion assay. These results 

demonstrate that the HPA-negative cells have an invasive phenotype. Discovering that HPA-negative 

cells are invasive is consistent with what was reported previously in Chapter 4, where HPA-negative cells 

had morphological features associated with motility and invasive characteristics. To ensure that the cell 

separation process itself did not influence invasiveness, an artificially unseparated population termed 

“mixed” was prepared from equal proportions of separated HPA-positive and HPA-negative cells. When 

compared against unseparated, HPA-positive and HPA-negative ZR751 cell populations in Matrigel 

invasion assays, no significant difference in invasion was observed between the “mixed” and 

unseparated populations confirming that the separation procedure itself did not influence invasive 
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ability. Interestingly, using whole, unseparated cell lines, Brooks and Hall (2002) reported that HPA-

binding glycans had no effect on cancer cell adhesion to, and invasion through, Matrigel® membrane. 

Brooks and Hall (2002) used a range of breast cancer cell lines which stably synthesis varying levels of 

HPA-binding glycans, including MCF7, ZR751 and BT474. Adhesion to, and invasion through, Matrigel 

was investigated with whole cell lines and with and without masking HPA-binding glycans. No significant 

difference was observed between the masked and un-masked samples, therefore demonstrating that 

HPA-binding glycans had no functional effect on cell invasion as tested in this assay system. These 

findings are consistent with the work that is reported here, where it is the HPA-negative cells that are 

able to adhere to, and invade the Matrigel.  

Separated HPA-positive cell populations were significantly more adhesive to endothelial cell monolayers 

in the static adhesion assay, and were found to adhere after only 30 seconds of incubation with the 

endothelial cell monolayer. This is consistent with what is reported in vivo where under physiological 

conditions where a metastatic cancer cell may arrest in the capillaries (Chambers et al., 2002) and, 

adhesion to the vascular endothelium would occur almost instantaneously (Weiss et al., 1985; Weiss 

and Dimitrov, 1986). To ensure that the cell separation process itself did not influence cell adhesiveness, 

a “mixed” MCF7 population was prepared from 90% separated HPA-positive cell and 10% separated 

HPA-negative cells. No significant difference was observed in the adhesive ability between unseparated 

parental MCF7 cell populations and “mixed” MCF7 cell populations when assessed in a 10 minute 

incubation with the static adhesion assay. This demonstrates that the cell separation process did not 

influence cell adhesion. Osborne (2004) and Lomax-Browne (2009) reported in unpublished work 

presented in there PhD theses that DU 4475, T47D and MCF7 (unseparated, parental) cell lines which 

label highly with HPA were considerably more adhesive to endothelial cell monolayers under flow and 

sweeping flow conditions compared to weakly HPA labelling BT474 cells. Bapu et al. (2016) reported 

that GalNAc-glycan rich cell lines MCF7 and ZR751 adhered greatly to endothelial cells in a sweeping 

flow assay, and that masking GalNAc-glycans inhibited such adhesion, which is in agreement with 

findings reported here that HPA-positive cells are more adhesive to endothelial cell monolayers and that 

GalNAc-glycans are functional in this adhesion. If more time was afforded to this project, it would be 

informative to assess separated HPA-positive and HPA-negative populations in a more complex 

adhesion assay such as the rocking adhesion assay employed by Bapu et al. (2016), which takes into 

account shear flow and better mimics in vivo physiology or in an assay under physiological flow 

conditions such as that described by Glinsky et al. (2003), or in a flow assay similar to that used previously 

in our group by Osborne, (2004). 

MCF7 separated HPA-positive cell populations were consistently observed to be significantly more 

adhesive (at time points 30sec p<0.01, 5min p<0.01, 10min p<0.01, 20min p<0.01) to endothelial cell 

monolayers than unseparated, parental cell lines at all incubation times tested. As many as 90% of 
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unseparated, parental MCF7 cells are HPA-positive with only around 10% HPA-negative (as described in 

Chapter 3), yet the isolated HPA-positive population of cells are significantly more adhesive in the static 

adhesion assay. This suggests that the presence of a relatively small proportion of HPA-negative cells in 

the unseparated, parental cell line has a regulatory or inhibitory effect on cell adhesiveness. For 

example, as 200,000 cells of the MCF7 unseparated, parental cell line were seeded into the assay of 

these 180,000 would be HPA-positive and 20,000 would be HPA-negative cells. Thus, the MCF7 HPA-

positive isolated population only has 20,000 more HPA-positive cells than the unseparated, parental 

sample, yet adheres to endothelial cell monolayers by 0.5-2 fold more than the unseparated MCF7 cells. 

