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Abstract 
 
Oral squamous cell carcinoma (OSCC) is a major cause of mortality worldwide. 

Significant mortality stems from metastatic spread of OSCC to local lymph nodes 

and to distant sites in late stage disease, both of which have been associated with 

poor prognosis. The adhesion of tumour cells to the endothelial lining of blood or 

lymphatic vessels is generally regarded as a prerequisite for metastasis to proceed 

and is increasingly recognized to be mediated by the interaction between the 

carbohydrate epitopes sialyl Lewis A (sLeA) and sialyl Lewis X (sLeX) that are 

expressed on the surface of tumour cells and E-selectin on endothelial cells. 

However, the contribution of sLeA and sLeX, the synthesis of which is mainly 

regulated by sialyltransferases (encoded by ST) and fucosyltransferases (encoded by 

FUT), to the metastatic propensity of OSCC cells remains poorly understood. Using 

immunohistochemistry on patient-derived material, in vitro cell-based assays and an 

in vivo zebrafish model, the role of sLeA/X in OSCC metastasis was investigated. 

The results of this study show that sLeX was expressed significantly more than sLeA 

in both primary and lymph node metastatic OSCC, suggesting that sLeX may be of 

more clinical significance than sLeA in oral cancer patients. In addition, only 

metastatic TR146 OSCC cells displayed elevated levels of both sLeA and sLeX 

compared to a panel of OSCC cells including SCC4 cells that are derived from a 

primary cancer of the tongue. This differential expression was shown to be, at least 

partially, due to up-regulation of FUT3 in TR146 cells. Interestingly, knocking down 

of FUT3 expression in TR146 cells by siRNA treatment significantly reduced cell 

surface expression of sLeX but not sLeA. In vitro, TR146 cells adhered to both 

recombinant (r)E-selectin under static adhesion conditions and E-selectin-expressing 

human microvascular endothelial cells under hydrodynamic flow conditions in 

significantly greater numbers than SCC4 cells. Data from adhesion experiments also 

show that the use of a combination of anti-sLeA and anti-sLeX monoclonal 

antibodies or neuraminidase, which removes sialic acid residues from glycans, 

markedly inhibited the binding of TR146 cells to rE-selectin. Together, these results 

demonstrate that both sLeA and sLeX are involved in the selectin-dependent 

adhesion of TR146 cells and that sialic acid residues are crucial for this event.  

Moreover, preliminary results from in vivo experiments showed that TR146 cells 

were able to extravasate from the circulation of zebrafish embryos at 24 hours post 

injection (hpi), whereas extravasation of SCC4 cells was only observed later at 72 

hpi, suggesting that similar to TR146 cells, SCC4 cells may adhere to endothelial 

cells in vivo, albeit at a slower rate and presumably via a mechanism that is sLeA/X-

independent. The findings of this study provide important novel insights into the role 

that components of the selectin-selectin ligand axis play in OSCC metastasis and 

identify potential targets for anti-metastatic therapy of oral cancer.  
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Chapter 1 : Introduction 
 

1.1 General Introduction 
 
 Cancers originating from different tissues have distinct features (Pecorino, 

2012). Nonetheless, in their seminal publication, Hanahan and Weinberg (2000) 

proposed that all cancers share common characteristics including sustained chronic 

proliferation, insensitivity to growth suppressors, evasion of apoptotic controls, 

capacity for limitless replication, induction of new blood vessel formation and 

potential for invasion and metastasis. Whilst the abilities to avoid immunological 

destruction and modify cellular metabolism have been recently named as emerging 

hallmarks of cancer, genomic instability and inflammation have also been considered 

as cancer enabling characteristics
 
(Hanahan & Weinberg, 2011). Of all these traits, 

metastasis, the process by which cancer cells migrate from the primary tumour site to 

other parts of the body (Weinberg, 2013), has proven to be the ultimate challenge in 

current efforts that are devoted to provide longer survival advantages to patients with 

advanced-stage cancer as it is the cause behind most cancer-related deaths (Wan et 

al., 2013). 

 Insofar as oral cancer is concerned, it is frequently cited that despite advances 

in treatment modalities, survival expectancies of oral cancer patients have not 

significantly improved in the last three to four decades (Warnakulasuriya, 2009; 

Shah & Singh, 2006). This observation is believed to be due, at least in part, to the 

current inability to effectively prevent locoregional recurrence and distant metastasis 

formation in these patients (Ho et al., 2014; Leemans et al., 2011; Sano & Myers, 

2007). Since treatment failure in patients with oral cancer is now increasingly 

occurring at distant rather than locoregional sites (Setton et al., 2012), and due to the 

fact that available treatment options are unable to selectively target metastatic cells 

(Forastiere et al., 2001), there is a pressing need for further research geared toward 

prevention of distant metastases in oral cancer patients. 

Recent advances in the field of metastasis research have revealed potential 

contributors to the multi-step and molecularly-driven metastatic process (Valastyan 

& Weinberg, 2011). For example, recent evidence suggests that the tetrasaccharides, 
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sialyl Lewis A (sLeA) and sialyl Lewis X (sLeX) may be involved in the attachment 

of cancer cells to the intraluminal endothelium prior to their departure from the 

bloodstream to the target tissues (Reymond et al., 2013), although the contribution of 

such molecules to the metastatic process of different cancers appears to be context-

dependent (Julien et al., 2011). Accordingly, in order to obtain new insights into how 

to curtail metastatic development in oral cancer patients, this study investigated 

whether oral cancer cells employ sLeA/X to adhere to the endothelium prior to 

abandoning the circulatory system to establish metastatic colonies.   

1.2 Oral cancer - an overview 
 

Despite the recognition that the oral cavity’s anatomical boundaries extend 

between the lips anteriorly and the palatoglossal and palatopharyngeal folds 

posteriorly (Slootweg & Eveson, 2005), a consensus on what constitutes oral cancer 

has been lacking (Moore et al., 2000), and tumours arising at sites outside these 

borders, including the nasopharynx and major salivary glands, were (and still often 

are) included under the general term “Oral Cancer”
 
(Scully & Bagan, 2009; Johnson, 

2003). This lack of agreement together with discrepancies between different parts of 

the world in parameters such as population social habits, quality of health records 

and preventive measures, are likely reasons for the considerable variation seen in 

epidemiological studies of oral cancer around the globe (Neville et al., 2009; 

Conway et al., 2006). Accordingly, it has been recently recommended by 

Warnakulasuriya (2009) that only malignant neoplasms with the site-specific C00-06 

codes of the World Health Organization’s tenth revision of the International 

Classification of Diseases (ICD-10) coding system (highlighted in table 1.1) should 

be considered as oral cancers (Warnakulasuriya, 2009; World Health Organization, 

2004). 

Oral cancer is a major cause of cancer-related death and thus is a serious 

global public health challenge (Nagpal & Das, 2003). The International Agency for 

Research on Cancer estimates that a total of 300,000 oral cancer cases occurred in 

2012 worldwide, with most cases arising in less developed regions (figure 1.1) 

(Ferlay et al., 2015; 2013). In addition, it is projected that the total number of new 

cases of the disease will increase by approximately 21% in 2020 (Ferlay et al., 
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2013).  Although the male to female ratio has decreased, oral cancer is still more 

predominant in men than women in most countries, particularly those in South and 

Southeast Asia where this disease has been reported to be the most common tumour 

in men (Warnakulasuriya, 2009).  

Table  1.1 Site-specific ICD-10 codes for malignant neoplasms of lip, oral cavity and 

pharynx.* Neoplasms that should be considered as oral cancer are highlighted in blue. 

ICD-10 

code 
Description 

C00 Malignant neoplasms of lip 

C01 Malignant neoplasms of base of tongue 

C02 Malignant neoplasms of other and unspecified parts of tongue 

C03 Malignant neoplasms of gum 

C04 Malignant neoplasms of floor of mouth 

C05 Malignant neoplasms of palate 

C06 Malignant neoplasms of other and unspecified parts of the mouth 

C07 Malignant neoplasms of parotid gland 

C08 Malignant neoplasms of other and unspecified major salivary glands  

C09 Malignant neoplasms of tonsil 

C10 Malignant neoplasms of oropharynx 

C11 Malignant neoplasms of nasopharynx 

C12 Malignant neoplasms of pyriform sinus 

C13 Malignant neoplasms of hypopharynx 

C14 Malignant neoplasms of other and ill-defined sites in the lip, oral cavity and pharynx 
*
The original source for this material is the World Health Organization’s International Classification 

of Diseases, tenth revision (2004) (World Health Organization, 2004). 

 

 While oral cancer still mainly affects elderly individuals, the disease is 

becoming more prevalent in some areas, including those in Europe, particularly in 

young adults (Conway et al., 2006; Shiboski et al., 2005). The rising trend in the 

incidence of oral cancer in these regions has been mainly attributed to increases in 

alcoholic consumption and human papillomavirus (HPV) infections (Rothenberg & 

Ellisen, 2012; Leemans et al., 2011; Hindle et al., 2000). Nonetheless, variations in 

other factors such as socio-econimc determinants and tobacco use, which is an 

established risk factor for oral cancer (Warnakulasuriya, 2009), have also been 

suggested to contribute to this increasing prevalence (Scully & Bagan, 2009; 

Conway et al., 2006). 
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Figure  1.1 Worldwide age-standardized (all ages) incidence rates of oral cancer in both 

sexes in 2012. A wide variation in the incidence rates of oral cancer is observed throughout 

the world. Image was reproduced from (Ferlay et al., 2013). 

Although tumours of mesenchymal and haematolymphoid origin may 

develop inside the oral cavity (Slootweg & Eveson, 2005), the vast majority of oral 

tumours arise from epithelial origin (Warnakulasuriya, 2009). Consequently, the 

main emphasis in the oral cancer literature has been on oral squamous cell carcinoma 

(OSCC) (Tsantoulis et al., 2007). In addition, due to the common characteristics 

between squamous cell carcinomas arising in the upper aerodigestive tract at 

locations outside the oral cavity and those developing within the oral space and the 

fact that the majority of head and neck tumours originate inside the oral cavity 

(Kademani, 2007; McMahon & Chen, 2003), head and neck cancer studies are also 

frequently referred to in the literature of oral cancer (Johnson, 2003). 

 

 Early OSCC lesions are usually asymptomatic and appear clinically in the 

form of a leukoplakic (white patch), erythroplakic (red patch) or erythroleukoplakic 

(combined red and white patch) area (Bagan et al., 2010; Neville et al., 2009; 

Kademani, 2007). However, as these lesions progress, they usually produce a 

mucosal mass or ulceration and patients may present with a variety of symptoms, 

including pain, dysphagia (difficulty in swallowing) and odynophagia (painful 

swallowing) (Bagan et al., 2010; Haddad & Shin, 2008; Kademani, 2007). Most 

OSCC lesions develop in the lateral borders of the tongue and the floor of the mouth, 

with buccal mucosa, gingiva, retromolar area and soft palate being less frequently 

affected (Bagan et al., 2010).   
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Treatment and prognosis of oral cancer are largely dependent on tumour 

staging (Argiris et al., 2008; Choong & Vokes, 2008), although other factors such as 

tumour proximity to bone and the depth of tumour invasion may also influence the 

choice of treatment and eventual prognosis (Shah & Gil, 2009). Staging of OSCC is 

mostly based on the TNM classification system of the American Joint Committee on 

Cancer (AJCC) using the parameters of primary tumour size (T), involvement of 

regional lymph nodes (N) and the presence or absence of distant metastasis (M) 

(table 1.2) (da Silva et al., 2011; American Joint Committee on Cancer, 2010), 

although recent studies suggest that lymph node density, which is the number of 

positive lymph nodes divided by the total number of resected nodes, is a more 

reliable prognostic tool in OSCC than the conventional nodal staging system (Patel et 

al., 2013). Based on their TNM classification, OSCC lesions may be categorized into 

either stage I, II, III or IV (table 1.3) (American Joint Committee on Cancer, 2010), 

with the latter stage being associated with the worst prognosis (Neville et al., 2009).
 
 

Table  1.2 TNM classification system for lip and oral cavity cancers
*
 

Primary tumor size (T)  
TX Primary tumour cannot be assessed  

T0 No evidence of primary tumour 

Tis Carcinoma in situ  

T1 Tumour ≤2 cm in greatest dimension  

T2 Tumour >2 cm but ≤4 cm in greatest dimension 

T3 Tumour >4 cm in greatest dimension 

T4a Moderately advanced local disease 

Lip: Tumour invades through cortical bone, inferior alveolar nerve, floor of mouth, or 

skin of face 

Oral cavity: Tumour invades adjacent structures only (through cortical bone, into deep 

extrinsic muscle of tongue, maxillary sinus, or skin of face) 

T4b Very advanced local disease 

Tumour involves masticator space, pterygoid plates, or skull base and/or encases 

internal carotid artery 

Involvement of regional lymph nodes (N) 

NX  Regional lymph nodes cannot be assessed  

N0  No regional lymph node metastasis  

N1  Metastasis in a single ipsilateral lymph node, ≤3 cm in greatest dimension 

N2a  Metastasis in a single ipsilateral lymph node, >3 cm but ≤6 cm in greatest dimension 

N2b  Metastasis in multiple ipsilateral lymph nodes, none >6 cm in greatest dimension 

N2c  Metastasis in bilateral or contralateral lymph nodes, none >6 cm in greatest dimension 

N3  Metastasis in a lymph node >6 cm in greatest dimension 

Distant metastasis (M)  

M0  No distant metastasis  

M1 Distant metastasis  
*
The original source for this material is the AJCC Cancer Staging Manual, Seventh Edition (2010) 

(American Joint Committee on Cancer, 2010).
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Table  1.3 Clinical staging for lip and oral cavity cancers based on the TNM 

classification
*
 

Stage T N M 
0 Tis N0 M0 

I T1 N0 M0 
II T2 N0 M0 
III T3 N0 M0 

T1 N1 M0 
T2 N1 M0 
T3 N1 M0 

IVA T4a N0 M0 
T4a N1 M0 
T1 N2 M0 
T2 N2 M0 
T3 N2 M0 
T4a N2 M0 

IVB Any T N3 M0 

T4b Any N M0 

IVC Any T Any N M1 
*
The original source for this material is the AJCC Cancer Staging Manual, Seventh Edition (2010) 

(American Joint Committee on Cancer, 2010). 

 

Although surgery or radiotherapy can be used to treat early stage (stage I-II) 

oral cancer (Choong & Vokes, 2008), surgery is usually preferred in order to obtain 

accurate staging and avoid radiation-associated toxicity  (Argiris et al., 2008). On the 

other hand, combined therapy is typically required for patients with locoregionally 

advanced (stage III-IVB) OSCC (Neville et al., 2009; Shah & Gil, 2009; Choong & 

Vokes, 2008; Haddad & Shin, 2008). In addition, chemotherapy is usually used as 

palliative treatment in patients with distant metastatic OSCC (stage IVC) (Choong & 

Vokes, 2008). 

1.2.1 Local and distant metastases in oral cancer patients 
 
Local metastasis in oral cancer patients 
 

Due to the rich lymphatic network in the neck region (Shah et al., 1990), oral 

cancer lesions, even those of small (T1 or T2) size, have a relatively high propensity 

to metastasize to cervical lymph nodes (Myers, 2010; Okura et al., 2009). In practice, 

approximately two thirds of OSCCs are diagnosed at advanced stages (Güneri & 

Epstein, 2014), and around 40% of oral cancer patients present with clinically 

detectable neck metastases (Lea et al., 2010), with which lymph nodes are usually 

enlarged, firm and nontender (Neville et al., 2009). Accordingly, metastatic spread of 
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OSCC is mostly local through the lymphatic system (Regezi et al., 2012). 

Specifically, OSCC lesions, particularly those of the tongue and floor of mouth 

(Shah & Gil, 2009), tend to metastasize to lymphatic nodal Levels I, II and III in the 

neck, although Level II nodes are the most frequently affected (Slootweg & Eveson, 

2005; Shah et al., 1990). This pattern is thought to largely infer a direct embolic 

spread as the submental (Level I), submandibular (Level I) and jugulodigastric 

(Level II) lymph nodes (Lengelé et al., 2007), where OSCCs frequently deposit 

(Neville et al., 2009), are the main anatomical sites of lymphatic drainage from the 

oral cavity region (Slootweg & Eveson, 2005). In fact, it has been long appreciated 

that the distribution of nodal metastases in oral cancer patients is largely determined 

by the location of the first echelon (sentinel) lymph nodes draining the primary 

tumour site (Woolgar, 1999). Although most oral cancer lesions spread to ipsilateral 

cervical lymph nodes (Neville et al., 2009), factors such as tumour extension across 

the midline (Capote-Moreno et al., 2010; Kowalski et al., 1999), ipsilateral positive 

node status (Capote-Moreno et al., 2010; González-García et al., 2008), and floor of 

the mouth involvement (Kowalski et al., 1999), which has a bilateral and rich 

lymphatic drainage network (Shah et al., 1990), may lead to development of 

contralateral neck metastases.  

 

Metastasis to lymph nodes has long been recognized as one of the most 

significant independent prognostic factors in OSCC patients (Shah et al., 1993), and 

is now generally believed to reduce the overall 5 year survival rate of early stage 

intraoral cancers, which is estimated to range between 53% and 68% (Neville et al., 

2009), by approximately half (Lanzer et al., 2014; Regezi et al., 2012). In particular, 

variables such as the number of positive nodes (Kokemueller et al., 2002), extent of 

extracapsular spread (Greenberg et al., 2003; Woolgar et al., 2002), level of cervical 

metastases (Kowalski et al., 2000), and presence of contralateral lymph nodes 

(Capote-Moreno et al., 2010), have all been shown to be of prognostic significance 

in oral cancer patients. Due to the negative impact of nodal metastases on the 

prognosis of oral cancer patients and the fact that early OSCCs, especially those 

arising in the tongue, are often associated with clinically occult neck disease, in 

which nodal metastasis cannot be detected clinically or radiographically (Ferlito et 
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al., 2003), the management of many of these lesions frequently involves prophylactic 

neck dissections with pathologic examination of the resected lymph nodes (Sano & 

Myers, 2007; Ferris et al., 2005). However, due to their consequent adverse cosmetic 

and functional impact (Bar Ad & Chalian, 2008), the adoption of such elective neck 

dissection approaches is still controversial and some head and neck surgeons 

advocate a “wait and see” policy (Okura et al., 2009). 

 

Although enhanced detection of lymph node metastasis can potentially 

obviate the morbidity associated with elective neck dissections (Ferris et al., 2005), 

assessment of node involvement is still largely based on conventional histological 

examination as radiographic imaging techniques such as computed tomography 

(CT), magnetic resonance imaging (MRI), ultrasound-guided fine-needle aspiration 

and positron emission tomography (PET) are occasionally not able to detect local 

metastasis with high sensitivity and specificity (Ferlito et al., 2008). Although a 

recent prospective trial concluded that sentinel lymph node biopsy is an accurate tool 

for staging the regional lymph nodes in patients with T1-T2 OSCCs (Civantos et al., 

2010), the procedure is still invasive (Luke et al., 2014), and may yield false-

negative results due to the potential occurrence of “skip metastases”, which bypass 

the first echelon nodes and spread directly to a lower level nodal group 

(Minamikawa et al., 2005). In fact, while conventional histological examination is 

sensitive enough to detect established occult metastases, it frequently underestimates 

the incidence of smaller non-overt micrometastases (0.2 to 2.0 mm in greatest 

dimension) (Ferlito et al., 2008), and may be partly responsible for the high 

occurrence of recurrent disease in oral cancer patients (Pai & Westra, 2009). 

Therefore, employment of approaches that facilitate more accurate detection of nodal 

metastases together with improved understanding of risk factors for this type of 

metastasis may guide treatment choice in these OSCC patients. While 

immunohistochemistry is more sensitive at discerning metastatic disease than 

conventional histopathological analysis (Ferlito et al., 2008; Brennan et al., 1995), 

epithelial-specific immunohistochemistry has provided conflicting data for occult 

disease detection (Genden et al., 2003), and the procedure is time-consuming for 

intra-operative staging of lymph nodes, particularly if combined with serial 
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sectioning. (Ferris et al., 2005) On the other hand, although molecular-based 

techniques are superior to conventional histopathological methods in revealing 

micrometastases (Ferlito et al., 2008; Brennan et al., 1995), molecular analysis 

requires the validation of reliable oral cancer-specific biomarkers (Genden et al., 

2003). 

 

 To this end, and based on the appreciation that tumour progression involves 

molecular alterations that may ultimately bestow cancer cells with enhanced 

metastatic propensity (Hanahan & Weinberg, 2000), several studies have sought to 

define biomarkers that correlate with the development of lymph node metastasis in 

patients with head and neck squamous cell carcinomas (HNSCC) to supplement 

existing clinical and histopathologic predictors of neck disease such as tumour site 

(Woolgar et al., 1999), tumour thickness (Balasubramanian et al., 2014; Lim et al., 

2004; Kurokawa et al., 2002), perineural invasion (Yu et al., 2014), and histological 

subtype of OSCC (Woolgar, 2006) that have collectively proven to be inadequate as 

partly indicated by the continued high frequency of locoregional recurrence in these 

patients (Leemans et al., 2011). Indeed, numerous molecular alterations have been 

reported as potential valuable indicators for increased risk for node metastasis in 

squamous cell carcinomas of the head and neck. However, it should be taken into 

consideration that microarray gene expression studies suggest that oral cavity-

derived tumours may have gene expression patterns predictive of nodal disease that 

are distinct from those of other head and neck tumours (Chung et al., 2004). 

Nevertheless, several biomarkers have also been proposed to specifically correlate 

with nodal involvement in oral cancer patients.  

 

Biomarkers that have been evaluated in oral cancer metastasis studies are 

mainly those that reflect molecular changes that have been previously implicated in 

one or more of the important metastatic process aspects. To be able to metastasize, 

tumour cells have to sustain multiple drastic molecular modifications including 

genetic mutations during tumour progression that may ultimately induce a metastatic 

phenotype, an aberrant expression of the adhesion molecules that are involved in 

regulating cell-cell and cell-extracellular matrix (ECM) adhesion, alterations in the 
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signalling molecules that modulate cell migration, a deregulation of enzymes that 

play a role in tissue remodeling, an imbalance between factors promoting and 

inhibiting blood vessel formation or lymphangiogenesis and abnormal expression of 

molecules that contribute to mediating immune responses (Nguyen et al., 2009).  

 

Several studies have reported that the presence of node metastases in patients 

with oral cancer correlates with mutations in genes that are involved in governing of 

cell cycle, proliferation and apoptosis including the proto-oncogene Cyclin D1 (de 

Vicente et al., 2002), the tumour suppressor p53 (Högmo et al., 1999), and the anti-

apoptotic gene survivin (Kim et al., 2010). It has also been demonstrated that 

aberrant expression of adhesion molecules that regulate cellular adhesion such as 

CD44 (Lin et al., 2010), and E-cadherin (Lim et al., 2004), is associated with 

development of cervical metastasis from OSCC. Likewise, a higher tendency toward 

node metastases has been observed in oral cancer patients with alterations in 

molecules that play a role in modulating cell migration, including epidermal growth 

factor receptor (EGFR) (Shintani et al., 2003), focal adhesion kinase (FAK) (de 

Vicente et al., 2013), and  kallikrein-related peptidase 13 (Ishige et al., 2014). In 

addition, deregulation of enzymes that remodel the basement membrane and ECM, 

including lysyl oxidase (Albinger-Hegyi et al., 2010), and matrix metalloproteinases 

(MMP)-2 (Yoshizaki et al., 2001), and MMP-9 (Liu et al., 2009; Katayama et al., 

2004), has been shown to predict the nodal metastatic potential of oral cancer. 

Moreover, a correlation has been found between neck disease in OSCC patients and 

imbalanced expression of factors that are capable of controlling blood vessel 

formation such as vascular endothelial growth factor (VEGF) (Liu et al., 2009),  and  

the transcription factor, hypoxia-inducible factor-1α (HIF-1α) (Uehara et al., 2009), 

or lymphangiogenesis including the glycoprotein podoplanin (Huber et al., 2011). 

Furthermore, abnormalities in the expression levels of molecules that mediate 

immune responses such as the chemokine receptors CXCR4 (Uchida et al., 2011; 

Lee et al., 2009), and CCR7 (Shang et al., 2009), have been documented as 

predictors of lymph node metastasis in patients with oral cancer. Recently, gelsolin 

was also identified as the best candidate serum protein biomarker for node-positive 

OSCC (Chai et al., 2014), although the validation sample size was limited. In 
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addition, the potential clinical feasibility of the desmosomal cadherin desmoglein-3 

(DSG-3) as a putative parameter for the intra-operational detection of nodal disease 

from oral cancer has been proposed (Patel et al., 2012). It has been recently shown 

that the use of EGFR-targeted nanoparticles enables a rapid and noninvasive 

detection of micrometastases as small as 50 μm in size in an orthotopic nude mouse 

model of OSCC (Luke et al., 2014). However, like the majority of other metastasis-

related biomarkers (Bidard et al., 2013; Sethi & Kang, 2011), none of these 

biomarkers has so far been employed in clinical practice as their ability to accurately 

predict node status in patients with oral cancer remains to be conclusively 

established. For example, while Hogmo et al. (1999) described an association 

between p53 immunoreactivity and regional lymph node metastases from OSCC, 

such a relationship was not observed in other studies (Khan et al., 2009; Yuen et al., 

2001). Similarly, survivin has not been consistently implicated in increased risk for 

nodal involvement in oral cancer patients (Kim et al., 2010; Khan et al., 2009). This 

lack of consensus among studies may be attributed to variation in parameters such as 

the size of sample examined, the methodology applied and the interpretation of data.  

 

Since the acquisition of metastatic capabilities necessitates that tumour cells 

undergo a series of alterations (Nguyen et al., 2009), it is also highly unlikely that a 

single biomarker can reliably predict metastasis development. DNA microarrays 

have been widely adopted over the past decade to simultaneously analyze the 

expression patterns of a multitude of genes (Shendure & Ji, 2008; Lockhart & 

Winzeler, 2000), although they are now being surpassed by recent gene sequencing 

technologies (Wang et al., 2009), which Onken et al. (2014) have recently applied to 

show that specific genomic alterations were highly conserved across human and 

mouse OSCCs and that a mouse-based metastatic signature, constiting of 118 genes, 

could be used to accurately stratify patients with oral cancers by lymph node status. 

In fact, the adoption of DNA microarrays has fostered research into identifying 

transcriptome profiles predictive of local metastasis in patients with OSCC. For 

example, Mendez et al. (2011) reported recently that a four-gene expression model, 

including the potential tumour suppressor FBXO32, had outperformed tumour size in 

terms of identifying occult node micrometastases in patients with oral cancer. In 
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addition, nodal metastasis from OSCC was associated with differential expression of 

a subset of 23 genes, of which CLDN1, which contributes to regulating cell-cell 

adhesion, exhibited the most significant correlation (Warner et al., 2004). In a 

microarray gene expression study, Nagata et al. (2003) demonstrated that the certain 

molecules that are involved in cell-extracellular matrix adhesion, particularly 

integrin-α3, can be valuable parameters for characterizing cervical metastatic 

behaviour of oral cancer. Nodal status of OSCC patients was shown to be predictable 

by a signature gene set composed of 33 genes, of which CTTN, which plays a role in 

cell motility (Ammer & Weed, 2008), and MMP-9, were the best indicators (Zhou et 

al., 2006). A gene expression signature consisting of 102 predictor genes including 

those involved in angiogenesis and inflammation, was also previously propositioned 

as a better predictor of lymph node metastases from oral cancer than clinical 

diagnosis (Roepman et al., 2005), and its use in conjunction with clinical assessment 

was subsequently projected to reduce the rate of occult nodal metastasis from 28% to 

11% in early stage lesions (van Hooff et al., 2012). The wider gene expression 

patterns of the primary tumours containing this metastasis gene signature were also 

found to be very analogous to those of node metastases, highlighting the significance 

of the gene expression profiles of the primary tumours for metastasis formation and 

management (Roepman et al., 2006a).  

 

Similarly, a recent comparative genomic hybridization study reported that 

examined primary oral cancers and their paired nodal metastases shared analogous 

genomic aberration profiles and that gene gains at 7p, 8q and 17q may contribute to 

local metastasis in OSCC patients (Yoshioka et al., 2013). In fact, a subgroup of oral 

tumours (called 3q8pq20 subgroup) containing one or more of the genomic 

aberrations +3q, -8p, +8q, and +20 was previously demonstrated to be significantly 

associated with cervical metastasis from oral cancer (Bhattacharya et al., 2011). A 

correlation between a gene gain at 7p and the lymphatic dissemination of OSCC has 

also been documented (Chen et al., 2004). However, there is still a minimal overlap 

between metastasis-predictive gene subsets generated by different oral cancer 

studies, which Roepman et al. (2006b) attributes to the possibility that there are more 

genes with predictive power than required to develop an accurate node metastasis 
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gene signature in OSCC, reflecting the heterogeneity of oral cancers. This 

discrepancy in data, may in turn explain, at least in part, why none of the above 

molecular signatures has thus far been prospectively validated in a large multi-centre 

cohort and that it is yet to be determined whether any of such gene sets will influence 

therapeutic decisions in the foreseeable future. 

 

Distant metastasis in oral cancer patients 
 

With respect to OSCC distant metastases, which are usually defined as 

infraclavicular metastatic colonies (Neville et al., 2009), only a minority of oral 

cancer patients appear to be affected (Liao et al., 2007). Compared to other sites in 

the head and neck region, oral cavity tumours have been stratified as intermediate 

risk for distant metastasis development (Kuperman et al., 2011). Although the 

reported incidence of distant metastases at initial presentation in patients with 

HNSCC is generally low, it differs considerably between studies (Takes et al., 2012). 

For example, Kuperman et al. (2011) reviewed the medical records of 73,247 

HNSCC patients and found that only approximately 3% of this cohort had developed 

distant metastases at presentation, whereas higher rates of up to 21% were reported 

in HNSCC patients with risk factors for distant metastases (Senft et al., 2008). This 

lack of data uniformity may be explained by differences in parameters such as 

detection methodologies and population characteristics. Similarly, during the course 

of HNSCC, the estimated incidence of distant metastases, which may develop with 

or without any associated locoregional failure, tends to be more than that observed at 

presentation (Kuperman et al., 2011), although it varies widely between 10% to 40% 

depending on tumour stage, length of follow-up, locoregional control, treatment 

modality and the study population (Takes et al., 2012). Nevertheless, autopsy studies 

have revealed a relatively high (up to 57%) incidence of distant metastases in 

patients with HNSCC (Ferlito et al., 2001), suggesting that most of these lesions are 

asymptomatic and thus go undetected in the course of the disease (Haigentz et al., 

2012). In addition, improvements in locoregional control of particularly 

oropharyngeal cancer have been implicated in the relative increase observed during 

the last two decades in the incidence of distant metastases from oral cancer (Ang et 

al., 2010; Batsakis, 2003).  
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Although any organ may be affected, OSCC lesions, particularly those arising 

at the base of the tongue (Kotwall et al., 1987), most frequently spread 

hematogenously to the lungs, bones and liver (Neville et al., 2009; Sano & Myers, 

2007). Other areas such as the heart (Hans et al., 2009), brain (Hardee & Hutchison, 

2001), and spinal cord (Törnwall et al., 2008), are considerably less likely to be the 

sites of metastasis in patients with oral cancer.  In HNSCC, the reported frequency of 

metastatic involvement is as high as 85% for the lungs, 40% for the skeleton and 

30% for the liver (Takes et al., 2012), depending on the study and population-related 

factors. Access of the lymphatics to the venous system via the thoracic duct is 

believed to be the common route for such hematogenous dissemination and may 

explain the observation that distant metastases from HNSCC have been rarely 

detected in patients with no positive neck nodes (Shingaki et al., 1996). 

Whilst the presence of lymph node micrometastases may be of prognostic 

value for survival in HNSCC patients (Nieuwenhuis et al., 2003), the sole existence 

of isolated micrometastatic tumour cells within the bone marrow of these patients 

may not necessarily portend a poorer disease-free or distant metastasis-free survival 

(Colnot et al., 2004), highlighting the difficulty of commencing tumour growth at 

distant sites (Chambers et al., 1995). Nevertheless, the prognosis of patients with 

HNSCC in whom distant metastases have become apparent, especially at sites other 

than the lungs (Hauswald et al., 2011), is generally dismal (median time to death is 

typically in the range of 1–12 months from the detection of distant metastases) as 

there are currently no definitive curative options available for this group of patients 

(de Bree et al., 2012), although some aggressive treatment modalities may improve 

long-term survival of selected patients such as those with a low number of well-

defined metastatic lesions (also called oligometastases) (Haigentz et al., 2012). In 

fact, established distant metastases from oral cancer are increasingly becoming the 

major cause of mortality from oral cancer (Goto et al., 2005; Batsakis, 2003), as they 

appear now to be the predominant form of treatment failure particularly in  

oropharyngeal cancer (Setton et al., 2012). When OSCC cells develop distant 

metastases, the 5-year disease-free survival rate for intraoral carcinoma decreases to 

as low as 9% (Neville et al., 2009), although long-term survival after distant failure 

can be achieved for patients with oropharyngeal cancer (McBride et al., 2014), 
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particularly those who only have oligometastatic disease and whose disease is HPV-

related (Huang et al., 2013). Therefore, pretreatment screening for distant metastases 

is critical for prognostication and treatment planning for HNSCC patients 

particularly those with high risk factors for distant metastasis. Since detection of 

distant metastases in these patients prior to treatment significantly worsen prognosis, 

it may signify that attempts at curative locoregional treatment are not justified. In 

addition, symptomatic HNSCC patients who are at high risk for development of 

distant metastases should be screened for such lesions during the follow-up period to 

guide whether immediate palliative treatment should be initiated. The recommended 

follow-up period after initial negative screening is a minimum of 12 months as this is 

the period within which patients with HNSCC are at higher risk for development of 

clinically apparent distant metastases. Although whole-body MRI appears to be a 

promising new diagnostic test, the most valuable imaging protocol for screening 

HNSCC patients for distant metastases is currently a combination of whole-body F-

18 fluoro-D-glucose (FDG)-PET and chest CT, which may be then followed by 

histopathological or cytological examination of suspicious lesions (de Bree et al., 

2012). 

Due to the relatively low incidence of distant metastases in patients with 

HNSCC (Takes et al., 2012), and because of their associated high morbidity 

regardless of the time of diagnosis (Haerle et al., 2011), it is important to determine 

which patients should be screened for these lesions prior to locoregional treatment 

and during the follow-up period as they may benefit from adjuvant systemic or even 

aggressive treatments. For that purpose, several studies have been conducted in order 

to pinpoint risk factors for the development of distant metastases in patients with 

HNSCC (Genden et al., 2003). Although clinical parameters that have been 

classified as risk variables for distant metastasis in these patients differ between 

studies depending on factors such as perspective and inclusion criteria, the most 

frequently implicated parameters appear to be advanced N-stage (Coca-Pelaz et al., 

2012; Kuperman et al., 2011; Lim et al., 2010; Li et al., 2009), and locoregional 

control (Lee et al., 2012; Garavello et al., 2006; León et al., 2000). Other identified 

clinical high risk variables include age at diagnosis (<45 years) (Garavello et al., 

2006), primary location of tumour (hypopharynx in particular) (Haerle et al., 2011; 
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Kuperman et al., 2011; León et al., 2000), advanced T-stage (Kuperman et al., 2011; 

Loh et al., 2005; León et al., 2000), and involvement of lower level cervical lymph 

nodes (Haerle et al., 2011). Histopathological features such as histological grade 

(poor differentiation) (Coca-Pelaz et al., 2012; Lim et al., 2010), and the presence of 

extracapsular spread (Lanzer et al., 2014; Liao et al., 2007; Oosterkamp et al., 2006; 

Ferlito et al., 2002; Alvi & Johnson, 1997), are also frequently correlated with the 

occurrence of distant metastasis in HNSCC patients. Despite the relatively limited 

number of studies specifically addressing distant metastasis in oral cancer, the 

relevant studies conducted thus far indicate that most of the risk factors for distant 

metastases in HNSCC are applicable to patients with OSCC including advanced N-

stage (Riaz et al., 2014; Sumioka et al., 2013; Liao et al., 2007; Lim et al., 2007), 

locoregional recurrence (Liao et al., 2007), age at diagnosis (<40 years) (Liao et al., 

2006), advanced disease stage (Kowalski et al., 2005; Betka, 2001), the presence of 

lower level positive lymph nodes (Riaz et al., 2014), poor histological grade (Chen et 

al., 2013; Sumioka et al., 2013; Liao et al., 2007), and extracapsular spread of 

cervical lymph node metastasis (Sumioka et al., 2013; Liao et al., 2007; Shingaki et 

al., 2003). However, the prognostic value of such parameters may vary even within 

the same study. For example, O’Sullivan et al. (2013) reported that the T and N 

stages appeared to have different prognostic values in oropharyngeal cancer 

depending on the HPV status and that a subgroup of patients with T1-3N0-2c HPV-

positive oropharyngeal cancer were at low risk of distant metastasis and thus may be 

candidate for treatment deintensification strategies that omit chemotherapy. In 

parallel with such efforts to identify predictors of distant metastases in oral cancer, 

high FDG-uptake by OSCC upon pretreatment FDG-PET has been demonstrated to 

be significantly associated with a shorter distant metastasis-free survival (Suzuki et 

al., 2009). Interestingly, tobacco use has been also noted recently to increase the risk 

of distant metastasis in HPV-positive oropharyngeal cancers (Maxwell et al., 2010), 

and in patients with oropharyngeal cancer irrespective of HPV status (McBride et al., 

2012), possibly through inducing the development of epithelial-to-mesenchymal 

transition (EMT) via EGFR-dependent mechanisms (Mfoumou et al., 2013).  