In order to investigate whether the presence of HPA-negative cells influences the adhesive capabilities 

of their neighbours through some form of cell-cell signalling an HPA-negative cell conditioned medium 

experiment was devised. An MCF7 cell separation was performed yielding two populations of each of 

the following: HPA-positive, HPA-negative, unseparated and “mixed”. To these, either HPA-negative cell 

conditioned medium or normal medium was given prior to assessment of the cells adhesive behaviour 

in the static adhesion assay. Treatment with HPA-negative conditioned medium did not affect 

unseparated or “mixed” MCF7 cells and significantly increased adhesion in HPA-positive MCF7 cell 

populations. In contrast, HPA-negative cell populations treated with HPA-negative conditioned medium 

showed reduced adhesion. This suggests that the HPA-positive and HPA-negative isolated cell 

populations respond differently to signalling molecules in the HPA-negative cell conditioned medium. It 

is evident that both separated HPA-positive and HPA-negative cell populations are responding to a signal 

in the HPA-negative conditioned medium, but the nature and identity of the signal was not explored 

during the limited experiments performed here. To better understand the mechanisms at play, further 

experiments are required, for example, investigating the effects of HPA-positive conditioned medium 

on HPA-positive, HPA-negative, unseparated and “mixed” populations, as well as investigating ZR751 

and BT474 cell lines. It would also be informative to investigate what the potential signals could be, for 

example cytokines (Partridge et al., 2004) or exosomes (Melo et al., 2014).   

The data reported here suggest that HPA-binding glycans are functionally involved in the HPA-positive 

cells’ adhesion to endothelial cell monolayers. To confirm this, a masking experiment was performed 

where the HPA-binding GalNAc-glycans on MCF7, ZR751 and BT474 cells were masked with HPA or 

irrelevant (as far as these experiments are concerned) glycans masked with Con A (which has a sugar 

binding specificity for terminal α-D-mannosyl and α-D-glucosyl residues) prior to incubation with the 

endothelial cell monolayer. Adhesion was compared with that of untreated cells. HPA masking 

significantly reduced the adhesion of all cell lines tested to the endothelial cell monolayers, therefore 

demonstrating that HPA-binding glycans are functionally involved in adhesion of cancer cells to an 

endothelial cell monolayer. Masking cell surface glycans by Con A also significantly reduced adhesion of 

ZR751 cells but not MCF7 and BT474 cells to endothelial cell monolayers, although not as significantly 

as HPA masking. This may indicate that some level of steric hindrance is occurring due to the presence 
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of a large lectin molecule at the surface, or potentially that Con A-binding glycans (terminal α-D-

mannosyl and α-D-glucosyl residues) are also functionally involved in cancer adhesion, although to a 

lesser extent than HPA-binding GalNAc-glycans. This finding is in agreement with what was reported by 

Bapu et al. (2016) under conditions of sweeping flow.  

The post-transformational modification of proteins by the addition of complex glycans affects protein 

structure and function and bestows a further level of information (Cummings, 2009; Moremen et 

al.,2013). Oligosaccharide functions fall into two categories: they either mediate specific recognition 

events or provide modulation of biological processes (Varki, 1993). There is no distinct universal function 

for oligosaccharides, they can modify the fundamental properties of proteins by changing their stability, 

protease resistance or structure (Dwek, 1994). Therefore, it is reasonable to assume that the differential 

glycosylation observed between the separated HPA-positive and HPA-negative cells is resulting in 

altered protein function which is demonstrated in the invasive and adhesive differences observed in the 

experiments performed here. The differential glycosylation of the cell surface proteins may also explain 

why the separated HPA-positive and HPA-negative cell populations reacted in different ways to the 

signalling in the HPA-negative cell conditioned medium. Furthermore, the GalNAc-glycans on the HPA-

positive cells are presumably being recognised by a receptor on the cell surface of the endothelial cells 

which mediates the adhesion observed in these assays. Selectins are known to mediate cancer cell 

binding to vascular endothelium, as discussed in Section 1.2.5. E-selectin has been demonstrated by 

Brodt et al. (1997) and Kanngi et al. (2005) to mediate the adhesion of cancer cells to vascular 

endothelium and be functionally implicated in metastatic dissemination (reviewed by Witz, 2006). 

Furthermore, inhibition of E-selectin has been reported by Kobayashi et al. (2000) and Khatib et al. 

(2002) to correlate with inhibition of cancer metastasis. If more time and resources were available to 

the project, identification of the putative endothelial GalNAc-glycan binding receptor would be 

indicated. 

 

6.5 Key findings 

• HPA-negative cells were significantly more invasive than HPA-positive cells, when tested in a 

Matrigel invasion assay. 

• HPA-positive cells were significantly more adhesive to endothelial cell monolayers than HPA-

negative cells when tested in a static adhesion assay. 

• There is potentially cross-talk between the HPA-positive and HPA-negative cells which regulates 

invasive and adhesive abilities of the cell population. 
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7.0 Final discussion  
 

7.1 Overview of experimental work and implications for cancer metastasis 

In order to ensure that HPA-labelling produced identical results to those reported previously 

(Schumacher et al., 1995; Schumacher and Adam, 1997; Brooks et al., 2001) for the cell lines used within 

this study, lectin labelling optimisation was performed. In the optimised HPA lectin labelling procedure, 

HPA incubation time was reduced from 1 hour to 5 minutes, demonstrating that HPA binds much more 

quickly than previously realised. Using the optimised procedure, three different quantification methods 

for assessing HPA-labelling were performed. It was observed that the HPA labelling of the cell lines was 

much more complex than previously reported and showed a marked heterogeneity of glycosylation 

between cells within the cell lines. This suggests subtle control of glycosylation is occurring to maintain 

the different glycosylation profiles observed. The heterogeneity of glycosylation observed here is 

consistent with that reported in clinical tumours (Leathem and Brooks, 1987; Brooks and Leathem, 1991; 

Brooks et al., 2001). Initiation of O-glycosylation is regulated by GALNTs (reviewed by Gill et al., 2011). 