In fact, and analogous to studies on local metastasis from HNSCC, research 

into identifying molecular prognostic markers for development of distant metastases 
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in HNSCC patients has gained increasing interest in the last few years. This is 

because it has become more apparent that such biomarkers are urgently required to 

complement the currently available clinicopathologic predictors of distant metastases 

which, while of prognostic value, remain not reliable enough as partly suggested by 

the continuing failure to reduce the incidence of these lesions, despite improved 

locoregional control (Haerle et al., 2011; Haffty, 2005). For example, the sole 

reliance of a recent phase 3 trial on these clinicopathologic variables to identify 

patients with high risk for distant metastasis may have contributed to its inability to 

observe a significant decrease in the incidence of these lesions in locally advanced 

HNSCC patients who were treated with induction chemotherapy followed by 

concurrent chemo-radiotherapy compared to those who were treated with concurrent 

chemo-radiotherapy alone (Haddad et al., 2013). 

Metastasis is a bewilderingly complex process that encompasses a series of 

sequential yet interdependent events, many of which are orchestrated by a plethora of 

molecularly-driven mechanisms (section 1.3) (Valastyan & Weinberg, 2011). 

Although this fact may have hampered earlier efforts to establish predictors of distant 

metastasis development in HNSCC patients, recent advances in molecular analysis 

techniques appear to have re-kindled interest into this field. In one of the molecular 

marker studies, performed on a subset of 309 patients who were drawn from a 

prospective clinical trial involving 918 radiotherapy-treated patients with HNSCC, 

Ataman et al. (2004) noted that low expression of Ki-67, which is a marker for cell 

proliferation (Scholzen & Gerdes, 2000), was associated with decreased time to 

distant metastasis. In addition, using fluorescence in situ hybridization (FISH), 

deletion of the tumour suppressor gene P16 was detected in more than half of a total 

of 103 HNSCC samples and was significantly correlated with the occurrence of 

distant metastasis (Namazie et al., 2002). Mutations in P53 have been also shown to 

be significantly associated with distant metastasis from OSCC, although such 

findings were only observed for specific mutational sites (Yamazaki et al., 2003). 

Moreover, loss of expression of the FHIT tumour suppressor was portrayed as a 

potential predictor of an increased frequency of distant metastasis in HNSCC 

patients, although the results were only marginally significant (Tai et al., 2004). The 

prognostic value in predicting distant metastases in HNSCC of many hypothetical 
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markers other than those relevant to cell-cycle regulation and genomic stability 

remains largely under-investigated.  For example, although accumulating evidence 

indicates that tumour hypoxia may promote metastatic dissemination (Gilkes et al., 

2014), only sporadic studies have reported that alterations in hypoxic parameters 

such as lactate concentration (Brizel et al., 2001), may serve as molecular markers 

for distant metastasis in patients with HNSCC.  

 Based on the realization that a multitude of biomarkers are more likely to 

reliably predict metastasis development than a single biomarker, a number of studies 

have sought to determine gene subsets predictive of distant metastasis in patients 

with HNSCC. However, unlike the gene expression profiling studies on cervical 

metastasis from HNSCC that provided promising results, investigations that employ 

high throughput techniques in an attempt to identify gene signatures for distant 

metastasis from this disease are yet to offer data from which definite conclusions can 

be drawn (Lallemant et al., 2010; Braakhuis et al., 2006; Giri et al., 2006). Although 

such failure may be due to the small size of cohorts used in these studies and the 

complexity of biological events involved in distant metastasis, it may also be 

attributable to the assumption that cervical lymph node metastasis is a prerequisite 

step for the haematogenous dissemination of primary HNSCC, which may explain 

why the acquisition of a metastatic phenotype by these tumours is not inevitably 

associated with the development of distant metastases (Braakhuis et al., 2006). In 

fact, the results of such high throughput investigations also support the notion that 

current understanding of the metastatic process remains far from complete (Mitchell 

& King, 2014; Chaffer & Weinberg, 2011). Therefore, further research into the 

regulatory apparatuses of HNSCC metastasis, particularly those involved in distant 

dissemination of OSCC, should be prioritized. 

1.3 Metastasis- a multi-step paradigm 
 

 Metastasis is the main characteristic that distinguishes malignancies from 

benign neoplasms. As they disseminate throughout the body, tumour cells compete 

with normal cells for oxygen and nutrients, cause physical blockade and interfere 

with organ function, which often collectively trigger lethal consequences (Pecorino, 
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2012). The clinical significance of metastasis has prompted a quest to elucidate its 

underlying mechanisms. Although the precise machineries that regulate many 

aspects of metastasis remain as yet an enigma (Valastyan & Weinberg, 2011), a 

flurry of recent relevant in vitro and in vivo studies have enabled the delineation of 

important features of this intricate and multistep process that culminates in the 

development of malignant outgrowths at foreign sites (Giancotti, 2013; Valastyan & 

Weinberg, 2011). To be able to overtly colonize secondary organs, cancer cells must 

endeavour to conquer a series of sequential biological stages, collectively termed the 

metastatic cascade, whereby they disengage from the primary tumour, invade 

through the surrounding tissue, intravasate into either the lymphatic or blood system, 

endure the intra-circulation stresses, arrest at the vasculature of distant organs, 

extravasate into the new host tissue, adapt to the new microenvironment and 

proliferate there to form macroscopic tumour growths (figure 1.2) (Valastyan & 

Weinberg, 2011). The ability of tumour cells to successfully accomplish one or more 

of these cascade steps is dependent on their acquisition of the necessary metastatic 

traits during cancer progression (Vanharanta & Massagué, 2013; Nguyen et al., 

2009). In addition, it is now becoming more evident that the co-option of associated 

host cells by cancerous cells is crucial during each of the metastatic stages (Quail & 

Joyce, 2013; Valastyan & Weinberg, 2011). 

 

Figure  1.2 Schematic representation of the metastatic cascade. To complete the 

metastatic cascade, tumour cells must invade into the surrounding tissue, intravasate into the 

vasculature, survive in the circulation, arrest at the microvessels at remote loci, extravasate 

into the new microenvironment and colonize the new host tissue. 
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1.3.1 Disaggregation and invasion 
 

For metastatic cells to migrate independently away from the primary tumour 

into the surrounding tumor-associated stroma and next into the normal tissue 

parenchyma, it is generally believed that specific programs that cause loss of tumour 

cell adherence to both ECM and cellular components have to first occur (Wan et al., 

2013; Steeg, 2006). However, it has been argued that most cells from solid tumours 

invade adjacent normal tissues cohesively as multicellular clusters without losing 

cell-cell contacts (Friedl et al., 2012), although such mode of invasion appears to be 

of particular importance for subsequent cancer cell metastasis via lymphatic but not 

haematogenous routes (Giampieri et al., 2009). In addition, it has been recently 

proposed that cancer cells may exploit basal cell extrusion, in which cells are 

dislodged from a tissue basally by apical actomyosin band contraction of 

neighbouring cells, as a technique for initiating invasion into the underlying stroma 

(Slattum & Rosenblatt, 2014).  

Depending on microenvironmental conditions, individual tumour cells can 

exhibit either mesenchymal (elongated) or amoeboid (rounded) form of motility 

(Sahai & Marshall, 2003). These modes of cell motility are critically regulated by the 

Rho family of small GTPases (Sanz-Moreno & Marshall, 2010), of which Rho, Rac 

and Cdc42 have been most implicated in controlling several aspects relevant to 

cellular movement including the actin cytoskeleton and cell-substrate adhesion 

(Ridley, 2001). Mesenchymal motility is dependent on the activation of GTPase Rac, 

is proteases-mediated and involves both cell-ECM attachments and cell-cell linkages. 

On the other hand, amoeboid type of motilty is characterized by actomyosin 

contractility induced by the Rho and Rho-associated protein kinase (ROCK) 

signalling, is proteases-independent and requires no firm cell adhesion (Friedl & 

Wolf, 2003). 

Cell-ECM interactions mainly occur through the integrin family of cell 

adhesion molecules (CAM) (Steeg, 2006). Integrins are a group of heterodimeric 

transmembrane receptors compromised of at least 24 distinct proteins that are formed 

by the combination of one of 18 α- and one of 8 β- subunits (Desgrosellier & 

Cheresh, 2010). Each integrin mediate the cellular binding to specific ECM proteins, 
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some of which can also be recognized by other tumour cell surface molecules 

including surface proteoglycans, immunoglobulin superfamily receptors and the 

transmembrane glycoprotein CD44 (Steeg, 2006). Tumour cells appear to be capable 

of both abandoning the integrins that secure their attachment to ECM whilst 

maintaining the integrins that drive their invasiveness, which implies that not all such 

molecules are anti-neoplastic (Guo & Giancotti, 2004). In addition, certain integrins 

may have contrasting roles. For example, although overexpression of α3β1 has been 

shown to decrease cell tumuorigenicity (Owens & Watt, 2001), expression of the 

same protein has also been reported to facilitate tumour progression (Wang et al., 

2004), suggesting that the effects of this and other integrins on cell tumuorigenicity 

may be dependent on the specific stage of tumour development and the cellular 

context (Guo & Giancotti, 2004). 

On the other hand, the cadherins class of CAM largely mediates cell-cell 

adhesion (Steeg, 2006). The best-known cadherins are classic cadherins, which are 

Ca
2+

-dependent
 
single-span transmembrane glycoproteins that establish through their 

extracellular domains close cell-cell contacts to form epithelial adherens junctions. 

This subtype of cadherins is often linked to the actin cytoskeleton through the 

interaction of their cytoplasmic domains with a number of proteins including β-, α- 

and p120 catenins (Gumbiner, 2005). One of the most commonly studied classic 

cadherins is E-cadherin (Gumbiner, 2005), the loss of which has been prominently 

associated with tumor cell dissemination, largely through induction of cellular 

invasiveness via pathways that promote EMT and resistance to anoikis (cell death 

upon detachment) (Onder et al., 2008). Cells that undergo EMT are characterized by 

a loss of epithelial features including apical-basal polarity and cell-cell attachments 

with a concomitant acquisition of mesenchymal attributes such as enhanced plasticity 

and motility capacity, which collectively endow tumour cells with the competence to 

detach and migrate (Polyak & Weinberg, 2009). Although the process of EMT is 

largely governed by EMT-inducing transcriptional factors such as Snail and Twist 

(Polyak & Weinberg, 2009), post-translational control (De Craene & Berx, 2013), 

and epigenetic circuits (Tam & Weinberg, 2013), are also critical for its regulation.  
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The involvement of integrins and other adhesion molecules in tumour 

invasiveness is accompanied by the recruitment of proteases, of which MMPs are the 

most implicated (Kessenbrock et al., 2010), to degrade the ECM and thus enable 

cancer cells to escape from the confines of the basement membrane (Friedl & Wolf, 

2003), a highly specialized part of the ECM that separates epithelium or endothelium 

from the stromal compartment (Lu et al., 2012). Human MMPs are a family of 23 

zinc-dependent endopeptidases, whose general architecture consists of pro-peptide, 

catalytic, and hemopexin-like C-terminal domains. Although there is a wide array of 

functional roles of MMPs in tumour progression, they mainly pave the way for 

cancer cell invasion via the proteolytic remodeling of the ECM. Through their 

destruction of the ECM scaffold, MMPs can liberate embedded chemokines and 

growth factors (Kessenbrock et al., 2010). Chemokines, which are chemotactic 

cytokines that play decisive immunity-related roles, contribute to cancer cell 

invasiveness not only by inducing cancer cell motility (Borsig et al., 2014), but also 

through enhancing infiltration of tumours by macrophages, which may in turn 

perpetuate tumour invasion by mechanisms such as the supply of additional MMPs 

(Quail & Joyce, 2013; Qian & Pollard, 2010). Given that hypoxic areas, which tend 

to be located at the core of a tumour mass, are where tumour associated macrophages 

most thrive (Murdoch et al., 2008), it is intriguing that these cells also play critical 

roles at the tumour invasive edge during cancer invasion (Quail & Joyce, 2013). In 

fact, such macrophages also release motility-inducing growth factors (e.g. epidermal 

growth factor (EGF)) (Quail & Joyce, 2013; Qian & Pollard, 2010), which can 

trigger cellular signalling necessary for active cell movement by stimulating the 

interaction between receptor tyrosine kinase and integrins (Mitra et al., 2005). An 

interesting example of stromal cell contribution to cancer invasiveness is also that of 

the fibroblast-derived MMP-1, which induces pro-migration downstream signalling 

in tumour cells upon cleaving their proteinase-activated receptor-1 (PAR-1) (Boire et 

al., 2005). Myeloid cell-derived MMPs appear also to prompt the intravasation of 

cancer cells, although further investigations are required (Kessenbrock et al., 2010). 

Conversely, it has been proposed that tumour cells do not always actively travel 

towards blood or lymphatic vasculature (Bockhorn et al., 2007). 
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1.3.2 Intravasation 
 

Beyond invasion, the next major and rate-limiting step in the metastatic 

cascade is tumour cell penetration of microvessel walls, which are formed by 

pericytes and endothelial cells (Valastyan & Weinberg, 2011), in a process known as 

intravasation (Quail & Joyce, 2013). Contrary to what was previously commonly 

believed, recent studies indicate that this step appears to be an early event during 

tumour progression (Lucci et al., 2012). However, the exact kinetics of cancer cell 

egress into the vasculature remains largely elusive (Quail & Joyce, 2013), which may 

be attributed, at least partly, to the fact that in vitro modeling of the intravasation 

process has been precluded by the abnormalities associated with the vascular 

endothelial cells in tumours (Reymond et al., 2013; Baluk et al., 2003; Morikawa et 

al., 2002). Nevertheless, recent models of endothelial monolayers that are formed on 

ECM–microchannel interfaces may enable a more detailed study of this metastatic 

step (Zervantonakis et al., 2012). In addition, in vivo studies have demonstrated that 

biological changes in cancer cells such as the expression of integrin β1 (Reymond et 

al., 2012), and the impairment of Notch signalling (Sonoshita et al., 2011), which is 

one of the EMT-inducing signal transduction pathways (Polyak & Weinberg, 2009), 

enhance and reduce the entry of these cells into vessel networks, respectively. By 

being a source of EGF, perivascular macrophages have been also shown in vivo to 

assist cancer cells traverse pericyte and endothelial cell barriers during intravasation 

(Roussos et al., 2011; Wyckoff et al., 2007), and thus to promote distant metastasis 

(Robinson et al., 2009).  

Although it is generally assumed that tumour cells often actively migrate 

towards blood or lymphatic vessels (Reymond et al., 2013), and then destroy the 

vasculature basement membrane, which is present in blood but not lymphatic vessels 

(Pecorino, 2012), it has been suggested that passive shedding of these cells may also 

lead to a successful completion of the intravasation step during both haematogenous 

and lymphatic metastasis (Bockhorn et al., 2007). Evidence for active mechanisms in 

cancer cell entrance into the circulation includes the broad spectrum of invasion 

mechanisms possessed by tumour cells (Friedl & Wolf, 2003), and the several pro-

invasive factors released within the tumour microenvironment (Quail & Joyce, 
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2013). For example, due to its roles in the reorganization of the actin cytoskeleton 

and the formation of proteolytic membrane protrusions called invadopodia, neural 

Wiskott–Aldrich syndrome protein has been implicated in both invasion and 

intravasation of cancerous cells (Gligorijevic et al., 2012). Beyond invasion, active 

transendothelial migration of tumour cells into the bloodstream may be achieved 

either paracellularly through the endothelial cell junctions or transcellularly through 

the endothelial cell body (Reymond et al., 2013). While paracellular intravasation 

appears to be largely dependent on the remodelling of endothelial junctions through 

the cleavage of vascular endothelial cadherin and PAR-1 on endothelial cells by a 

disintegrin and metalloproteinase 12 (ADAM12) on endothelial cells and cancer cell-

derived MMP-1, respectively (Reymond et al., 2013), transcellular intravasation may 

involve the phosphorylation of myosin light chain in endothelial cells that leads to 

actomyosin contraction and generation of a transitory pore-like arrangement through 

which tumour cells can transmigrate (Reymond et al., 2013; Khuon et al., 2010). 

Active passage of cancer cells into vessels involves not only shape changes in the 

endothelium but also dynamic alterations in tumour cell morphology. Analogous to 

the shape modes they may adopt during invasion, cancer cells appear to be able to 

intravasate using both the Rac-driven elongated and the Rho–ROCK-dependent 

rounded morphological phenotypes (Reymond et al., 2013).  

 Passive intravasation of cancer cells may be facilitated by contexts such as 

the presence of immature and tortuous tumour-associated microvasculature 

(Bockhorn et al., 2007), which are formed from preexisting vessel networks in a 

process known as angiogenesis (Chung & Ferrara, 2011). For example, it has been 

demonstrated that the prostaglandin-synthesizing enzyme cyclooxygenase 2 (COX2), 

the EGFR ligand epiregulin, MMP-1 and MMP-2 can act synergistically to facilitate 

the formation of new leaky tumour microvessels and consequently the release of 

tumour cells into the circulation (Gupta et al., 2007). Supportive of passive 

intravasation of cancer cells is also the observation that circulating tumour cells 

(CTC) are frequently observed as cell aggregates, which indicates that EMT may be 

not obligatory for tumour cell invasion and subsequent access into the bloodstream 

(Hart, 2009). 
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Accordingly, it is conceivable that both active and passive methods may be 

employed by cancer cells to enter into the lumina of vessels. However, more recent 

studies have shown that motile single cells were essential for blood-borne metastasis 

in mice (Giampieri et al., 2009), and that CTC were frequently detected as both 

individual and a group of mesenchymal cells in cancer patients (Yu et al., 2013). In 

addition, platelet-induced invasive mesenchymal-like phenotype of tumour cells has 

been demonstrated to potentiate their metastatic capacity in vivo (Labelle et al., 

2011). Together, these findings further support the contention that EMT plays a 

central role in tumour progression. 

1.3.3 Survival in the circulation 
 

Once inside the circulation, CTC can disperse widely inside the body. 

Although recent methodological advances have substantially facilitated CTC 

detection (Alix-Panabières & Pantel, 2014), complete derivation of potentially 

important insights from these cells is currently precluded by their apparently short 

circulating time period after intravsation (Valastyan & Weinberg, 2011). This failure 

may be also attributable to the fact that only a small percentage of CTC appear to 

survive the hostile microenvironment of the bloodstream as in vivo studies suggest 

that less than 0.02% of CTC are able to develop detectable metastases (Chiang & 

Massagué, 2008; Chambers et al., 2002). 