In the work reported here, no clear indication was found that aberrant GALNT expression is responsible 

for the synthesis of HPA-binding glycans in all three cell lines. However, MCF7 cells exhibited a reduction 

in C1GalT and its molecular chaperone COSMC, which build core 1, which is consistent with failure of 

normal chain extension (Fenlon et al., 1987; Ju et al., 2014). Gill et al. (2010) reported that relocation of 

GALNTs from the Golgi apparatus to the ER, increased O-glycan density and the occurrence of truncated 

O-glycans. This may suggest a mechanism for the heterogeneity of HPA-binding glycans reported here.  

Morphological analysis was also performed on the cell lines and it was observed that HPA-positive cells, 

irrespective of the HPA-labelling intensity, had a rounded morphology, whilst HPA-negative cells were 

elongated. This further demonstrated the heterogeneity of cells within the cell lines. The rounded 

morphology of the HPA-positive cells was reminiscent of epithelial cells whilst the elongated 

morphology of the HPA-negative cells was reminiscent of mesenchymal cells (reviewed by Yang and 

Weinberg, 2008). This was an unexpected finding, as HPA-positive tumours are associated with 

metastatic ability, but the HPA-negative cells have a mesenchymal-like morphology and so would 

presumably be more motile and hence better equipped to metastasise. In a SCID mouse model, 

Schumacher et al. (1992) demonstrated that HPA-positive tumours give rise to both HPA-positive and 

HPA-negative metastases, and this finding was confirmed by Brooks et al. (1995) in clinical tumour 

samples. Taken together these findings suggest that HPA-positive cells are epithelial-like and HPA-

negative cells are mesenchymal-like and begin to suggest a putative relationship between GalNAc-

glycosylation revealed by HPA-labelling and EMT (reviewed by Tam and Weinberg, 2013).   
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The rapid binding time of HPA revealed during the optimisation of the lectin labelling procedure enabled 

a method of cell isolation based on the glycosylation profiles of cells to be developed and this was 

subsequently published (Beaman et al., 2017, see Appendix 3). The shortened procedure meant that 

cells were subjected to minimum stress and could be cultured post-separation. MCF7, ZR751 and BT474 

cell lines, when separated based on their HPA-binding profiles, yield a HPA-positive population which, 

consistent with what was observed in the unseparated parental cell lines, has a rounded morphology. 

The HPA-negative population has an elongated morphology, which, again, is consistent with what was 

observed in unseparated cells (as detailed in Figure 7.1). When these isolated populations were cultured 

post-separation, they reverted to a mixed population over a time frame of 72 hours, resembling the 

glycosylation profile of the original, unseparated parental cell line. This finding is consistent with the 

theory developed from the unseparated cells, that the glycosylation profiles of the cells are highly 

regulated. It was observed that as the isolated populations revert to a mixed HPA-labelling population 

over time, the corresponding morphological traits also revert. For example, the HPA-positive cells that 

emerge from a HPA-negative population are rounded, whilst the HPA-negative cells are always 

elongated. This morphological plasticity, again suggested also by observations of the morphologies of 

cells in the unseparated parental cell lines, is reminiscent of the developmental program EMT and its 

reverse program MET.  

To ensure that the HPA-positive and HPA-negative cells separated from the original parent populations 

were genuinely of the same cell type and not, for example, a result of contamination with another cell 

line, CODIS STR analysis was performed. This confirmed that the HPA-positive and HPA-negative cells 

derived from each cell line were indistinguishable from the parental cell line, but exhibited different 

glycosylation. These findings are consistent with reports of consistent proportions of HPA-positive and 

HPA-negative cells within several cancer cell lines (Schumacher et al., 1995; Schumacher and Adam, 

1997; Brooks et al., 2001), as well as heterogeneity of HPA-labelling within clinical tumours (Leathem 

and Brooks, 1987; Fukutomi et al., 1989; Brooks and Leathem, 1991; Thomas et al., 1993; Noguchi et al., 

1993a; Noguchi et al., 1993b; Ikeda et al., 1994; Noguchi et al., 1994a; Noguchi et al., 1994b; Laack et 

al., 2002).  
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Figure 7.1 Cells isolated based on their HPA-binging profiles via the use of lectin coated magnetic beads 

yields a HPA-positive population which has a rounded morphology and a HPA-negative population which 

has an elongated morphology. Over 24 hours post-separation the HPA-positive and HPA-negative 

isolated populations start to revert to mixed populations. By 48 hours post-separation both HPA-positive 

and HPA-negative populations are comprised of a mixed proportion of HPA labelling intensities which 

resembled the unseparated parental HPA labelling proportions.  
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To investigate potential transcriptomic differences between the HPA-positive and HPA-negative isolated 

cell sub-populations, a microarray was performed to analyse separated MCF7 cells. This revealed that 

several EMT-associated genes were differentially expressed between the HPA-positive and HPA-

negative cells. For example, vimentin (VIM) was up-regulated in HPA-negative cells. VIM is a commonly 

reported mesenchymal marker (Kokkinos et al., 2007). As reported by Mendez et al. (2010), transfection 

of vimentin cDNA into epithelial cells results in a change of cell shape from rounded to spindle-shaped 

and an increase in invasive potential. Conversely, the knock-down of vimentin in mesenchymal cells 

results in a change in shape from spindle-shaped to round (Mendez et al., 2010). That VIM is up-

regulated in HPA-negative cells is consistent with their elongated morphology and suggests that they 

have mesenchymal traits. In the microarray analysis, E-cadherin (CDH1) was down-regulated in HPA-

negative cells. CDH1 is a commonly reported epithelial marker (Gravdal et al., 2007). That CDH1 is down-

regulated in HPA-negative cells and therefore up-regulated in HPA-positive cells is consistent with their 

rounded morphology and suggests that they have epithelial traits. Interestingly, snail family 

transcriptional repressor 2 (SLUG) and zinc finger E-box binding homeobox 1 (ZEB1) were up-regulated 

in HPA-negative cells. SLUG and ZEB1 are transcriptional repressors of CDH1 and induce mesenchymal 

phenotypes through targeting CDH1 (Hajra et al., 2002; Sánchez-Tilló et al., 2010). Furthermore, several 

genes associated with invasion were up-regulated in HPA-negative cells. For example, secreted protein 

acidic and cysteine rich (SPARC) was significantly up-regulated in HPA-negative cells. Briggs et al. (2002) 

reported that suppression of SPARC in MCF7 cells inhibited cell motility and invasion. TWIST1 was also 

up-regulated in HPA-negative cells and it was reported by Mikheeva et al. (2010) that up-regulation of 

TWIST1 increased invasion in xenotransplants. These findings support that there is a relationship 

between EMT and glycosylation with HPA-positive cells exhibiting epithelial-like characteristics, and 

HPA-negative cells exhibiting mesenchymal-like characteristics.  

In order to investigate the potential functional significance of GalNAc-glycosylation of cancer cells in 

metastasis, an invasion and an adhesion assay were performed. The Matrigel cell invasion assay 

modelled cell invasion through ECM and BM components, whilst the adhesion assay modelled cancer 

cell adhesion to endothelium during slowed blood flow or stasis in small capillaries during metastasis. 

As illustrated in Figure 7.2, HPA-negative cells were highly invasive in the Matrigel cell invasion assay, 

whilst the HPA-positive cells were not. Again, this is consistent with HPA-negative cells having a 

mesenchymal-like and invasive phenotype and HPA-positive cells being more epithelial, adhesive and 

non-invasive.  

To further confirm and investigate the functional involvement of HPA-binding GalNAc-glycans in 

metastatic mechanisms, static adhesion assays were performed. HPA-positive cells were able to adhere 

to endothelial cell monolayers in high numbers, whilst HPA-negative cells were not. This is consistent 

with earlier observations that HPA-negative cells have a mesenchymal-like non-adhesive phenotype. 
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That HPA-binding glycans were functionally involved in cancer cell adhesion to endothelial cell 

monolayers was confirmed by masking the HPA-binding glycans prior to their introduction onto the 

endothelial cell monolayer. This resulted in a significant reduction (MCF7 p<0.001, ZR751 p<0.001, 

BT474 p<0.01) in cancer cell adhesion. This finding demonstrates that HPA-binding glycans are 

functionally involved in cancer cell binding to endothelial cell monolayers under static conditions. This 

finding is consistent with what has been previously reported about unseparated whole cell lines which 

label highly for HPA being more adhesive in a sweeping flow adhesion assay (Osborne, 2004; Lomax-

Browne, 2009; Brooks et al., 2009; Bapu et al., 2016). Bapu et al. (2016), for example, demonstrated that 

MCF7 and ZR751 cells, which label highly with HPA, bound greatly to endothelial cell monolayers under 

conditions of sweeping flow and masking the HPA-binding glycans significantly reduced adhesion.  

 

 

Figure 7.2 Cells were separated based on their HPA-binding profiles and were tested in a static adhesion 

assay to endothelial cell monolayers and a Matrigel invasion assay. HPA-positive cells were found to be 

highly adhesive to endothelial cell monolayers, whilst HPA-negative cells were not. HPA-negative cells 

were highly invasive in the Matrigel invasion assay, while the HPA-positive cells were not.  
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It was observed that over all time periods tested, the MCF7 HPA-positive population were consistently 

significantly more adhesive to the endothelial cell monolayer than the unseparated parental cell line. 