 

Indeed, CTC that are destined to form overt metastases must circumvent a 

variety of stresses, including anoikis, hydrodynamic shear stress and immune cell 

attack (Valastyan & Weinberg, 2011).  While CTC may evade detachment-induced 

apoptosis during systemic circulation by mechanisms such as the activation of the 

pro-survival tyrosine kinase B (TrkB) signalling (Douma et al., 2004), they can 

survive velocity-induced shear stress and impede immune cell recognition by 

forming platelet-covered microemboli of themselves (Gay & Felding-Habermann, 

2011), and through recruiting myeloid cells (Ferjančič et al., 2013). In addition, CTC 

may evolve supplemental mechanisms to escape immune system surveillance. For 

example, a population of CTC has been recently shown to express the molecule 

CD47 (Baccelli et al., 2013), which is believed to help cancer cells avoid 
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macrophage phagocytosis (Chao et al., 2012). CTC that are capable of developing 

such survival pathways appear to be more likely to persist within the circulation until 

they arrest in the vasculature at distant organ sites (Valastyan & Weinberg, 2011). 

1.3.4 Arrest in the vasculature 
 

 Although CTC can theoretically spread to a variety of secondary loci, a 

common clinical observation is metastatic organotropism, in which metastatic cells 

from certain carcinoma types tend to develop metastases within only a few target 

organs (Langley & Fidler, 2011; Valastyan & Weinberg, 2011). Such phenomenon 

of tissue-specificity may reflect a passive arrest of CTC inside the target tissue 

capillary beds due to size restrictions (Valastyan & Weinberg, 2011). However, the 

anatomical layout of the circulatory system provides only a partial explanation for 

the clinically observed site-specific metastatic development. For example, breast 

cancer has a proclivity to form metastases in organs that do not share a direct 

haematogenous connection with the mammary gland tissue including bones and 

brain (Gupta & Massagué, 2006). Therefore, preferential metastasis of certain types 

of tumours to particular distal sites may also indicate active molecularly-driven 

interactions between CTC and the endothelium of microvessels at these loci 

(Valastyan & Weinberg, 2011). In fact, the fate of CTC may be critically influenced 

by the characteristics of individual microenvironments, a salient determinant of 

metastasis development that will be revisited below (sections 1.3.5 and 1.3.6). 

  

One of the most frequently cited examples of mechanical trapping of CTC in 

microvasculature is that of preferential entrapment of colorectal tumour cells in the 

liver, which is dictated by the blood flow pattern from primary colorectal 

carcinomas. However, it should be noted that due to their enhanced plasticity and 

occasional dissemination via arteriovenous shunts, some CTC may be able to elude 

such passive arrest (Valastyan & Weinberg, 2011). In addition, initial trapping of 

CTC within microvessels due to size limitation may lead to the specific interaction of 

these cells with the endothelium, an event which appears to be a prerequisite for their 

successful exit from the circulation (Reymond et al., 2013). 
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Indeed, specific adhesive tumour cell-endothelium interactions including 

those involving the protein metadherin (Brown & Ruoslahti, 2004), have been 

reported to mediate the binding of CTC in individual tissues. For example, 

development of metastases was redirected to the liver in transgenic mice over-

expressing E-selectin (a CAM) in this organ (Biancone et al., 1996). In addition, a 

number of studies have indicated that initial CTC adhesion in the vasculature may be 

facilitated by P- and/or L-selectins (a group of CAM) on cancer cell-platelet-

leukocyte microemboli, the formation of which is dependent on P- and L-selectin-

mediated interactions (Gay & Felding-Habermann, 2011; Läubli & Borsig, 2010; 

Borsig et al., 2002). Moreover, platelet integrin αIIbβ3 has been shown to be able to 

crosslink with integrin αvβ3 on tumour cells via fibrinogen, an event that appears to 

indirectly help convert transient selectin-mediated cancer cell rolling into firm arrest 

in the circulatory system (Gay & Felding-Habermann, 2011; Desgrosellier & 

Cheresh, 2010; Felding-Habermann et al., 2001), which in turn is principally 

mediated by integrins on cancer cells (Reymond et al., 2013). Similarly, stable 

adhesion of tumour cells in blood vessels has been suggested to be enabled by β2 

integrins-dependent binding of neutrophils to cancer cells (Huh et al., 2010; 

Konstantopoulos & Thomas, 2009), or endothelium (Konstantopoulos & Thomas, 

2009; Liang & Dong, 2008).  

 

The above and several other studies suggest that the attachment of CTC to the 

endothelium may be analogous to that of leukocytes in terms of involvement of an 

initial transient adhesion that is followed by a more firm binding (Miles et al., 2008; 

Ley et al., 2007), although temporary rolling of tumour cells on the endothelium has 

been so far only observed in vitro (Reymond et al., 2013). Indeed, it is now 

becoming more apparent that rolling of cancer cells over the endothelium may be 

required for their stable arrest inside the circulation as indicated by studies 

investigating the contribution of selectins and their ligands to the metastatic process 

(Barthel et al., 2013; Reymond et al., 2013; Hiratsuka et al., 2011). Whether these 

and other molecules that appear to regulate initial CTC-endothelium interactions are 

of relative clinical primacy is an exciting avenue of ongoing research. The fact that 

only relatively limited molecules have been so far shown to play a role in this event 
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renders it particularly attractive for potentially effective anti-metastasis therapeutic 

intervention, which was the impetus for this study. Therefore, a more detailed 

discussion (section 1.4) will be dedicated to the main molecules that are potentially 

involved in this stage of the metastatic cascade.   

 

On the other hand, the potential importance of integrin-mediated firm tumour 

cell-endothelium interaction in metastasis development has been well characterized, 

although other receptors such as the transmembrane immunoglobulin-like receptor 

MUC1 and CD44 may contribute to this adhesion (Reymond et al., 2013). For 

example, β1, β4 and αVβ3 integrins all have been shown recently to be critical for 

the stable attachment of cancer cells to the endothelium (Barthel et al., 2013). In 

addition, through modulating the intravascular binding of CTC to the endothelium, 

β1 integrin has been demonstrated in vivo to be essential for the successful escape of 

these cells from the bloodstream (Stoletov et al., 2010). 

1.3.5 Extravasation 
 

Beyond their vascular arrest, which typically occurs in the small vasculature 

(Kienast et al., 2010), CTC may actively cross endothelial and pericyte cell layers 

into the tissue parenchyma, in a process called extravasation (Valastyan & Weinberg, 

2011). Alternatively, CTC may proliferate intravascularly, form a microcolony that 

perturbs capillary beds by growth pressure and eventually come in direct contact 

with the stromal microenvironment (Al-Mehdi et al., 1999). 

 

The effect of the microenvironment features on CTC extravasation is 

exemplified by the anatomy of microvessels in different target tissues, together with 

the expression of cognate chemokine and chemokine receptors on the endothelium 

and cancer cells. Whilst sinusoid capillaries of the bone marrow and liver are 

characterized by a fenestrated structure that is highly permissive to CTC infiltration, 

other capillaries such as those of the brain and lungs are normally impermeable 

(Nguyen et al., 2009). Nevertheless, tumour cells may induce vascular 

hyperpermeability that enable their exit from the circulation. For example, induction 

of the cancer cell cytokine angiopoietin-like-4 in the pre-metastatic phase has been 
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shown to specifically increase pulmonary vascular permeability via reducing the 

endothelial barrier function (Padua et al., 2008). Analogously, VEGF and placental 

growth factor secreted by primary tumours have been demonstrated to induce 

hyperpermeability of capillaries in premetastatic lungs (Hiratsuka et al., 2011). By 

releasing VEGF, monocytes recruited to the lungs through tumour cell-associated 

chemokine CCL2 have also been reported to facilitate the extravasation of CTC 

destined to develop pulmonary metastases (Qian et al., 2011). An interesting 

example of non-neoplastic host cell regulation of CTC departure from the circulatory 

system is also that of the platelet-dependent activation of the P2Y2 receptor on 

endothelial cells, which disrupts the vessel barrier via adenosine triphosphate-

mediated mechanisms and thereby enhances CTC transendothelial migration into the 

surrounding tissue (Schumacher et al., 2013). 

 

In the context of metastasis, among the most frequently implicated 

chemokines is CXCL12 (stromal cell-derived factor-1 (SDF-1)) (Teicher & Fricker, 

2010), which is believed to enhance the transendothelial migration of cancer cells 

expressing its receptors, CXCR4 and CXCR7 (Balkwill, 2011). For example, 

expression of CXCR4 has been shown to potentiate the in vitro attachment of tumour 

cells to the endothelium and their ability to disseminate in vivo (Murakami et al., 

2002). Similarly, augmented capacity of cancer cells to transmigrate through the 

endothelium (Zabel et al., 2011), and to metastasize in vivo (Luker et al., 2012), has 

been associated with their CXCR7 expression.  

 

 Analogous to the routes they appear to employ during intravasation, active 

extravasation of tumour cells may occur through paracellular or transcellular 

transendothelial migration. In addition, similar to the movement modes they may 

display during intrvasation, cancer cells appear to be able to extravasate using both 

the mesenchymal and the amoeboid types of migration (Reymond et al., 2013). 

 

The above-mentioned studies, which demonstrate that tumour cells are 

capable of inducing vascular hyperpermeability, indicate that CTC mostly use a 

paracellular route to extravasate in vivo. In addition, several in vitro studies have 
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implicated specific endothelial cell signalling pathways in the paracellular 

transendothelial migration of cancer cells. For example, such migration is facilitated 

by the tumour cell-dependent stimulation of extracellular signal-regulated kinase 

(ERK) and p38 mitogen-activated protein kinases (MAPK) in endothelial cells 

through E-selectin. While ERK contributes to reduction of the endothelial barrier 

integrity by dissociating the vascular endothelial cadherin/β-catenin complex, p38 

MAPK initiate the phosphorylation of myosin light chain and hence stress fiber 

formation that is associated with an increased cellular retraction (Tremblay et al., 

2006). Transmigration of cancer cells across the endothelium has been also shown to 

be promoted by the tumour cell-mediated activation of the endothelial Janus kinase 2 

through the endothelial chemokine receptor CCR2, an event that in turn triggers the 

downstream signalling through p38 MAPK and the transcription factor Stat 5 (signal 

transducer and activator of transcription 5) (Wolf et al., 2012). Although the precise 

mechanisms by which Stat 5 facilitates tumour cell extravasation are still not clear, 

Janus kinase 1-Stat 3 signalling is known to induce actomyosin contractility in 

tumour cells (Sanz-Moreno et al., 2011), suggesting that a similar effect may occur 

in endothelial cells through the Janus kinase 2-Stat 5 pathway.  On the other hand, a 

transcellular mode of cancer cell extravsation has been observed in vitro (Tremblay 

et al., 2008). However, whether tumour cells can use this route in vivo to exit from 

the bloodstream is yet to be determined. 

 

After crossing the endothelium, cancer cells encounter the vascular basement 

membrane that they must invade to successfully complete the extravasation process. 

As discussed previously (section 1.3.1), invasion of tumour cells into tissues may 

involve the employment of CAM and proteases. However, it has thus far not been 

established whether CTC use analogous mechanisms to invade vessel basement 

membranes prior to their colonization at a distant tissue (Reymond et al., 2013).  

1.3.6 Colonization 
 

Metastatic colonization by a given type of tumour cell often occurs 

preferentially in one or more particular organ tissue (Valastyan & Weinberg, 2011; 

Nguyen et al., 2009). This metastatic tissue-specificity, which is more classically 
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known as the “seed and soil” hypothesis, was first articulated by Stephen Paget in 

1889. Paget’s hypothesis asserts that development of metastatic outgrowths is largely 

dependent on the adaptability of cancer cells (“seeds”) to specifically select remote 

microenvironments (“soils”) (Langley & Fidler, 2011). 

Indeed, for carcinoma cells to initiate metastatic lesions, they must adapt to 

the newly infiltrated parenchyma, where the microenvironment is usually very 

different from that existing in the primary tumour locus (Valastyan & Weinberg, 

2011). To achieve this task, cancer cells at the primary tumour mass appear to 

participate in establishing a supportive “premetastatic niche” at ectopic sites prior to 

their arrival there by releasing systemic signals, which can also be secreted by the 

primary tumour’s non-malignant cells, leading to both cellular and molecular 

alterations that render a secondary locus receptive to tumor growth (Barcellos-Hoff 

et al., 2013; Quail & Joyce, 2013). For example, hypoxic tumour cell-derived lysyl 

oxidase has been shown to be a critical mediator of premetastatic niche formation by 

ligating collagen in the basement membrane, an event that promotes the recruitment 

of CD11b+ myeloid cells that in turn cleave collagen via MMP-2 and thus facilitate 

the subsequent invasion of both bone marrow-derived cells and disseminating cancer 

cells into destination organs (Erler et al., 2009). Bone marrow-derived cells may 

convert tumour cell-incompatible distant microenvironments into more permissive 

and hospitable niches for metastasizing cancer cells through deployment of 

mechanisms such as the secretion of MMP-9, which through its proteolytic 

remodeling of the ECM can, as mentioned above (section 1.3.1), liberate sequestered 

ECM molecules including the tumour cell chemoattractant SDF-1 (Valastyan & 

Weinberg, 2011; Psaila & Lyden, 2009). In fact, premetastatic niche-forming bone 

marrow-derived cells, of which VEGF receptor 1-positive hematopoietic progenitor 

cells are the most identified (Erler et al., 2009), appear to govern both metastatic 

propensity and organotropism of cancers (Valastyan & Weinberg, 2011; Psaila & 

Lyden, 2009). Platelets have also been recently implicated in the formation of a 

permissive metastatic microenvironment through their P-selectin-mediated 

interactions with tumour cells and leukocytes that induce chemokine CCL5-

dependent monocyte recruitment within the lung microvasculature (Läubli et al., 

2009). 
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Once they arrive at a metastatic site, cancer cells can also utilize machineries 

that enhance their ability to survive in distant tissues. For example, the ability of 

tumour cells to persist only in bone and not in the lung has been attributed to their 

Src tyrosine kinase-induced capacity to facilitate SDF-1-mediated pro-survival 

signalling and resist the activity of TRAIL (Tumour necrosis factor (TNF)-related 

apoptosis-inducing ligand) (Zhang et al., 2009). These results not only lend support 

to the concept that cancer cells are able to device strategies by which they can avoid 

death in foreign microenvironments but also further underscore the tissue-specific 

nature of metastasis.  

Although the predisposing changes in remote loci and tumour cells may 

eventually lead to the formation of macroscopic metastases, they often only result in 

occult micrometastases composed of cancer cells exhibiting a state of dormancy 

(Giancotti, 2013; Valastyan & Weinberg, 2011), during which cell viability is 

retained without any net increase or decrease in overall cell number (Valastyan & 

Weinberg, 2011; Chambers et al., 2002). This quiescence of disseminated tumour 

cells at metastatic sites can be sustained by biological events implicated in inhibiting 

cancer cell proliferation including the inactivation of the integrin β1-FAK signalling 

axis (Shibue et al., 2012; Shibue & Weinberg, 2009), and the engagement with the 

endothelial cell-derived protein thrombospondin-1 (Tsp-1) (Ghajar et al., 2013). In 

addition, Tsp-1 may inhibit the formation of overt metastases by suppressing 

angiogenesis (Kang et al., 2009), a process that is necessary for the growth of 

metastatic deposits beyond a diameter of 1–2 mm (the limits of oxygen diffusion) 

(Chung & Ferrara, 2011; Steeg, 2006). Moreover, entrance of tumour cells into an 

equilibrium state that prevents them from expansion can be induced by components 

of the adaptive immunity such as T cells and the cytokines interferon-γ (IFN-γ) and 

interleukin 12 (IL-12) (Koebel et al., 2007). 

In the event that they succeed in overcoming latency, disseminated cancer 

cells also appear to require a high self-renewal potential for metastatic colonization 

to proceed (Giancotti, 2013; Valastyan & Weinberg, 2011). Among the molecules 

that can confer stem cell-like self-renewal attributes upon tumour cells are EMT-

inducing transcription factors such as Snail and Twist. After initiating tumour growth 
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at foreign loci, cancer cells may undergo a mesenchymal-epithelial transition, which 

may help explain why distant metastases from carcinomas are often composed of 

more differentiated epithelial tumour cells (Polyak & Weinberg, 2009). At this stage, 

non-neoplastic host cells such as macrophages may also contribute to the 

development of malignant outgrowths (Qian et al., 2011). Collectively, the 

concurrent presence of receptive microenvironments and active cancer cell self-

renewal signalling foster the likelihood of establishment of clinically detectable 

metastatic entities, the formation of which represents the endpoint of the metastatic 

cascade and designates that at least a few tumour cells were able to surmount all 

natural obstacles against metastasis (Valastyan & Weinberg, 2011). 

1.4 Tumour cell initial adhesion to the endothelium 
 

As mentioned above (section 1.3.4), reminiscent of the two-stage attachment 

of leukocytes to the endothelium, stable arrest of CTC on endothelial cells may also 

occur after an initial phase of transient interaction (Barthel et al., 2013; Reymond et 

al., 2013; Hiratsuka et al., 2011). Since selectins and their ligands are critical 

mediators of leukocyte tethering on endothelial cells (Ley et al., 2007), they have 

been the main molecules investigated for their contribution to tumour cell initial 

adhesion to the endothelium (Reymond et al., 2013). 

1.4.1 Selectins  

1.4.1.1 Structure of selectins 

 

Selectins are a family of Ca2+-dependent (C-type) lectins, proteins that bind 

glycans via their carbohydrate-recognition domains (CRDs) (Taylor & Drickamer, 

2011). Structurally, selectins are classified as type 1 cell-surface glycoproteins 

consisting of a short (17 to 35 amino acid long) cytoplasmic tail at the carboxyl 

terminus, a single membrane-spanning region and an extracellular region composed 

of two to nine short consensus repeats (SCRs, also known as Sushi domains) each 

composed of approximately 60 amino acids, an EGF-like domain (35 to 40 amino 

acid long), and a C-type lectin-like domain (also called CRD that consists of 120 

amino acids) at the amino terminus (Zelensky & Gready, 2005; Vestweber & Blanks, 

1999). Within the same species, there is no homology between the cytoplasmic or 
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transmembrane regions of different selectins. On the other hand, different selectins 

of the same species are most closely related in the amino acid sequence of the lectin-

like domains followed by that of the EGF-like and SCR domains (Ley, 2003; 

Kansas, 1996). While the lectin-like and EGF-like (LE) domains of the extracellular 

region of selectins contribute directly to cell adhesion (Kansas et al., 1994), SCRs 

may be indirectly involved in this process by properly presenting the LE domains. 

The number of SCRs varies depending on the type of selectin (Tedder et al., 1995). 

To date, three types of selectins have been identified in humans; P-selectin (CD62P, 

LECAM-3, PADGEM or GMP-140), E-selectin (CD62E, ELAM-1 or LECAM-2) 

and L-selectin (CD62L, LAM-1, LECAM-1, gp90MEL, TQ-1, DREG.56, or LEU-8) 

that have nine, six and two SCRs, respectively (Mitchell & King, 2014; Ehrhardt et 

al., 2004) (figure 1.3). Human P-, E- and L-selectins also contain a variable number 

of potential sites of N-glycosylation (Bevilacqua & Nelson, 1993), whereby a glycan 

is linked by an N-glycosidic bond to proteins at asparagine (Asn) residues (Stanley et 

al., 2009). The genes that encode all these selectins have been localized to a single 

cluster on chromosome 1 (Watson et al., 1990).  