This unexpected finding may indicate that the small proportion (10%) of HPA-negative cells within the 

unseparated parental cell lines are in some way modulating the behaviour of the majority (90%) HPA-

positive cells. This modulating effect could be the result of cell signalling. To investigate this, a cell 

separation was performed and conditioned medium from HPA-negative cells was collected. Regular 

medium and conditioned medium was then applied to an unseparated population, an HPA-positive 

population, an HPA-negative population and an artificially “mixed” population. The behaviour of the 

cells was then observed in the adhesion assay. It was observed that HPA-positive cells treated with the 

HPA-negative cell conditioned medium were significantly more adhesive than those treated with regular 

medium. Conversely, it was observed that HPA-negative cells treated with HPA-negative cell conditioned 

medium became slightly less adhesive, although not significantly so. The conditioned medium resulted 

in no effect on both the unseparated and “mixed” populations. These finding confirm that there is some 

form of cell-cell signalling between HPA-positive and HPA-negative cells occurring. Currently there is 

much interest in the involvement of exosomes in cell signalling. For example, Senfter et al. (2015) 

demonstrated that by treating colon cancer cells with exosomes containing miR-200, EMT was 

repressed, as the miR-200 family transcriptionally repress EMT transcription factors ZEB1 and SLUG. 

Bigagli et al. (2016) reported that exosomes containing miR-210 released from colon cancer cells 

resulted in the regulation of EMT and MET characteristics in neighbouring cells. Alternatively, cytokines 

such as TNF-α may be implicated in the cell-cell signalling observed in the work reported here. For 

example, Julien et al. (2007) demonstrated that Snail expression and subsequent E-cadherin repression 

is mediated by TNF-α-induced Akt kinase activation of nuclear factor-κB. Wu et al. (2009) reported that 

TNF-α also induces Snail stabilisation and EMT induction through repression of E-cadherin.  

The work reported here demonstrates the ability of the HPA-positive and HPA-negative cell populations 

to transition from HPA-positive, rounded, epithelial and adhesive cells to HPA-negative, elongated, 

mesenchymal and invasive cells and vice versa. Whether there may be a causal relationship between 

glycosylation and morphological characteristics is not known. However, several studies reported in the 

literature demonstrate an association between deregulation of the enzymes of glycosylation and 

changes in cell behaviour. For example, Wu et al. (2011) reported that knock-down of GALNT2 in 

hepatocytes increased cell invasion and migration. Peng et al. (2012) reported that miR-124 suppresses 

invasiveness of cervical cancer cells by directly targeting GALNT7. Freire-de-Lima et al. (2011) 

demonstrated that knock-down of GALNT3 and GLANT6 in human prostate epithelial cell lines inhibited 

TGF-β induced EMT through failure to O-glycosylate the type III homology connective segment of 

oncofoetal fibronectin, a common mesenchymal marker. These findings taken together all suggest a 

possible link between EMT and glycosylation, and a potential role of GALNTs regulating cell plasticity 

through altered expression.  
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Other lines of evidence also suggest that glycosylation and EMT↔MET may be interrelated. For 

example, Lange-Consiglio et al. (2014) reported that equine amnion epithelial cells transformed into 

mesenchymal cells during cell culture and that the epithelial and mesenchymal cells had different 

glycosylation profiles as determined by labelling using a panel of 12 lectins. Shao et al. (2016) 

demonstrated that posttranslational modification of E-cadherin by less core fucosylation activated Src 

kinase thereby promoting EMT in lung cancer cells. Maupin et al. (2010) used micro array analysis of 22 

pancreatic cancer cell lines and subsequent qPCR validation to demonstrate that alterations in glycogene 

expression is a key factor of EMT. Taken together these reports, as well as the data reported in the study 

presented here, suggest a role of glycosylation in cancer cell plasticity. 

The intriguing observation, that HPA-positive, highly adhesive cell populations are able to transition to 

HPA-negative, highly invasive cell populations, and vice versa, may have significant functional 

consequences in metastatic mechanisms. Hypothetically, HPA-negative cells would be able to detach 

from the primary tumour and invade local basement membrane and tumour vasculature. Then, HPA-

positive cells would be able to adhere to vascular endothelium and extravasate (illustrated in Figure 

7.3). HPA-negative cells would then migrate into tissues at a secondary site and HPA-positive cells form 

cohesive secondary tumours. 

HPA-positivity of clinical tumours is well reported to be associated with metastatic competence 

(Leathem and Brooks, 1987; Fenlon et al., 1987; Fukutomi et al., 1989; Alam et al., 1990; Brooks and 

Leathem, 1991; Fukutomi et al., 1991; Thomas et al., 1993; Noguchi et al., 1993; Brooks et al., 1993; 

Brookes et al., 1996; Brooks and Wilkison, 2003); however, it is also reported that tumours possess both 

HPA-positive and HPA-negative cell populations. Furthermore, HPA-positive tumours give rise to both 

HPA-positive and HPA-negative metastases (Schumacher et al., 1992; Brooks and Leathem, 1999), 

therefore suggesting that either HPA-positivity is lost through the natural progression of the cancer or 

that HPA-positivity is plastic.  From the data reported here, it was shown that cells isolated based on 

their HPA-binding profiles revert to a mixed population, and are plastic. Taken together, this suggests 

that co-operation of HPA-positive and HPA-negative cell populations, or perhaps transition from HPA-

positive cells to HPA-negative cells or the inverse, is necessary to achieve successful metastasis.   

The cell separation procedure devised in the work reported here (which is described in Section 2.3 and 

published Beaman et al., 2017, see Appendix 3) has numerous applications for the wider cancer research 

field. The ability to be able to isolate cells based on their cell surface carbohydrates, which are commonly 

irregular on cancer cells, and be able to culture both positive and negative isolated populations post-

separation allows for subsequent independent analysis, which has not been previously reported 
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Figure 7.3 Hypothesised transition of HPA-positive and HPA-negative cells in metastatic mechanisms. 1 

HPA-negative cells can detach from the primary tumour and (2) invade local basement membrane, (3) 

migrate to and invade (4) tumour vasculature. During haematogenous dissemination (5) HPA-negative 

cells transition to HPA-positive cells and then, HPA-positive cells would be able to adhere to vascular 

endothelium (6). HPA-negative cells would be able to extravasate (6) and then migrate into tissues at a 

secondary site and HPA-positive cells form cohesive secondary tumours (8). 
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7.2 Novel contributions 

The novel contributions of the work presented here are: 

• Demonstration that within both parental cell lines and in populations isolated based on their 

glycosylation profiles, HPA-negative cells have an elongated, mesenchymal-like morphology 

whilst HPA-positive cells have a rounded, epithelial-like morphology.  

• Demonstration that cells isolated based on their HPA-binding profiles revert to a mixed 

population, with similar glycosylation profiles as unseparated parental cell lines, and that 

glycosylation is therefore dynamic, plastic and tightly regulated. 

• Demonstration that a number of EMT-associated genes are differentially regulated between 

HPA-positive (epithelial, rounded) and HPA-negative (mesenchymal, elongated) isolated cell 

populations. Also, that a number of invasion-associated genes are up-regulated in HPA-negative 

(mesenchymal, elongated) isolated cell populations. 

• Demonstration that HPA-negative (mesenchymal, elongated) isolated cell populations are more 

invasive through BM and ECM components and that HPA-positive (epithelial, rounded) isolated 

cell populations are more adhesive to endothelial cell monolayers. Also, that there is some form 

of cell signalling between the HPA-positive and HPA-negative cells which modulates their 

adhesive abilities. 

  

7.3 Future work 

The work reported here demonstrates that when cells are isolated based on their HPA-binding profiles 

and are cultured post-separation they revert to pre-separation HPA labelling profiles. HPA-positive 

isolated cell populations have a rounded morphology, are highly adhesive to an endothelial cell 

monolayer and have epithelial-like characteristics. HPA-negative isolated cell populations have an 

elongated morphology, are highly invasive and have mesenchymal-like characteristics. The HPA-positive 

and HPA-negative cells characteristics are consistent, yet plastic, transitioning from one state to another 

over time. This process is reminiscent of EMT↔MET. These aspects of the work reported here forms 

the basis of a patent (UK patent application number: 1702582.6, date of filing: 17 February 2016, title: 

screening method). That these findings might be of commercial interest lies in their potential for use as 

an anti-metastasis drug screening tool.  

Currently the method of isolating cells based on their HPA-binding glycans and subsequent 

quantification, as reported in this thesis (see Section 3.2.3) is lengthy, taking several days. Further 

development would initially require the process to be refined and automated. Initially, fluorescent HPA 
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labelling would need to be optimised to yield HPA-labelling proportions consistent with what is reported 

here. Once this is achieved, fluorescently labelled cells could be rapidly separated and quantified using 

a fluorescence activated cell sorter (FACS). Using such a refined assay, rapid screening of agents could 

be performed which might block the transition between HPA-positive (epithelial, adhesive) and HPA-

negative (mesenchymal, invasive) cell populations. If plasticity is required for successful metastasis, as 

proposed in this thesis, then agents preventing the switch may be effective halting metastatic 

mechanisms. Such agents might include small molecules such as proteins, peptides, lectins, small 

molecule drugs, aptamers, oligos, shRNAs, RNAis or siRNAs. 

That HPA-binding glycans have been shown in the work reported here to function in adhesion of cancer 

cells to endothelial monolayers also raises the question as to the identity of the epithelial GalNAc-glycan 

binding receptor. Identification could be achieved through extraction of the cell surface proteins from 

HUVECs and isolation of the receptor using α-GalNAc bound to a molecule such as BSA. The receptor 

could then be analysed using western blot and sequenced. Potentially, its identification might open 

pathways to discover means to block GalNAc-glycosylated cells from adhering to endothelium.  
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Appendix 1 

Data tables from Chapter 3  

 

Table A1.1 Counts of HPA labelled (+) versus non-labelled (-) MCF7 cells across 6 slides (biological 

replicates) and 10 fields of view (technical replicates). 

Field of 
view 

Slide 
1 2 3 4 5 6 

+ - + - + - + - + - + - 
1 41 6 94 0 51 1 74 0 105 10 121 6 
2 107 14 36 5 170 1 332 26 43 5 54 0 
3 89 0 118 3 45 0 159 6 52 12 90 0 
4 42 0 95 0 117 0 163 1 52 4 146 0 
5 17 12 10 3 57 0 80 3 63 3 85 4 
6 66 5 30 0 79 1 85 7 63 2 90 12 
7 229 0 12 5 94 6 122 0 34 0 32 10 
8 74 33 41 31 151 6 158 1 57 3 52 8 
9 179 55 69 0 93 14 78 0 79 1 14 9 
10 235 3 75 9 133 0 81 0 67 0 58 1 
Totals 1079 128 580 56 990 29 1332 44 615 40 742 50 
Overall 
total 

5338 347           

 

Table A1.2 Counts of HPA labelled (+) versus non-labelled (-) ZR751 cells across 6 slides (biological 

replicates) and 10 fields of view (technical replicates). 