 

          

Figure  1.3 Schematic representation of the structural organization of selectins. Selectins 

share a similar structure consisting of a short cytoplasmic tail at the carboxyl terminus, a 

single transmembrane domain (green), a variable number of short consensus repeats (SCRs, 

light blue), an EGF-like domain (light grey), and a C-type lectin-like domain (dark grey) at 

the amino terminus. L-selectin, E-selectin and P-selectin have two, six and nine SCRs, 

respectively. 
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1.4.1.2 Expression of selectins 

 
Expression of P-selectin 

 

P-selectin is constitutively available intracellularly in platelets and 

endothelium, where it is stored presynthesized in storage granules called α granules 

and Weibel-Palade bodies, respectively (McEver et al., 1989; Berman et al., 1986). 

In response to a variety of mediators such as histamine and thrombin, P-selectin can 

be rapidly mobilized (within minutes in endothelial cells and within seconds in 

platelets) to the cell surface through the fusion of storage granules with the plasma 

membrane via exocytosis (Läubli & Borsig, 2010; Ehrhardt et al., 2004; Vestweber 

& Blanks, 1999; Tedder et al., 1995). Notably, P-selectin expression on human 

endothelial cells is not induced by the pro-inflammatory factors lipopolysaccharides 

(LPS), tumour necrosis factor-alpha (TNF-α) and IL-1 (Yao et al., 1996). P-selectin 

is only transiently expressed on the cell surface as it is rapidly internalized either for 

lysosomal degradation or for recycling from endosomes into the trans-Golgi network 

and then to storage granules (Vestweber & Blanks, 1999; Subramaniam et al., 1993). 

In addition to the regulation of P-selectin expression by exocytosis, its expression in 

human endothelium can also be transcriptionally induced by certain cytokines 

including IL-4 and oncostatin M (Yao et al., 1996).  

 

Expression of E-selectin 

 

E-selectin expression is restricted to the endothelium, although it is generally 

not constitutively expressed on resting endothelial cells (Vestweber & Blanks, 1999; 

Kansas, 1996). Instead, expression of E-selectin on endothelial cells is induced by 

pro-inflammatory mediators including bacterial LPS, TNF-α and IL-1 (Ehrhardt et 

al., 2004; Vestweber & Blanks, 1999; Bevilacqua et al., 1987). Following in vitro 

stimulation of human umbilical vein endothelial cells (HUVEC) with these factors, 

E-selectin expression peaks in 4 to 6 hours and declines thereafter to basal levels 

within 24 to 48 hours as it is internalized for lysosomal degradation (Ehrhardt et al., 

2004; Bevilacqua & Nelson, 1993; Subramaniam et al., 1993; Bevilacqua et al., 

1987). Of note, E-selectin appears to be constitutively expressed on the endothelium 
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of bone marrow microvesseles (Schweitzer et al., 1996), and can be chronically 

expressed on activated endothelial cells in the skin (Chu et al., 1994). In addition, E-

selectin expression has been reported to be more up-regulated in human lymphatic 

endothelium compared with HUVEC after LPS treatment (Sawa & Tsuruga, 2008). 

Induction of E-selectin expression on endothelial cells occurs at the transcriptional 

level as it is dependent on the activation of transcription factors such as nuclear 

factor κappa B (NF-κB) (Montgomery et al., 1991). 

 

Expression of L-selectin 

 

L-selectin is expressed by most peripheral blood leukocytes (Ehrhardt et al., 

2004), including neutrophils, monocytes and the majority of lymphocytes (Kansas, 

1996). Although it is constitutively expressed on the majority of myeloid cells 

throughout their differentiation and is expressed continuously on most lymphocytes 

at certain stages of maturation (Tedder et al., 1995), L-selectin can be rapidly (within 

1 to 5 minutes) yet reversibly lost from the surface of these cells in response to a 

variety of stimuli such as TNF-α and IL-8 (CXCL8) (Vestweber & Blanks, 1999; 

Tedder et al., 1995). 

1.4.1.3 Functions of selectins 

 

As adhesion molecules, selectins are critical mediators of leukocyte rolling 

along endothelial cells during both normal leukocyte trafficking and inflammatory 

response (Ley et al., 2007; Weis et al., 1998). Although all types of selectins have 

been demonstrated to facilitate leukocyte rolling both in vitro and in vivo (Kansas, 

1996), different selectins contribute uniquely to this process due to differences in 

their temporal and/or spatial expression. For example, in vivo studies have shown 

that although P-selectin is apparently the predominant mediator of the very early 

stage of leukocyte rolling in response to an inflammatory stimulus, its contribution to 

this event at later time points declines significantly compared to that of L-selectin 

(Ley et al., 1995). On the other hand, E-selectin appears to be required for the slow 

rolling of leukocytes in vivo (Kunkel & Ley, 1996), suggesting that it supports the 

adhesion of these cells at phases later than those facilitated by P- and L-selectins.  
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Functions of P-selectin 

 

As indicated above, P-selectin facilitates the very early phase of leukocyte 

rolling during an inflammatory reaction. In addition to its critical role in leukocyte 

recruitment during acute inflammation, P-selectin can also contribute to 

accumulation of leukocytes in specific tissues during different types of chronic 

inflammation, an observation that is consistent with the ability of certain pro-

inflammatory factors to transcriptionally upregulate its expression (Kansas, 1996). 

Moreover, P-selectin on activated platelets mediates platelet-leukocyte and platelet-

endothelial interactions and thus may serve to regulate thrombosis and hemostasis 

(Ley, 2003; Celi et al., 1994; Larsen et al., 1989). 

 

Functions of E-selectin 

 

 E-selectin also elicits the initial adhesion of leukocytes to activated 

endothelial cells (Kansas, 1996). Notably, E-selectin appears to play a crucial role in 

the recruitment of a subset of memory T lymphocytes to the skin (Picker et al., 

1991a). In addition, the soluble form of E-selectin may enhance the migration 

potential of leukocytes through exerting chemotactical signals on them and activating 

their β2- integrins (Ehrhardt et al., 2004; Ruchaud-Sparagano et al., 1998), of which 

macrophage-1 antigen (Mac-1) and lymphocyte function-associated antigen-1 (LFA-

1) are most relevant for firm adhesion of these cells on the endothelium (Zarbock & 

Ley, 2009).  

 

Functions of L-selectin 

 

L-selectin participates in the physiological homing of lymphocytes to 

secondary lymphoid organs such as the lymph nodes, whose postcapillary venules 

posses specialized cuboidal endothelial cells and are thus called high endothelial 

venules (HEV) (Masopust & Schenkel, 2013; Kansas, 1996). In addition to its role in 

lymphocyte recirculation, L- selectin can recruit neutrophils and monocytes to sites 

of inflammation in vivo (Kansas, 1996). The mechanisms by which membrane-bound 
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L-selectin can regulate the trafficking of leukocytes may involve the employment of 

L-selectin shed from the cell surface as a functionally active protein (Kansas, 1996; 

Tedder et al., 1995). 

 

Additional remarks on the functions of selectins 

 

 The critical roles that selectins play in the capture (tethering) and subsequent 

rolling of leukocytes are fulfilled by the proper interactions of these adhesion 

molecules with their ligands (sections 1.4.2 and 1.4.3) (Ley et al., 2007). For most of 

these interactions, particularly those mediated by L- and P-selectins (Lawrence et al., 

1997; Finger et al., 1996), shear stress, which is the force exerted by the flowing 

blood (dynes) on each area unit of the endothelium surface (cm
2
), is required (Ley et 

al., 2007). This dependence reflects the nature of selectin catch bonds, which become 

stronger when subjected to pulling force (Marshall et al., 2003), and is related to 

rolling movement of tethered cells on the endothelium that enables new linkages to 

form prior to the breakage of the old ones (Yago et al., 2007).  In addition to their 

participation in leukocyte capture and rolling, selectins can also trigger, upon 

interacting with their ligands, forward and/or reverse signalling events in the 

selectin-expressing cell and the selectin ligand-bearing cell. For example, while E-

selectin engagement can induce a Ca
2+

-dependent formation of stress fibers in 

endothelial cells (Lorenzon et al., 1998), it may also activate β2- integrins on human 

neutrophils through various signalling molecules, including  p38 MAPK (Simon et 

al., 2000), and spleen tyrosine kinase (Syk) (Kuwano et al., 2010). 

 

 Selectin-mediated leukocyte rolling paves the way for endothelial-bound 

chemokines to interact with their receptors on leukocytes (Springer, 1994), an event 

that also can activate integrins on the latter cells through intracellular signalling 

pathways (Zarbock & Ley, 2009; Zarbock et al., 2007; Springer, 1994). Activated 

integrins on leukocytes may subsequently interact with their endothelium-expressed 

ligands, including the immunoglobulin superfamily members vascular cell adhesion 

molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1) (Chesnutt et 

al., 2006; Berlin et al., 1995; Springer, 1994). The latter interactions can in turn slow 
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leukocyte rolling and thus eventually lead to firm leukocyte arrest, after which the 

leukocyte adhesion cascade includes spreading and intraluminal crawling of 

leukocytes along the endothelium prior to their migration into adjacent tissue (Ley et 

al., 2007). 

1.4.2 Ligands for selectins 

1.4.2.1 Glycoproteins and glycolipids as selectin ligands 

 

Although there are several candidate ligands for selectins (Ley, 2003), it is 

important to distinguish between structures that can display selectin binding activity 

under certain in vitro conditions and those that actually do serve as physiological 

ligands for selectins (Varki, 1994). To be biologically relevant, it is necessary for any 

selectin ligand to be present within the appropriate temporal and spatial context and 

to exhibit enough binding competence to support specific cellular recognition in a 

physiologic setting (section 1.4.3) (Varki, 1994).  

Studies using mice have substantially contributed to current knowledge about 

the identity and physiologic significance of selectin ligands. The results of some of 

these studies will be briefly discussed below. Unless stated otherwise, these results 

appear to be applicable to human. One of the most characterized selectin ligands is 

P-selectin glycoprotein ligand 1 (PSGL-1) (Ley, 2003), which is now known to serve 

as a common ligand for all three selectins, despite its original description as a P-

selectin ligand (Ley et al., 2007).  

Ligands for P-selectin 

 

PSGL-1 is the major physiologic ligand for P-selectin on leukocytes (Zarbock 

et al., 2011; Ley et al., 2007; McEver & Cummings, 1997; Moore et al., 1995). 

However, other molecules have also been proposed as potential P-selectin ligands 

including L-selectin (Picker et al., 1991b) and CD24 (Aigner et al., 1998).  

PSGL-1 is expressed on almost all blood leukocytes (Ley et al., 2007; 

McEver & Cummings, 1997; Moore et al., 1995) but can also be expressed by 

hematopoietic progenitor cells (McEver & Cummings, 1997), certain endothelial 
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cells (Ley et al., 2007; Rivera-Nieves et al., 2006), and to a lesser extent by platelets 

(Frenette et al., 2000). However, at least in leukocytes, PSGL-1 is functional in terms 

of supporting leukocyte interaction with endothelial cells and platelets but only when 

correctly glycosylated (Ley et al., 2007). 

While L-selectin on human leukocytes was hypothesized to be able to bind to 

P-selectin, this ability was observed for L-selectin expressed by neutrophils but not 

lymphocytes and mainly for L-selectin localized to cell surface microvilli (Picker et 

al., 1991b). CD24 on human cells of epithelial origin has also been demonstrated to 

serve as a P-selectin ligand under flow conditions (Aigner et al., 1998).  

Ligands for E-selectin 

 

Besides the ability of appropriately glycosylated PSGL-1 to serve as an E-

selectin ligand (Hanley et al., 2004), similar ligand activity toward E-selectin has 

been described for a number of other molecules including L-selectin (Zöllner et al., 

1997), CD43 (Fuhlbrigge et al., 2006), CD44 (Dimitroff et al., 2001), E-selectin 

ligand-1 (ESL-1) (Steegmaier et al., 1995), β2 integrins (Kotovuori et al., 1993) and 

glycolipids (Nimrichter et al., 2008; Alon et al., 1995).  

Previous studies denoted that PSGL-1 may support human leukocyte 

adhesion through its engagement with E-selectin (Xia et al., 2002; Asa et al., 1995). 

Indeed, recent studies suggest that the participation of this glycoprotein is necessary 

for the slow rolling of human neutrophils on E-selectin and ICAM-1 (Kuwano et al., 

2010), although other studies found PSGL-1 to be not essential for E-selectin-

mediated binding of these cells (Nimrichter et al., 2008). This discrepancy may be 

attributable to the failure of the latter studies (Nimrichter et al., 2008) to take into 

account the potential of PSGL-1 to activate integrins upon its interaction with E-

selectin, a process that was more recently implicated in reducing the velocities of 

human neutrophils rolling on E-selectin by enhancing transient β2 integrin LFA-1 

binding to ICAM-1 (Kuwano et al., 2010). Cutaneous lymphocyte-associated antigen 

(CLA) (Picker et al., 1991a), which is a specialized glycoform of PSGL-1 

(Fuhlbrigge et al., 1997), is expressed by nearly all memory T lymphocytes 

infiltrating cutaneous tissues and thus appears to facilitate an E-selectin-dependent 
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recruitment of these cells into the skin (Kansas, 1996; Picker et al., 1991a), where 

the vascular endothelium may constitutively express E-selectin (Chu et al., 1994).  

While L-selectin receptors, particularly those located on the microvilli of 

human neutrophils have been shown to play a role in the binding of these cells to E-

selectin (Picker et al., 1991b), their expression is neither necessary nor sufficient for 

this process (Kansas, 1996), and is unlikely to participate in T cell homing to 

extralymphoid organs (Ley & Kansas, 2004).  Indeed, the inhibitory effects of anti-

L-selectin antibodies on leukocyte adhesion to E-selectin may be attributed, at least 

partially, to the blockade of secondary leukocyte tethering, which is mediated by L-

selectin on leukocytes in shear flow and L-selectin ligands on already adherent 

leukocytes (Ley et al., 2007). 

Although CD43 was previously described as an E-selectin ligand on CLA
+
 

human T cells (Fuhlbrigge et al., 2006), more recent studies on its involvement in 

mouse neutrophil recruitment have revealed that it displays pro-adhesive properties 

as an E-selectin ligand in collaboration with PSGL-1 and only in the absence of P-

selectin (Matsumoto et al., 2008). In addition to its binding activity to the ECM 

component hyaluronan, CD44, for which various splice variants exist (Ponta et al., 

2003), has also been reported to contribute to leukocyte slow rolling through its 

ability to bind to E-selectin (Nácher et al., 2011; Hidalgo et al., 2007; Katayama et 

al., 2005). Upon its engagement with E-selectin, CD44 may trigger slow rolling of 

leukocytes on ICAM-1 by inducing β2 integrin LFA-1 activation via signalling 

molecules shared with PSGL-1 such as Src family kinases (SFK) and Syk (Yago et 

al., 2010). 

The roles of ESL-1, which is expressed on murine leukocytes (Steegmaier et 

al., 1995) but seemingly not on those from human (Zarbock et al., 2011), as a 

functional E-selectin ligand have only recently become apparent. ESL-1 has been 

recently shown to cooperate with PSGL-1 to support leukocyte attachment to E-

selectin (Sreeramkumar et al., 2013). ESL-1 was also demonstrated to act in 

coordination with PSGL-1 and CD44 to mediate E-selectin-dependent leukocyte 

adhesion, during which PSGL-1 was observed to mainly facilitate the initial capture 

of these cells, whereas ESL-1 and CD44 contribution was largely based on the 
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control of leukocyte rolling velocities (Hidalgo et al., 2007). However, the latter 

studies have not explored whether ESL-1 and/or CD44 regulate leukocyte rolling 

velocity via integrin activation. Nonetheless, the findings of these in vivo studies 

(Hidalgo et al., 2007) are consistent with previous reports envisaging a role for ESL-

1 in leukocyte adhesion at mainly post-capture stages due to its predicted 

concentration on the shafts rather than the tips of microvilli of these cells based on 

observations obtained from lymphoma cells (Vestweber & Blanks, 1999). In 

addition, the same research group subsequently presented evidence that through its 

engagement with E-selectin, ESL-1 induces polarized activation of β2 integrin Mac-

1 on neutrophils and thus primes these cells to capture circulating erythrocytes or 

platelets (Hidalgo et al., 2009).  

Besides their known ability to bind to ICAM, β2 integrins have also been 

shown to interact with E-selectin (Kotovuori et al., 1993), although additional studies 

will be required to establish the involvement of such interaction in leukocyte 

recruitment in vivo. Glycolipids were previously reported to support E-selectin-

mediated cellular rolling under flow conditions (Alon et al., 1995), although their 

role as functional E-selectin ligands on human leukocytes has not been illuminated 

until more recently (Nimrichter et al., 2008).  

Ligands for L-selectin 

 

Known ligands for L-selectin include PSGL-1, mucosal vascular addressin 

cell adhesion molecule-1 (MAdCAM-1), the sulphated glycoproteins glycosylation-

dependent cell adhesion molecule-1 (GlyCAM-1), CD34 and Spg200 (Ehrhardt et 

al., 2004), and glycolipids (Alon et al., 1995). A common carbohydrate epitope on 

L-selectin ligands within HEV is peripheral node addressin (PNAd) (Masopust & 

Schenkel, 2013; Ley & Kansas, 2004; Rosen, 2004). 

Although PSGL-1 may facilitate neutrophil aggregation through its 

interaction with L-selectin (Sperandio et al., 2003), it does not appear to be the 

principal L-selectin ligand in physiological settings (Ehrhardt et al., 2004). 

MAdCAM-1 mediates lymphocyte rolling on the HEV of lymph nodes and the 

venules of Peyer’s patches, which are organized secondary lymphoid tissues in the 
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intestine (Kansas, 1996), through both L-selectin and α4β7 integrin (Patel et al., 

2002).  

Since GlyCAM-1 is secreted as a soluble moiety from the HEV of mouse but 

not human peripheral lymph nodes (Rosen, 2004), it may be not a contributor to L-

selectin dependent adhesion of human leukocytes, although it can transduce signals 

into these cells (Patel et al., 2002; Kansas, 1996). Less is known about CD34 and 

Spg200 as L-selectin ligands, although it is recognized that CD34 is expressed on the 

surface of endothelial cells and that Spg200 can be both cell membrane-associated 

and secreted, suggesting that the cell membrane-anchored CD34 and Spg200 may be 

the physiologically relevant L-selectin ligands that enable lymphocyte tethering on 

the HEV of secondary lymphoid organs (Ehrhardt et al., 2004). Podocalyxin, which 

is a CD34-related molecule (Rosen, 2004), has been reported as a major L-selectin 

ligand in the HEV of human tonsils (Rosen, 2004; Puri et al., 1995).  