Field of 
view 

Slide 
1 2 3 4 5 6 

+ - + - + - + - + - + - 
1 232 173 90 44 99 93 103 66 174 26 89 201 
2 111 139 22 39 41 140 49 55 114 111 121 109 
3 177 154 38 13 70 98 101 115 103 105 46 70 
4 85 151 71 80 118 65 8 117 33 43 28 59 
5 148 137 35 162 131 98 31 104 72 66 56 152 
6 78 147 48 89 68 100 18 36 49 25 78 50 
7 121 91 94 108 54 60 107 110 89 44 48 58 
8 239 65 0 67 134 144 77 106 38 49 53 73 
9 29 90 36 123 179 61 1 65 96 92 40 96 
10 125 97 15 77 139 112 25 74 34 18 56 68 
Totals 1345 1244 449 802 1033 971 520 848 802 579 615 936 
Overall 
total 

4764 5380           
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Table A1.3 Counts of HPA labelled (+) versus non-labelled (-) MCF7 cells across 6 slides (biological 

replicates) and 10 fields of view (technical replicates). 

Field of 
view 

Slide 
1 2 3 4 5 6 

+ - + - + - + - + - + - 
1 8 91 0 76 2 171 11 37 0 82 0 58 
2 2 125 0 81 7 195 51 30 4 61 3 134 
3 8 142 5 135 7 129 9 85 8 103 0 85 
4 13 214 2 89 9 114 0 5 4 66 3 59 
5 12 132 0 160 0 73 0 48 0 106 20 68 
6 16 102 19 76 0 41 8 41 0 39 4 133 
7 23 32 0 62 1 103 15 70 0 145 0 56 
8 28 123 16 77 0 44 0 60 3 94 0 101 
9 0 80 14 111 6 29 10 33 2 67 0 107 
10 3 105 0 71 1 43 8 74 0 95 1 145 
Totals 113 1146 56 938 33 942 112 483 21 858 31 946 
Overall 
total 366 5313           
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Appendix 2 

Data tables and figures from Chapter 6  

 

Table A2.1 Matrigel invasion assay; Fold changes of unseparated, HPA-positive and HPA-negative MCF7 

cell populations normalised to unseparated within each experiment. 

Experiment 
No 

Biological 
replicate No 

Unseparated 
population 

HPA-positive 
population 

HPA-negative 
population 

1 1 2.81 5.46 0.58 
 2 0.13 1.54 6.35 
 3 0.47 0.61 6.25 
 4 0.59 1.22 5.68 

Average  1.00 2.21 4.72 
2 1 1.15 0.65 1.10 
 2 1.71 0.14 1.53 
 3 0.56 1.03 2.76 
 4 0.58 0.18 2.07 

Average  1.00 0.50 1.87 
 

Table A2.2 Matrigel invasion assay; fold changes of unseparated, HPA-positive and HPA-negative ZR751 

cell populations normalised to unseparated within each experiment. 

Experiment 
No 

Biological 
replicate No 

Unseparated 
population 

HPA-positive 
population 

HPA-negative 
population 

1 1 1.34 5.12 22.83 
 2 0.90 2.77 15.36 
 3 0.53 5.79 22.69 
 4 1.23 2.94 18.85 

Average  1.00 4.15 19.93 
2 1 1.19 0.90 5.23 
 2 1.28 1.17 2.22 
 3 0.29 1.20 4.27 
 4 1.23 2.00 2.91 

Average  1.00 1.31 3.66 
3 1 0.31 1.86 11.39 
 2 0.18 0.74 3.60 
 3 2.71 3.69 13.26 
 4 0.79 3.80 15.7 

Average  1.00 2.52 11.00 
4 1 0.45 0.18 14.37 
 2 1.64 1.13 24.33 
 3 0.91 1.01 10.53 
 4 1.00 0.38 5.40 

Average  1.00 0.70 8.00 
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Table A2.3 Matrigel invasion assay; fold changes of unseparated, HPA-positive and HPA-negative BT474 

cell populations normalised to unseparated within each experiment. 

Experiment 
No 

Biological 
Replicate No 

Unseparated 
population 

HPA-positive 
population 

HPA-negative 
population 

1 1 0.76 1.41 9.71 
 2 0.53 0.61 21.75 
 3 0.61 0.65 13.64 
 4 2.10 0.72 19.85 

Average  1.00 0.85 16.24 
 

Table A2.4 Matrigel invasion assay; fold changes of unseparated, “mixed”, HPA-positive and HPA-

negative ZR751 cell populations normalised to unseparated within each experiment. 