Besides their ability to mediate L-selectin-dependent adhesion under static 

conditions, properly glycosylated forms of glycolipids have also been demonstrated 

to support tethering and rolling of L-selectin expressing lymphoid and myeloid cells 

under flow conditions (Alon et al., 1995). In addition to their contribution to 

lymphocyte recirculation, L-selectin ligands also participate in the recruitment of 

leukocytes to inflammation sites (Vestweber & Blanks, 1999; Kansas, 1996). 

1.4.2.2 Carbohydrate determinants on selectin ligands 

 

As implied above (section 1.4.2.1), carbohydrates constitute an essential 

component of selectin ligands, consistent with the existence of the lectin domain 

within the structural organization of selectins. However, it is important to note that 

despite the fact that selectins recognize carbohydrate structures, the availability of 

the protein or lipid portion of a selectin ligand also appears to be critical for selectin- 

dependent cell adhesion under physiologic conditions (Kansas, 1996).  

 

 The minimal carbohydrate determinant for biologically relevant recognition 

by selectins is the Lewis blood group tetrasaccharide antigen sialyl Lewis A (sLeA) 

or its stereoisomer sLeX (Zarbock et al., 2011; Reis et al., 2010; Vestweber & 
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Blanks, 1999; Kansas, 1996; Bevilacqua & Nelson, 1993). By implication, all 

selectin ligands must carry sLeA and/or sLeX. sLeA is not normally present on 

leukocytes (Bevilacqua & Nelson, 1993). Instead, its expression is restricted to the 

luminal border of ductal epithelium (Ragupathi et al., 2009). On the other hand, 

sLeX is found on most circulating leukocytes and some endothelial cells (McEver, 

2002; Bevilacqua & Nelson, 1993). Multiple lines of evidence highlight the 

significance of sLeA/X in selectin-mediated leukocyte recruitment into inflammation 

sites. For example, due to their inability to synthesize sLeX, patients affected with 

leukocyte adhesion deficiency syndrome type II (LAD-II) lack leukocyte recruitment 

into inflamed tissues and thus they are at increased risk of infectious diseases (Ley, 

2003).  

 

Although synthetic sLeA or sLeX generally bind to selectins with low 

affinities (dissociation constant (Kd) 0.1 – 5 mM) (Vestweber & Blanks, 1999; 

Kansas, 1996), high copy numbers of these molecules that are naturally present on 

cells may help initiate a biologically relevant selectin-dependent binding (Varki, 

1994). In addition, E-selectin tends to display a higher binding affinity for sLeA/X 

compared to P- and L-selectin (Ehrhardt et al., 2004). Specifically, E-selectin 

binding affinity for sLeA has been demonstrated to be higher than that for sLeX 

(Nelson et al., 1993), although other studies yielded contradictory results 

(Bevilacqua & Nelson, 1993; Tyrrell et al., 1991). On the other hand, selectins bind 

specific glycoproteins or glycolipids with apparent high affinity (Vestweber & 

Blanks, 1999; Kansas, 1996). These observations together not only reinforce the 

concept that carbohydrate structures such as sLeA and sLeX only form part of more 

extensive binding elements but also indicate that optimization of selectin binding 

affinity can be achieved through distinct modifications of the chemical or physical 

organization of selectin ligand components. Indeed, specific glycosylation patterns 

constitute an integral part of the physiological ligands that are preferentially 

recognized by certain selectins. For example, while tyrosine sulfates on the protein 

backbone underlying terminal sLeX on PSGL-1 have been reported to be crucial for 

the recognition of this ligand by P- and/or L-selectin (McEver & Cummings, 1997; 

Kansas, 1996), 6-sulfo sLeX on GlyCAM-1 has been shown to optimize the binding 
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of this counter-ligand to L-selectin (Rosen, 2004). However, the precise 

requirements for high affinity binding by E-selectin beyond sLeA or sLeX remain to 

be determined (Sperandio et al., 2009; Vestweber & Blanks, 1999). 

 
 Structurally, sLeA, also known as carbohydrate antigen 19.9 (CA19.9) 

(Sawada et al., 2011), is composed of sialic acid (of which N-acetylneuraminic acid 

(NeuAc) is the most ubiquitous form (Taylor & Drickamer, 2011)) α2-3 linked to 

galactose (Gal) that is attached β1-3 to N-acetylglucosamine (GlcNAc) that also 

bears an α1-4-linked fucose (figure 1.4, A). On the other hand, sLeX, also known as 

CD15s (Barthel et al., 2007), consists of NeuAc α2-3 linked to Gal that is attached 

β1-4 to GlcNAc that also carries an α1-3-linked fucose (figure 1.4, B) (Bevilacqua & 

Nelson, 1993). Similar to other Lewis and ABO glycan-based blood group antigens, 

sLeA and sLeX are predominantly present as terminal elaborations of larger 

oligosaccharides on glycoproteins or glycolipids (Reis et al., 2010). The families of 

enzymes involved in the glycosylation of scaffold molecules to form selectin ligands 

are discussed below (section 1.4.2.3).   

 

 

 

 

  

Figure  1.4 Schematic representation of sLeA (A) and sLeX (B) structures. A) sLeA is 

composed of NeuAc α2-3 linked to galactose that is, in turn, attached β1-3 to GlcNAc 

bearing fucose through an α1-4 linkage. B) sLeX consists of NeuAc α2-3 linked to galactose 

that is, in turn, attached β1-4 to GlcNAc carrying fucose through an α1-3 linkage. R: 

precursor carbohydrate chain.  
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1.4.2.3 Regulation of selectin ligand scaffold glycosylation 

 
General principles of glycosylation events 

 The critical role of carbohydrates in diverse biological processes including 

selectin-selectin ligand interactions, regardless of whether they are on glycoproteins 

or glycolipids has served to focus research on the cellular machineries that regulate 

glycosylation, the enzymatic process by which glycosidic linkages between 

carbohydrates and other carbohydrates, proteins or lipids, are generated (Marth & 

Grewal, 2008). Glycosylation produces different types of glycoconjugates including 

glycoproteins and glycolipids (Lowe, 2002). 

 Proteins can undergo two types of glycosylation, which may occur either 

individually or simultaneously, namely N-glycosylation and O-glycosylation. N-

glycosylation involves the attachment of an oligosaccharide chain to Asn residues on 

proteins by an N-glycosidic bond. On the other hand, O-glycosylation comprises the 

binding of a glycan to serine (Ser) or threonine (Thr) residues on proteins by an O-

glycosidic bond (Reis et al., 2010; Brockhausen et al., 2009; Stanley et al., 2009). 

Since most physiological selectin ligands are proteins that predominantly carry O-

glycan chains (Sperandio et al., 2009; Marth & Grewal, 2008), the process of O-

glycosylation of protein scaffolds is described in some detail in this section, although 

N-glycosylation is also briefly discussed. Specifically, this section is concerned with 

the O-glycosylation process that involves mucins, which are heavily O-glycosylated 

due to their high content of Ser and Thr residues (Kufe, 2009).  

 Glycosylation events are generally orchestrated by two main groups of 

enzymes, namely glycosyltransferases and glycosidases (Marth & Grewal, 2008). 

According to the carbohydrate-active enzymes (CAZy) database (www.cazy.org) 

(Lombard et al., 2014), more than 95 glycosyltransferase families have been 

identified so far across all biological kingdoms, where the genes encoding these 

enzymes represent at least 1% of the genome of an organism (Rini et al., 2009). 

Glycosyltransferases are Golgi compartment type II transmembrane proteins that 

include acetylgalactosaminyltransferases (GalNAcT), acetylglucosaminyltransferases 

(GlcNAcT), galactosyltransferases (GalT), sialyltransferases (ST) and 
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fucosyltransferases (FucT) (Rini et al., 2009; Lowe, 2002). These enzymes 

respectively catalyze the transfer of the monosaccharide moieties from the sugar 

nucleotide donor substrates uridine diphosphate (UDP)-N-acetylgalactosamine 

(GalNAc), UDP-GlcNAc, UDP-Gal, cytidine monophosphate (CMP)-NeuAc and 

guanosine diphosphate (GDP)-fucose to glycoconjugate acceptor substrates (Taylor 

& Drickamer, 2011; Rini et al., 2009).  

Mucin O-glycosylation process 

 Post-translational mucin O-glycosylation involves the processing of 

carbohydrate chains by glycosyltransferases that operate in a sequential fashion 

(figure 1.5) (Reis et al., 2010; Marth & Grewal, 2008). The first step in mucin-type 

O-glycosylation is the production of Tn antigens by UDPGalNAc-polypeptide 

GalNAcT (ppGalNAcT) that transfer GalNAc from the sugar nucleotide donor 

substrates UDP-GalNAc to Ser or Thr residues on the protein. Core 1 mucin O-

glycans (T antigens) can be subsequently formed by core 1 β1-3 GalT (C1GalT-1) 

that attach Gal to the Tn antigens. Core 2 mucin O-glycans (branched core 1 

structures) can be next synthesized by core 2 β1-6 GlcNAcT (C2GlcNAcT) that add 

GlcNAc to the T antigens. Consequently, extension of core 2 mucin O-glycans can 

be catalyzed by the alternate action of β1-3/4 GalT and β1-3/4 GlcNAcT leading to 

the generation of repeated carbohydrate chains.  In type 1 carbohydrate chains, the 

linkages between the outermost Gal and GlcNAc are β1-3, whereas in type 2 

carbohydrate chains, these residues are β1-4-linked. Terminal saccharide structures 

such as Lewis and ABO glycan-based blood group antigens can finally be produced 

on type 1 or 2 carbohydrate chains (Reis et al., 2010; Brockhausen et al., 2009). For 

example, sLeA can be formed on type 1 carbohydrate (Galβ1-3GlcNAc) chains 

through the consecutive action of α2-3 ST that bind NeuAc to terminal Gal residues 

through α2-3 linkages and α1-4 FucT that connect fucose to the outermost GlcNAc 

residues through α1-4 linkages. Similarly, sLeX can be synthesized on type 2 

carbohydrate (Galβ1-4GlcNAc) chains through the successive activity of α2-3 ST 

that link NeuAc to terminal Gal through α2-3 linkages and α1-3 FucT that attach 

fucose to the outermost GlcNAc through α1-3 linkages (Reis et al., 2010). 
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Figure  1.5 Schematic representation of the biosynthetic pathway of sLeA/X on mucin 

O-glycans. The sLeA/X synthesis process involves the activity of Golgi apparatus 

glycosyltransferases ppGalNAcT, C1GalT, C2GlcNAcT, β1-3/4 GalT, β1-3/4 GlcNAcT, α2-

3 ST and α1-3/4 FucT that transfer sugars from sugar nucleotide donor substrates such as 

UDP-GalNAc, UDP-Gal, UDP-GlcNAc, CMP-sialic acid and GDP-fucose to the appropriate 

glycoconjugate acceptor substrates. Extension of core 2 mucin O-glycans is controlled by 

β1-3/4 GalT and β1-3/4 GlcNAcT and leads to the production of either type 1 carbohydrate 

chains, where the linkage between Gal and terminal GlcNAc is β1-3, or type 2 carbohydrate 

chains, where the linkage between Gal and terminal GlcNAc is β1-4. sLeA and sLeX can 

subsequently be synthesized on the carbohydrate chains type 1 and 2, respectively. sLeA 

synthesis involves the catalytic addition of sialic acid to terminal Gal through an α2-3 

linkage and fucose α1-4 to terminal GlcNAc. On the other hand, sLeX production involves 

the sequential transfer of sialic acid to terminal Gal through an α2-3 linkage and fucose α1-3 

to terminal GlcNAc. 

 
In addition to core 1 and 2 structures, certain mucins can also contain core 3 

and 4 O-glycans. Core 3 mucin O-glycans are produced by core 3 β1-3 GlcNAcT 

(C3GlcNAcT) that transfer GlcNAc to Tn antigens. Core 4 mucin O-glycans can be 

subsequently formed by core 2/4 β1-6 GlcNAcT (C2GlcNAcT-2) that attach GlcNAc 

to core 3 structures. Moreover, core 5-8 O-glycans have also been reported in human 

mucins, although their occurrence is extremely restricted and the enzymes 

synthesizing them remain to be defined. All of the eight identified core mucin O-
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glycans can be sialylated, although only core structures 1-4 and 6 have been 

demonstrated to undergo extensions leading to the creation of complex O-glycans 

that carry terminal elaborations such as sLeA and sLeX (Brockhausen et al., 2009). 

N-glycosylation process 

As mentioned above, complex O-glycans appear to drive the physiological 

function of most selectin ligands (Sperandio et al., 2009; Marth & Grewal, 2008). 

However, the binding of CD44 immunopurified from myeloid cells to E-selectin has 

been reported to be dependent on N-glycans not O-glycans (Katayama et al., 2005). 

In addition, ESL-1 is only decorated by N-linked but not O-linked glycans 

(Sperandio et al., 2009). These observations suggest that N-glycans may also 

contribute to selectin-selectin ligand interactions through their potential to carry 

terminal structures such as sLeA and sLeX (Lenter et al., 1994). Initiation of N-

glycan synthesis requires the generation of lipid-linked oligosaccharide precursors 

(consisting of 3 glucose (Glc), 9 mannose (Man) and 2 GlcNAc residues) that can be 

transferred en bloc to polypeptides in the endoplasmic reticulum. These 

oligosaccharides can subsequently undergo preliminary processing by endoplasmic 

reticulum-based glycosidases that remove some of the original sugar residues. 

Further processing of these oligosaccharides can be next performed by glycosidases 

within the Golgi apparatus, where glycosyltransferases can also add new saccharide 

residues (Taylor & Drickamer, 2011; Stanley et al., 2009). 

Synthesis of terminal carbohydrate structures-role of sialyltransferases 

 Beyond the generation of type 1 and 2 carbohydrate chains, the production of 

sLeA and sLeX is, as described earlier, largely regulated by the concerted catalytic 

activity of two families of glycosyltransferases, namely α2-3 ST and α1-3/4 FucT. 

ST are categorized based on the linkages they form between sialic acid and the 

acceptor (for example, ST3 synthesize α2-3 linkages) and on their substrate 

specificity (for example, ST3Gal specifically attach sialic acids to terminal Gal 

residues through α2-3 linkages) (Harduin-Lepers et al., 2001; Tsuji, 1996). To date, 

twenty genes encoding different putative ST, all of which cluster in CAZy family 

GT29, have been identified in the human genome (Lombard et al., 2014). Six of 
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these genes are believed to encode ST3GalI–VI that attach sialic acids to the 

outermost Gal residues on glycoproteins or glycolipids through α2-3 linkages (Audry 

et al., 2011). The expression level of these enzymes may be influenced by certain 

cytokines. For example, enhanced ST3GalIV expression levels in human myeloid 

cells was found to be induced by granulocyte colony-stimulating factor (G-CSF) 

(Dagia et al., 2006). Human ST3GalI and ST3GalII predominantly act on type 3 

carbohydrate chains, in which the outermost Gal residues are linked to GalNAc 

through β1-3 linkages (Giordanengo et al., 1997; Kitagawa & Paulson, 1994b). 

However, ST3GalI has been also shown to exhibit activity against type 1 

carbohydrate chains (Ito et al., 1997). Although human ST3GalIII has been reported 

to preferentially use type 1 carbohydrate chains as acceptor substrates (Kitagawa & 

Paulson, 1993), its expression has been also correlated with sLeX synthesis in certain 

cancer tissues (Ogawa et al., 1997). The enzymatic activity of human ST3GalIV was 

found to be mainly towards type 2 carbohydrate chains (Kitagawa & Paulson, 

1994a). Interestingly, human ST3GalV has been demonstrated to almost exclusively 

catalyze the transfer of sialic acid to lactosyl-ceramide (Galβ1-4Glcβ1-Cer) (Ishii et 

al., 1998). Human ST3GalVI has been shown to be mostly involved in the sialylation 

of type 2 carbohydrate chains (Okajima et al., 1999).  

The findings of these early studies on human ST indicate that ST3Gal-III, -IV 

and -VI may play critical roles in the production of functional selectin ligands in vivo 

through their participation in the synthesis of sLeA and/or sLeX. Indeed, the 

significance of ST3Gal-IV and -VI in the formation of functional selectin ligands has 

been recently demonstrated using ST3GalIV/ST3GalVI double-deficient mice, in 

which severe impairment in neutrophil recruitment into inflamed sites and 

lymphocyte homing to secondary lymphoid organs was observed (Yang et al., 2012). 

However, the same studies also revealed that human ST may exhibit overlapping 

specificities, suggesting that the specificity of these enzymes may depend on the 

context in which they are expressed. In addition, it should be taken into account that 

the function of these ST may be influenced by their competition with other Golgi-

resident glycosyltransferases for the same acceptor substrate. For example, by 

competing with C2GlcNAcT for the T antigens (Reis et al., 2010), ST3GalI can 

inhibit the generation of core 2 O-glycans (Priatel et al., 2000), and thus may 
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adversely affect abundance or function of selectin ligands. These considerations 

make it conceivable that any of the α2-3 ST may contribute to some degree to 

selectin ligand availability or functionality in different types of cells in vivo.  

Synthesis of terminal carbohydrate structures - role of fucosyltransferases 

In human, eleven genes encoding FucT (FucTI-XI), belonging to CAZy 

families GT10, 11 and 23 that incorporate fucose into carbohydrate substrates, have 

been cloned thus far (Lombard et al., 2014). Like other glycosyltransferases, the 

expression level of FucT may be regulated by certain cytokines. For example, 

induction and repression of FucTVII expression in T cells are controlled by IL-12 

and IL-4, respectively (Wagers et al., 1998a). Similarly, FucT-IV and -VII 

expression levels in human leukocytes are enhanced by G-CSF (Dagia et al., 2006). 