Experiment 
No 

Biological 
Replicate No 

Unseparated 
population 

Mixed 
population 

HPA-positive 
population 

HPA-negative 
population 

1 1 1.16 1.20 1.84 15.21 
 2 0.92 1.02 1.43 9.93 
 3 0.92 0.60 0.77 10.45 

Average  1.00 0.94 1.35 11.86 
 

Table A2.5 Static adhesion assay; fold changes of unseparated, HPA-positive and HPA-negative MCF7, 

ZR751 and BT474 cell populations over time normalised to unseparated within each experiment.  

 Incubation 
time 

HPA-positive HPA-negative Unseparated 
1 2 3 Avg 1 2 3 Avg 1 2 3 Avg 

M
CF

7 

30 sec 1.16 1.22 2.11 1.50 2.19 2.04 1.78 2.00 0.96 0.93 1.11 1.00 
5 min 2.19 2.04 1.78 200 1.27 0.91 0.71 0.96 0.96 0.93 1.11 1.00 
10 min 2.79 2.06 3.07 2.64 1.00 1.04 1.62 1.22 0.83 0.91 1.23 1.00 
20 min 3.39 2.53 3.63 3.18 1.68 2.47 1.73 1.96 0.69 0.73 1.58 1.00 

ZR
75

1 

30 sec 3.17 5.28 2.03 3.51 0.46 0.24 0.57 0.42 0.78 0.87 1.35 1.00 
5 min 2.65 2.01 1.03 1.92 0.72 0.64 0.77 0.71 1.08 0.74 1.19 1.00 
10 min 1.47 1.63 1.79 1.63 0.97 0.55 0.66 0.73 1.40 0.67 0.92 1.00 
20 min 1.10 1.57 1.15 1.27 0.59 0.41 0.73 0.57 0.63 1.38 0.98 1.00 

BT
47

4 

30 sec 3.56 3.00 0.89 2.48 2.37 2.63 0.89 1.96 0.52 0.74 1.74 1.00 
5 min 2.97 4.64 3.34 3.65 1.64 0.77 1.72 1.38 0.99 1.11 0.91 1.00 
10 min 1.32 2.73 1.63 1.89 0.48 0.79 0.42 0.56 0.66 1.38 0.96 1.00 
20 min 0.10 1.43 1.76 1.41 0.18 0.80 0.37 0.45 0.92 1.18 0.89 1.00 
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Table A2.6 Static adhesion assay; fold changes of unseparated, parental cell lines (MCF7, ZR751 and 

BT474) after 10min incubation and masking with either Con A or HPA compared to untreated. 

Normalised to unseparated populations within each experiment.  

Cell line 
Masking with Con A Masking with HPA Unseparated 

1 2 3 Avg 1 2 3 Avg 1 2 3 Avg 
MCF7 0.96 0.76 0.82 0.84 0.34 0.25 0.25 0.28 1.10 1.01 0.93 1.00 
ZR751 0.48 0.84 0.89 0.74 0.24 0.30 0.21 0.25 0.97 0.60 1.43 1.00 
BT474 0.45 0.69 0.75 0.63 0.18 0.21 0.13 0.17 1.02 0.94 1.04 1.00 

 

Table A2.7 Static adhesion assay; fold changes of HPA-positive, HPA-negative, unseparated and “mixed” 

MCF7 cell populations when incubated with either HPA-negative conditioned-medium or regular 

medium. Normalised to unseparated cells within each experiment. 

 HPA-negative conditioned media Regular media 
1 2 3 Average 1 2 3 Average 

HPA-positive 1.63 1.71 1.67 1.67 1.22 1.19 0.91 1.10 
HPA-negative 0.29 0.35 0.17 0.27 0.43 0.35 0.69 0.49 
Unseparated 1.38 0.85 0.78 1.00 0.91 1.15 0.95 1.00 
Mixed 1.04 0.74 1.22 1.00 0.93 1.25 0.77 0.99 
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Figure A2.1 HPA lectin labelling of ZR751 cells HPA labelled parallel to the static adhesion assay. 20,000 

cells seeded per well. A. Unseparated ZR751 cells. B. HPA-positive ZR751 cells. C. HPA-negative ZR751 

cells. Images captured with a Zeiss, Axioplan microscope fitted with a JENOPTIK ProgResC3 camera. Scale 

bar = 100µm. 
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Figure A2.2 Lectin labelling negative controls of ZR751 cells labelled parallel to the static adhesion assay. 

20,000 cells seeded per well. A. Unseparated ZR751 cells. B. HPA-positive ZR751 cells. C. HPA-negative 

ZR751 cells. Images captured with a Zeiss, Axioplan microscope fitted with a JENOPTIK ProgResC3 

camera. Scale bar = 100µm. 
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Appendix 3 

Publications arising from work presented in this thesis 

Beaman E.-M. and Brooks S. A. (2014) The extended ppGalNAc-T family and their functional involvement 

in the metastatic cascade. Histology and Histopathology, 29: 293-304. 

Beaman E.-M., Carter D.R.F. and Brooks S.A. (2017) Isolation of viable glycosylation-specific cell 

populations for further in vitro or in vivo analysis using lectin-coated magnetic beads. In: Pellicciari C. 

and Biggiogera M. (eds) Histochemistry of Single Molecules. Methods in Molecular Biology 1560. New 

York: Humana Press. 109-119.  
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