Eight of these FucT (FucT-III, -IV, -V, -VI, -VII, -IX, -X and -XI (encoded by the 

genes FUT-3, -4, -5, -6, -7, -9, -10 and -11, respectively)) have been demonstrated to 

posses α1-3/4 FucT enzymatic activities (Mollicone et al., 2009; de Vries et al., 

2001). Different α1-3/4 FucT have distinct, although sometimes overlapping, 

patterns of saccharide acceptor specificity. Whilst FucTIII to VII and -IX can attach 

fucose to the penultimate GlcNAc of type 2 carbohydrate chains through α1-3 

linkages, only FucT-III and -V appear to be able to display dual specificity for type 1 

and type 2 carbohydrate chains (Tu et al., 2013; de Vries et al., 2001). Specifically, 

FucTIII is mainly involved in the fucosylation of GlcNAc residues in Galβ1-

3GlcNAc sequences through α1-4 linkages (de Vries et al., 2001), although it can 

also act on type 2 carbohydrate chains (Kukowska-Latallo et al., 1990). By contrast, 

FucTV predominantly exhibits α1-3 FucT enzymatic properties (Weston et al., 

1992), although it has been also reported to use type 1 carbohydrate chains as 

acceptor substrates (de Vries et al., 2001). FucT-III, -V and -VI are capable of 

adding fucose to both sialylated and non-sialylated substrates. Whilst FucT-IV and -

IX preferentially fucosylate non-sialylated type 2 carbohydrate chains, FucT-VII 

mainly utilizes sialylated forms of these acceptors (Tu et al., 2013). Unlike other α1-

3 FucT, FucT-X and -XI were found to be almost not active toward type 2 

carbohydrate chains (Mollicone et al., 2009). 
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The results of studies on the enzymatic specificities of human α1-3/4 FucT 

suggest that the availability or functionality of selectin ligands in vivo may be 

crucially regulated by FucT that contribute to sLeA and/or sLeX production, namely 

FucT-III to VII and -IX. However, α1-3/4 FucT are differentially expressed in 

human cells. For example, FucTIII is abundantly expressed in gastrointestinal tissue, 

whereas only FucT-IV and -VII are expressed in human leukocytes (de Vries et al., 

2001). Accordingly, only a subset of α1-3/4 FucT may be of importance to the 

function of a particular cell type. Indeed, the critical role of FucTIII in driving the 

synthesis of sLeA on CD44 variant 6 (CD44v6) on human intestinal epithelial cells 

and thus mediating leukocyte interaction with these cells has been recently 

demonstrated (Brazil et al., 2013). Similarly, the significance of FucT-IV and -VII to 

leukocyte function has been demonstrated in FucTIV/VII double-null mice, in which 

E- and P-selectin-dependent leukocyte recruitment and L-selectin mediated 

lymphocyte homing were found to be significantly impaired (Homeister et al., 2001). 

Observations from a number of studies using mice with targeted deletions of the loci 

of FucT-IV, -VII, or both collectively imply that although FucT-IV and -VII 

collaborate to produce fucosylated ligands for E-, P- and L-selectin, FucTVII appears 

to dominate functionally relevant fucosylation of these ligands (Lowe, 2002). The 

results of separate studies investigating the binding behaviour of FucT-IV or FucT-

VII-deficient murine neutrophils indicate that these cells use FucT-IV and -VII to 

fucosylate ESL-1 and PSGL-1, respectively (Huang et al., 2000). 

Considered together, studies using mice lacking FucT-IV, -VII, or both 

appear to primarily assign FucTVII a prominent role in generating selectin ligands in 

murine leukocytes. However, the roles of FucTVII in the biosynthesis of selectin 

ligands in human leukocytes may be different from those observed in mice. For 

example, the finding that glycolipids can serve as major physiological E-selectin 

ligands on human leukocytes mainly through presenting internally fucosylated 

glycan structures such as VIM-2 (Nimrichter et al., 2008), suggests that FucTVII, 

which, unlike FucTIV, is not known to support internal fucosylation (Handa et al., 

1998), may be less important to E-selectin ligand formation in human leukocytes 

compared to that of mice. Indeed, individuals with a rare mutation in the FucTVII 

gene exhibit relative retention of E-selectin ligand activities (Bengtson et al., 2002).  
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Degradation of terminal carbohydrate structures-role of sialidases 

Cell-surface carbohydrate composition is, as mentioned above, largely 

determined by the activities of glycosyltransferases and glycosidases (Marth & 

Grewal, 2008). Whilst glycosyltransferases catalyze the energetically unfavourable 

glycosidic linkage formation, glycosidases drive the energetically favourable 

glycosidic bond hydrolysis. Like glycosyltransferases, glycosidases usually exhibit 

substrate specificities. In addition, glycosidases can be specific for particular 

glycosidic linkages (Taylor & Drickamer, 2011). According to the CAZy database 

(Lombard et al., 2014), more than 130 families of glycosidases, also known as 

glycoside hydrolases, have been identified to date across all taxonomic levels. The 

degradation of terminal carbohydrate structures such as sLeA and sLeX may involve 

the activity of different subfamilies of these glycosidases including sialidases and 

fucosidases.   

Sialidases (neuraminidases) are a group of exoglycosidases that catalyze the 

hydrolytic removal of terminal sialic acid residues of glycan chains (Monti et al., 

2010). Four genes encoding human sialidases (NEUI-IV), all of which belong to 

CAZy family GH33, have been so far cloned (Lombard et al., 2014). These enzymes 

display different subcellular localizations and acceptor substrate specificities. For 

example, NEUI is a lysosomal sialidase that can hydrolyze both α2-3 and α2-6 bonds 

of sialic acids (Bonten et al., 1996). NEUII is localized to the cytosolic compartment 

of cells where it exhibits a preferential hydrolysis activity against α2-3 sialyl 

linkages (Tringali et al., 2004). NEUIII is a plasma membrane-associated sialidase 

that is highly specific for gangliosides, a subtype of glycolipids that bear sialic acids 

(Monti et al., 2010). NEUIV is characterized by its presence in long and short 

isoforms. The long isoform shows mitochondrial membrane localization, whilst the 

short isoform is associated with the endoplasmic reticulum (Bigi et al., 2010). In 

addition, NEUIV has been described as a lysosomal sialidase (Seyrantepe et al., 

2004). NEUIV appears to display broad substrate specificity toward sialylated 

glycoconjugates regardless of its subcellular compartmentalization (Monti et al., 

2010). 
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Although glycans containing sialic acids play a critical role in cell-cell 

interactions, a high degree of sialylation has been reported to increase the negative 

surface charge and thus reduce cell adhesiveness (Cross & Wright, 1991). Treatment 

with an antibody raised against sialidase has been demonstrated to inhibit the 

extravasation of murine neutrophils form the pulmonary vasculature of mice 

intranasally challenged with IL-8, indicating that IL-8 stimulation can induce 

translocation of endogenous sialidases to the plasma membrane and that these 

sialidases may somehow contribute to leukocyte recruitment in vivo (Cross et al., 

2003). Interestingly, sialidases on the surface of human neutrophils have been also 

implicated in the desialylation of endothelial cell surface without affecting the 

expression of endothelial adhesion molecules (Sakarya et al., 2004). In the latter 

study, the use of antibodies against ICAM-1, E-selectin and β2 integrins inhibited the 

adhesion of unstimulated neutrophils to TNF-α activated endothelium but not to 

desialylated endothelium (Sakarya et al., 2004). Therefore, desialylation of 

endothelial cell surface was concluded to render endothelial cells hyperadherent for 

resting neutrophils. However, none of the above studies specified the target 

molecules for endogenous sialidases.  

Degradation of terminal carbohydrate structures-role of fucosidases 

Fucosidases are glycosidases that catalyze the hydrolytic cleavage of L-fucose 

glycosidic bonds (Tu et al., 2013). In humans, two α-L-fucosidases (Type 1 and type 

2 α-L-fucosidases), which are categorized within CAZy family GH29, have been 

identified to date (Lombard et al., 2014). Type 1 α-L-fucosidase (FUCA1) is a 

lysosomal enzyme, whereas type 2 α-L-fucosidase (FUCA2) is a secreted protein (Tu 

et al., 2013). Although the substrate specificity of these enzymes remain to be fully 

characterized, it has been reported that unlike microorganism α-L-fucosidases that 

only release fucose α1-2-linked to Gal, mammalian α-L-fucosidases can hydrolyze 

both α1-2 fucose linkages to Gal and α1-3, α1-4, and α1-6 fucose bonds to GlcNAc 

(Liu et al., 2009).  

α-L-fucosidases gained increasing attention due to the growing evidence 

indicating that fucoglycoconjugates play important roles in a myriad of biological 

processes including neutrophil recruitment and lymphocyte homing (Lowe, 2002). 
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For example, one of the studies examining the contribution of human α-L-fucosidases 

to leukocyte recruitment has implicated these enzymes in reducing the 

transendothelial migration of CCL5 chemokine activated-monocytic cells in vitro 

through their adverse effect on the expression of fucosylated molecules, particularly 

CD31, on these cells (Ali et al., 2008). 

1.4.3 Molecular basis of selectin-selectin ligand interactions 
 

Although the direct involvement of the lectin-like domain of selectins in 

carbohydrate binding (Kansas et al., 1991), and the dependence of selectin-mediated 

adhesion on Ca
2+ 

ions
 
(Geng et al., 1990), and on

 
sialylated and/or fucosylated 

carbohydrates (Larsen et al., 1992; Zhou et al., 1991), have been long recognized, 

the molecular basis of selectin-selectin ligand interactions has only more recently 

become apparent. Since sLeX is the minimal carbohydrate determinant for 

recognition by selectins and is more relevant than sLeA to leukocyte function 

(Bevilacqua & Nelson, 1993), the interactions between sLeX and selectins were the 

focus of research aiming toward a more comprehensive understanding of selectin-

selectin ligand complexes.  

 

Early structure-related experimental work has mapped the sLeX binding site 

on E-selectin to a small region on the lectin-like domain (Erbe et al., 1992). Further 

definition of the sLeX binding site on E-selectin was provided by Graves et al. 

(1994) who solved the crystal structure of the LE domains of E-selectin and showed 

that the lectin-like domain contains four conserved amino acids (glutamic acid 

(Glu)80, Asn82, Asn105 and aspartic acid (Asp)106) that E-selectin uses to bind a 

single Ca
2+ 

ion. Subsequently, Somers et al. (2000) solved the crystallographic 

structure of sLeX bound to E- and P-selectin-LE. The crystal structure of sLeX/E-

selectin-LE complex clearly illustrated that the fucose moiety of sLeX serves as the 

Ca
2+ 

ion recognition unit. Figure 1.6 shows a representative structure of this 

complex.  
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Figure  1.6 Crystal structure of sLeX/E-selectin-LE complex. The structure of E-selectin-

LE is represented with a cartoon, coloured by secondary structure (cyan: α-helix; magenta: 

β-sheet; wheat: random coil), outlined by protein surface. The bound Ca
2+

 ion is shown as a 

greencyan sphere and sLeX is represented in a stick model, coloured by moiety (red: fucose; 

blue: GlcNAc; yellow: Gal; purple: NeuAc). The structure figure was produced with 

MacPyMOL software version 1.3 using Protein Data Bank (PDB) ID code 1G1T (Somers et 

al., 2000).   

 
Specifically, fucose binds the Ca

2+ 
ion through its 3- and 4-hydroxyl 

substituents. In addition, the 3-hydroxyl group of fucose interacts with the sidechain 

of Asn105 on the lectin-like domain of E-selectin. Moreover, the 4-hydroxyl 

substituent of fucose binds the sidechains of Glu80 and Asn82 on the lectin-like 

domain of E-selectin (figure 1.7, A). These fucose interactions are identical in the 

sLeX/P-Selectin-LE complex. By contrast, no bonds between the GlcNAc residue of 

sLeX and the Ca
2+ 

ion or E-/P-selectin-LE sidechains were reported. The Gal moiety 

of sLeX interacts with the sidechains of tyrosine (Tyr)94 and Glu92 on the lectin-like 

domain of E-/P-selectin through its 4- and 6-hydroxyl groups, respectively (figure 

1.7, B). The NeuAc residue of sLeX binds the sidechains of Tyr48 and arginine 

(Arg)97 on the lectin-like domain of E-selectin through its carboxylate substituent 

(figure 1.7, C). The NeuAc moiety of sLeX also interacts with the sidechain of Tyr48 

on the lectin-like domain of P-selectin through its carboxylate group. However, 

Arg97 is replaced by a Ser in P-selectin, a structural change that may, at least 
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partially, provide a rationalization for the higher affinity of sLeX for E-selectin over 

P-selectin (Somers et al., 2000).  Collectively, these observations are consistent with 

the results of early studies indicating that selectins operate in a Ca
2+ 

-, sialic acid- and 

fucose-dependent mechanism.  

 

 

Figure  1.7 sLeX/E-selectin-LE interactions. A, B and C) The surface of the lectin-like 

domain of E-selectin is shown in gray and the bound Ca
2+

 ion is represented as a greencyan 

sphere. sLeX is shown in a stick model, coloured by moiety (red: fucose; blue: GlcNAc; 

yellow: Gal; purple: NeuAc). Black dotted lines represent main hydrogen bonds and/or Ca
2+

 

ion ligation. A, B and C) A top view of sLeX bound to the lectin-like domain of E-selectin 

focusing on fucose, Gal and NeuAc interactions, respectively. The structure figures were 

produced with MacPyMOL software version 1.3 using PDB ID code 1G1T (Somers et al., 

2000).   
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1.4.4 Role of selectins and their ligands in cancer progression and 

metastasis 
 

In addition to their critical roles in physiopathological processes such as 

inflammation and immune response, there is a growing body of literature suggesting 

that selectins and their ligands also drive cancer metastasis, although the strength of 

evidence varies according to the selectin and cancer type (Krause & Turner, 1999).
 

Indeed, the conceptualization that selectins potentially participate in tumour 

progression and metastasis is consistent with the notion that cell-surface mucins are 

usually overexpressed in cancers (Kufe, 2009), and that several types of cancer cells 

frequently display increased levels of the minimal selectin-binding carbohydrate 

epitopes, sLeA/X (Reis et al., 2010), either on glycoproteins (mucins or non-mucin 

glycoproteins) or on glycolipids. As the following discussion will illuminate, the 

contribution of selectins and their ligands to the metastatic process occurs at different 

levels, including facilitating heterotypic interactions between tumour cells, platelets 

and leukocytes, mediating the adhesion of cancer cells to endothelial cells (figure 

1.8) and inducing signal transduction.  

 

Whilst the formation of tumour cell-platelet-leukocyte microemboli is 

dependent on P- and L-selectin activities, the binding of cancer cells to the 

endothelium is mainly supported by P- and/or E-selectin-mediated interactions 

(Läubli & Borsig, 2010). Possibly due to observations that carcinoma cells 

frequently express sLeA/X but lack P- and L-selectin ligands (Kannagi et al., 2004), 

E-selectin has been investigated in association with tumour dissemination more than 

P- and L-selectin (Läubli & Borsig, 2010; Krause & Turner, 1999). Accordingly, the 

focus of this section is on the involvement of E-selectin and its ligands in cancer 

progression and metastasis, although it should be noted that P- and L- selectin and 

their respective ligands may also play important roles in the latter process as 

exemplified in sections 1.3.4 and 1.3.6 and as discussed occasionally below and 

thoroughly elsewhere (Läubli & Borsig, 2010).  
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Figure  1.8 Role of selectins and their ligands in mediating initial cancer cell adhesion to 

endothelial cells. E-Selectin-sLeA/X-mediated initial adhesion and rolling of cancer cells 

over endothelial cells pave the way for endothelial-bound chemokines to interact with their 

receptors on tumour cells. Chemokine-mediated interactions activate integrins on cancer 

cells through intracellular signalling pathways. Activated integrins on tumour cells may 

subsequently interact with their endothelium-expressed ligands, including ICAM-1, leading 

to firm adhesion of cancer cells to the endothelium.  

1.4.4.1 Role of E-selectin in cancer progression and metastasis 

 

E-selectin, whose expression may be induced by cytokines secreted by cancer 

cell-associated leukocytes (Khatib et al., 2005), or by cancer cells themselves 

(Nguyen et al., 1997), and whose apparent pro-metastatic properties may mainly be 

due to its ability to mediate the attachment of tumour cells to endothelial cells, has 

been repeatedly implicated in the process of cancer metastasis (Läubli & Borsig, 

2010), particularly in the context of colon and breast cancers (Krause & Turner, 

1999). In fact, the evidence for E-selectin participation in metastatic colonization is 

generally more convincing for colon and breast cancers compared to that for other 

tumour types. 

 

That E-selectin potentially promotes tumour progression and metastasis is 

substantiated by several studies employing different approaches including clinical 

observations, in vitro adhesion assays and in vivo metastasis assays. In fact, 

numerous clinical studies indicate that selectins may serve as prognosticators for 
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certain types of cancers. For example, E-selectin expression in colon and breast 

cancers was found to correlate with disease progression (Nguyen et al., 1997; Ye et 

al., 1995). In addition, levels of serum E-selectin were reported to be associated with 

colon cancer progression (Ito et al., 2001). Similarly, the mean concentration of 

circulating soluble E-selectin in patients with metastatic breast cancer was observed 

to be significantly higher than that in healthy controls (Hebbar et al., 1998). In vitro, 

E-selectin was found to augment the basal binding of highly metastatic human 

colorectal cancer cells to TNF-α-treated liver sinusoidal endothelial cells (Brodt et 

al., 1997). In vivo, the use of soluble E-selectin was reported to impair the ability of 

HT29 human colon carcinoma cells to colonize the lungs of nude mice injected with 

IL-1 (Mannori et al., 1997). In addition, the significance of E- and P-selectin in the 

formation of pulmonary metastasis has been demonstrated using E- and P-selectin 

double-deficient mice, in which the number of metastases developed by 

subcutaneously inoculated HT29 cells was observed to be significantly decreased 

compared with that in wild-type controls (Kohler et al., 2010). Similarly, E- and/or 

P-selectin deficiency has been recently shown to significantly reduce the number of 

spontaneous bone marrow and lung metastases in a xenograft mouse model of human 

breast cancer (Stübke et al., 2012). 

 

Several studies involving cancers originating from tissues other than colon 

and breast also suggest that E-selectin may contribute to cancer progression and 

facilitate metastasization of tumour cells. For example, in a clinical study, expression 

of E- and P-selectin was found to negatively correlate with disease-free interval and 

overall survival time in patients with primary cutaneous malignant melanoma 

(Schadendorf et al., 1995). In vitro, E-selectin was reported to be a mediator of the 

rolling of metastatic human prostate cancer cells on bone marrow endothelial cells 

under shear flow (Dimitroff et al., 2004). In vivo, inhibition of E-selectin function 

was demonstrated to result in a marked attenuation of experimental metastasis of 

mouse lung carcinoma cells to the liver (Brodt et al., 1997). In addition, deficiency 

of E-/L- but not P-selectin has been recently observed to impair engraftment of 

murine leukemic stem cells in the bone marrow of a mouse model (Krause et al., 

2014).  
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1.4.4.2 Role of E-selectin ligands in cancer progression and metastasis 

 

As noted above, the apparent pro-metastatic characteristics of E-selectin may 

largely be due to its adhesive function (Läubli & Borsig, 2010). As the following 

discussion will highlight, this E-selectin function appears to be facilitated in several 

types of cancers, in which tumour cells often display enhanced expression of E-

selectin ligands (Barthel et al., 2007). Although the underlying mechanisms that lead 

to increased levels of E-selectin ligands on tumour cells remain to be further 

elucidated, they largely reflect augmentation in sLeA/X synthesis, which appears to 

occur through two main pathways, namely epigenetic silencing of glycogenes 

involved in the production of complex carbohydrate determinants and transcriptional 

induction of glycogenes that contribute to sLeA/X formation (Kannagi et al., 2008). 

Examples for the former pathway include histone deacetylation and/or DNA 

methylation-mediated incomplete synthesis of disialyl Lewis A and sialyl 6-sulfo-

Lewis X in human colon cancer cells leading respectively to an increase in the levels 

of sLeA and sLeX on these cells (Miyazaki et al., 2004; Izawa et al., 2000). As to the 

later pathway, examples include neo-synthesis of sLeA/X in human colon tumour 

cells through HIF-induced transcription of glycogenes such as ST3Gal1 and FUT7 

(Koike et al., 2004), and EMT associated up-regulation of ST3Gal-1, -3, -4 and 

FUT3 (Sakuma et al., 2012).  

 

That E-selectin ligands, and therefore by implication sLeA/X, potentially 

foster cancer progression and dissemination is supported by numerous studies, in the 

majority of which the main focus has been on sLeA/X as these structures are the 

essential components of E-selectin ligands (Zarbock et al., 2011; Reis et al., 2010; 

Vestweber & Blanks, 1999; Kansas, 1996; Bevilacqua & Nelson, 1993). A variety of 

approaches have been employed in the corresponding studies including clinical 

observations and modification of E-selectin ligand (sLeA/X) biosynthesis or function 

in vitro or in vivo.   

 

Several types of molecules have been identified as E-selectin ligands on 

cancer cells, including PSGL-1 (Dimitroff et al., 2005), CD44 (Shirure et al., 2015; 

Hanley et al., 2005), ESL-1 (Dimitroff et al., 2005), death receptor-3 (DR-3) (Gout 
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et al., 2006), podocalyxin (Dallas et al., 2012) and glycolipids (Barthel et al., 2013; 

Burdick et al., 2003). The involvement of most, if not all, of these ligands in 

metastasis in vivo is not yet well characterized. Nevertheless, expression of PSGL-1 

was detected on the surface of bone-metastatic human prostate tumour cells known 

to use E-selectin to roll on bone marrow endothelial cells, suggesting that PSGL-1 

may contribute to the bone tropism of these prostate cancer cells (Dimitroff et al., 

2005). In addition, transduction of human breast tumour cells with CD44 short 

hairpin RNA (shRNA) has been recently found to significantly increase the rolling 

velocities of these cells over E-selectin expressing Chinese hamster ovary (CHO) 

cells under physiological flow conditions (Shirure et al., 2015). Similarly, 

knockdown of podocalyxin by shRNA was reported to attenuate the binding of 

metastatic human pancreatic cancer cells to CHO cells expressing E-selectin under 

shear stress (Dallas et al., 2012). In vivo, down-regulation of CD44v6 in HT29 cells 

by an antisense mRNA approach was observed to decrease the ability of these cells 

to form hepatic metastases in mice (Reeder et al., 1998), although the potential 

contribution of E-selectin to such pro-metastatic properties of CD44v6 was not 

assessed in the corresponding study as it was conducted prior to the identification of 

CD44 as a functional ligand to E-selectin.   

 

 sLeA has been implicated in progression and metastasis of cancers of the 

digestive organs, where its expression is mainly detected (Gout et al., 2008). For 

example, in a clinical study, increased expression of sLeA but not sLeX in gastric 

cancer was found to correlate with various clinicopathologic factors including 

advanced disease stage and poor prognosis (Nakamori et al., 1997). In addition, 

levels of serum sLeA were reported to be significantly higher in patients with 

metastatic colon cancer than in patients with non-metastatic disease (Ito et al., 2001). 

In vitro, enhanced expression of sLeA on metastatic human colon cancer cells was 

observed to be associated with increased attachment of these cells to E-selectin on 

IL-1-activated HUVEC (Yamada et al., 1997). In addition, using anti-sLeA/X 

antibodies, sLeA was noted to be almost exclusively involved in the E-selectin-

dependent binding of certain human tumour cells, including those originating from 

colon and pancreas, to IL-1-stimulated HUVEC (Takada et al., 1993). Similarly, the 
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use of anti-sLeA but not anti-sLeX antibodies was found to inhibit the E-selectin 

mediated adhesion of human pancreatic carcinoma cells to HUVEC induced with IL-

1 or TNF-α (Iwai et al., 1993), further suggesting that sLeA may play more 

important roles than sLeX in metastasis of pancreas cancer. In vivo, the significance 

of sLeA in cancer dissemination was demonstrated by administration of anti-sLeA 

monoclonal antibody (mAb) in nude mice, in which the formation of hepatic 

metastasis by intrasplenically injected human pancreatic carcinoma cells was 

reported to be significantly reduced compared with that in mice treated with control 

mAb (Kishimoto et al., 1996). 

 

On the other hand, sLeX has been implicated in progression and 

dissemination of different types of cancers including those arising from digestive 

organs, breast and lung (Gout et al., 2008). For example, in clinical studies, 

expression of sLeX was observed to be significantly elevated on metastatic colon 

adenocarcinomas compared with their primary counterparts (Bresalier et al., 1996) In 

addition, sLeX expression on renal cell carcinomas was reported to positively 

correlate with conventional histopathologic parameters and disease recurrence 

(Tozawa et al., 2005). Moreover, high expression of sLeX on estrogen receptor α-

positive breast tumours was observed to be associated with bone metastasis, although 

its expression was more frequently detected in breast cancers of the estrogen receptor 

α-negative type, further indicating that the functional importance of sLeX in cancer 

metastasis may be dependent on the context of its expression (Julien et al., 2011). 

Expression of 2F3 mAb-defined sLeX on adult T cell leukemia cells was 

demonstrated to correlate with skin infiltration by these cells (Furukawa et al., 1994). 

Serum sLeX levels were also noted to be increased in patients with advanced stage or 

recurrent breast cancer, particularly in those with distant metastases (Matsuura et al., 

1997). In vitro, using anti-sLeA/X antibodies, sLeX expression was observed to be 

more critical than that of sLeA for the E-selectin-dependent binding of certain human 

tumour cells, including those originating from lung and liver tissues, to IL-1-treated 

HUVEC (Takada et al., 1993). Similarly, the use of an anti-sLeX mAb was found to 

significantly inhibit the adhesion of human metastatic lung adenocarcinoma cells to 

E-selectin-expressing HUVEC (Martín-Satué et al., 1998). Cleavage of sLeX on 
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human metastatic prostate tumor cells by neuraminidase was reported to significantly 

reduce the ability of these cells to roll over human E-selectin-immunoglobulin 

chimera under flow conditions (Dimitroff et al., 2004). In vivo, elevated cell-surface 

expression of sLeX was noted to promote the metastatic potential of human colon 

cancer cells inoculated into nude mice (Izumi et al., 1995).  

 

As described in section 1.4.2.3, beyond the generation of type 1 and 2 

carbohydrate chains, sLeA/X synthesis is mainly regulated by the concerted action of 

α2-3 ST and α1-3/4 FucT. Accordingly, any dysregulation in the activity of these 

glycosyltransferases may affect selectin-mediated metastasis. ST3Gal-III, -IV and –

VI have been repeatedly associated with cancer cell dissemination as these 

glycosyltransferases are often deregulated in tumour cells and are involved in the 

biosynthesis of sLeA/X (Dall'Olio & Chiricolo, 2001). For example, stable 

transfection of human colon cancer cells with cDNA for either ST3Gal-III or -IV 

was found to result in an increase in the adherence of these cells to IL-1-activated 

HUVEC compared with wild type cells (Dimitroff et al., 1999). In addition, induced 

expression of ST3GalIV in human pancreatic adenocarcinoma cells was reported to 

promote metastatic potential of these cells in vivo via increasing their sLeX 

expression (Pérez-Garay et al., 2013). 

 

As to the potential contribution of α1-3/4 FucT to cancer metastasis, FucT-

III, -VI and -VII have been frequently implicated in the metastasization of different 

types of carcinoma cells as these glycosyltransferases are usually expressed 

abundantly in tumour cells of epithelial origin and are involved in sLeA/X 

production (Kannagi et al., 2004). For example, silencing of FUT-3 and/or -5 by 

shRNA was found to significantly reduce the binding of human gastric cancer cells 

to HUVEC stimulated with TNF-α (Padró et al., 2011). In addition, stable 

transfection of human colon tumour cells with antisense sequences directed against 

FUT3 inhibited liver colonization by these cells in a mouse model, further 

underscoring the significant role of FUT3 in conferring a metastatic phenotype to 

certain types of cancer cells (Weston et al., 2000). Stable transfection of human 

metastatic lung adenocarcinoma cells with cDNA for FucTVII was demonstrated to 
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bestow enhanced in vivo metastatic capabilities upon these cells via increasing their 

sLeX expression (Martín-Satué et al., 1999). Although induced expression of FucT-

III, -VI or -VII was also shown to stimulate sLeX production in human prostate 

tumour cells and to promote adhesion of these cells to inflamed post-capillary 

cremaster venules, only FucTVII overexpressing cells were observed to display 

efficient E-selectin dependent trafficking to bone marrow of mice (Barthel et al., 

2009). However, a subsequent study found that human FucTVI rather than FucT-VII 

enabled metastasis of murine prostate cancer cells to bone marrow of mice (Li et al., 

2013). This discrepancy may be attributed to inherent differences between human 

and mouse prostate tumour cells as FUT-3 and -6 genes are not present in the mouse 

genome (Costache et al., 1997). 

1.4.4.3 Opposing roles of E-selectin and its ligands in cancer progression and 

metastasis 

 

In contrast to the cited studies that associated E-selectin and its ligands with 

cancer progression and metastasis, other studies found inconsistent or even 

contradictory results. For example, in a clinical study, levels of circulating soluble E-

selectin were reported to bear no correlation with gastric cancer progression 

(Velikova et al., 1997). In vitro, E-selectin-independent binding was observed to be 

exhibited by sLeX-negative melanoma cells, despite their expression of other 

suitable carbohydrates for E-selectin recognition (Miller et al., 1996). In vivo, using a 

spontaneous murine metastasis model, sLeA/X-negative mammary carcinoma cells 

were demonstrated to develop significantly higher number of pulmonary metastases 

than sLeA-negative/sLeX-positive cell variants following mammary fat pad 

injection, suggesting that tumour cell dissemination in this model may have been 

facilitated by cancer cell escape from the mass of primary tumour as a consequence 

of sLeX deficiency or it may have been mediated by sLeA/X-independent 

interactions (Monzavi-Karbassi et al., 2005). Moreover, when injected into C57BL/6 

mice, mouse melanoma B16-F1 cells expressing medium levels of sLeX were shown 

to efficiently metastasize to the lungs, whereas B16-F1 cells expressing high levels 

of sLeX were observed to produce as few lung colonies as sLeX deficient B16-F1 

cells. However, when injected into natural killer (NK) cell-depleted C57BL/6 mice 
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or into beige mice (lacking NK cells), B16-F1 cells expressing high levels of sLeX 

were noted to form more lung tumour nodules than other cell clones, indicating that 

excessive expression of sLeX on cancer cells may lead to their rejection by NK cells 

(Ohyama et al., 1999). These data together not only imply that contribution of E-

selectin and its ligands to cancer progression and dissemination may be context-

dependent but also reflect the complexity of the metastatic process in vivo. 

Nevertheless, at least in certain types of cancers, E-selectin and its ligands appear to 

be of diagnostic and/or prognostic value.  

1.4.4 Selectins and their ligands as anti-metastatic therapeutic 

targets   
 

Therapeutic targeting of the metastatic cascade at stages earlier than 

extravasation of cancer cells into foreign tissues may reduce or even prevent 

metastasis development. The stage of haematogenous circulation of tumour cells 

presents a particularly attractive target for anti-metastatic strategies for a number of 

reasons including its relative accessibility to a variety of intervention modalities and 

the notion that the circulatory blood system represents the final common route for 

distant metastasis even for tumours that initially spread via the lymphatic system. 

Accordingly, the accumulating evidence that selectins and their ligands may 

contribute to the development of cancer metastasis has stimulated research into 

targeting these molecules for anti-metastatic therapy. Since recent evidence suggests 

that dissemination of cancer cells may occur in parallel with primary tumour growth 

(Klein, 2009), targeting the selectin-selectin ligand system is expected to be most 

effective in reducing or preventing metastatic spread if implemented immediately 

after initial cancer diagnosis until a few weeks following eradicative tumour surgery, 

during which the number of CTC may be increased (Krause & Turner, 1999).  

1.4.4.1 Selectins as anti-metastatic therapeutic targets   

 

Several approaches targeting selectins have been examined for their potential 

to reduce or prevent metastasis through inhibition of tumour cell-endothelial cell 

interactions including employment of certain selectin inhibitors, use of anti-selectin 

specific antibodies, application of recombinant selectin ligands, utilization of 
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peptides mimicking selectin ligands, usage of liposomes equipped with 

carbohydrates such as sLeA/X and treatment with low molecular weight pan selectin 

antagonists. For example, unfractionated preparations of heparin, which is a 

glycosaminoglycan that is widely used as an anticoagulant drug (Lever & Page, 

2002), were found to inhibit P- and L-selectin binding to sLeX and to human 

promyelocytic leukemia cells in vitro (Koenig et al., 1998). Unfractionated heparin 

was reported to attenuate experimental lung metastasis at least partly through 

interacting with P-selectin on both endothelial cells and platelets (Ludwig et al., 

2004; Borsig et al., 2001). In addition, unfractionated and certain low molecular 

weight heparins were demonstrated to reduce experimental metastasis at clinically 

relevant doses, presumably by inhibiting P- and L-selectin-mediated interactions 

(Stevenson et al., 2005). Similarly, fucosylated chondroitin sulfate was observed to 

exhibit binding activity toward P- and L-selectin and to inhibit lung colonization by 

murine adenocarcinoma cells through blocking P- and L-selectin-sLeX interactions 

(Borsig et al., 2007). 

 

 Transient blockade of P-selectin by a rat anti-mouse-P-selectin mAb was found 

to significantly reduce P-selectin-mediated inflammatory reactions after arterial 

injury in E-selectin deficient mice (Phillips et al., 2003), suggesting that a similar 

approach may also be beneficial in preventing P-selectin–dependent metastasis. 

Since the functional redundancy of P- and E-selectin may limit the therapeutic 

rationale of single selectin inhibition (Labow et al., 1994), employment of 

approaches that can simultaneously target both selectins may be advantageous. To 

this end, a humanized variant of a murine mAb that binds both P- and E-selectin was 

engineered (He et al., 1998). This mAb was reported to inhibit P- and E-selectin-

dependent binding of human promyelocytic leukemia cells in vitro and a modified 

version of this mAb possesses favourable pharmacokinetic characteristics in rhesus 

monkeys (He et al., 1998). 

 

Since PSGL-1 can serve as a common ligand for all selectin subtypes, 

blockade of selectin function using recombinant PSGL-1 is an attractive therapeutic 

alternative to anti-selectin antibodies. Indeed, the use of recombinant soluble PSGL-
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1-immunogloblulin was demonstrated to suppress the inflammatory response in 

animal models (Hansen et al., 2004; Scalia et al., 1999). However, due to its 

inadequate efficacy and high production costs, development of recombinant soluble 

PSGL-1-immunogloblulin was discontinued by Wyeth Pharmaceuticals and thus its 

potential anti-metastatic effect was not evaluated (Barthel et al., 2007; Kneuer et al., 

2006). Nevertheless, intravascular injection of IELLQAR
®
, which is a peptide that 

mimic sLeA/X bearing selectin ligands, was shown to inhibit pulmonary metastasis 

of sLeX-expressing human lung cancer cells and mouse melanoma cells (Fukuda et 

al., 2000). 

 

The usage of certain sLeX-conjugated liposomes was found to strongly 

inhibit the E-selectin-dependent binding of colon and lung cancer cells in vitro 

(Zeisig et al., 2004). However, the utilization of sLeX itself as a low molecular 

weight selectin antagonist has proven to be unsuccessful, apparently due to its low 

affinity for P- and E-selectin (Kaila & Thomas, 2002). On the other hand, cylexin, 

which is a pentasaccharide with sLeX substructure, has reached phase II/III clinical 

trials for treatment of reperfusion injury, although it displayed no clinical benefit 

over placebo, which was ascribed to its low bioavailability and rapid degradation 

(Kaila & Thomas, 2002). As one of the same class of small-molecule inhibitors of 

selectin function, Efomycine M, was also reported to significantly diminish in vivo 

leukocyte rolling in mouse ear vasculature and to alleviate cutaneous inflammation 

in animal models of psoriasis (Schön et al., 2002). In addition, bimosiamose, which 

is a conjugated monosaccharide dimer, has shown promise as a selectin antagonist in 

a variety of disease models and has been evaluated in clinical trials (Kneuer et al., 

2006). 

1.4.4.2 Selectin ligands as anti-metastatic therapeutic targets   

 

A number of strategies targeting selectin ligands have been tested for their 

anti-metastasis potential including utilization of anti-selectin ligand (sLeA/X) 

specific antibodies, intervention of lactosamine biogenesis, diversion of 

glycosylation toward exogenous disaccharide decoys and inhibition of 

glycosyltransferase expression/activity. For example, transient inhibition of PSGL-1 
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function by anti-PSGL-1 mAb has shown promise in alleviating P-selectin-

dependent pathologic responses to carotid injury in E-selectin deficient mice 

(Phillips et al., 2003), indicating that a similar strategy may also be effective in 

interrupting P-selectin–mediated metastasis. Whilst bivatuzumab mertansine, which 

is an anti-CD44v6 antibody labelled with a non-radioactive cytotoxic drug, was 

tested in patients with advanced HNSCC in a phase I clinical trial, its development 

was terminated due to skin-related toxicities (Riechelmann et al., 2008). Treatment 

with r5B1 mAb, which are recently characterized fully human anti-sLeA mAb, has 

been reported to improve the median survival time of mice engrafted with human 

colorectal cancer cells, presumably through an anti-metastatic effect (Sawada et al., 

2011). 

 

The utilization of per-acetylated-4-fluorinated GlcNAc (4-F-GlcNAc) was 

demonstrated to significantly reduce E-selectin dependent binding of HT29 cells to 

HUVEC through interfering with lactosamine biosynthesis (Woynarowska et al., 

1996), although more recent studies found that E-selectin was a less sensitive target 

than P-selectin in response to treatment with 4-F-GlcNAc (Descheny et al., 2006). 

Through diverting the synthesis of sLeX away from endogenous cell lactosamine 

backbones, (Ac)6GlcNAcβ1-3Galβ-O-naphthalenemethanol (AcGlcNAcGal-NM), 

which can act as a disaccharide precursor, was found to not only decrease the ability 

of normal mouse platelets to protect AcGlcNAcGal-NM-treated human colon 

adenocarcinoma cells from cytolysis by leukocytes in vitro but also to significantly 

reduce the lung colonization potential of these tumour cells in experimental 

metastasis models (Fuster et al., 2003). In a subsequent study, systemic 

administration of AcGlcNAcGal-NM into mice was also shown to significantly 

attenuate spontaneous metastatic seeding of murine Lewis lung carcinoma cells 

(Brown et al., 2006). 

 

In addition to the above approaches, inhibition of the enzymatic machinery 

that regulates sLeA/X synthesis has been also assessed for its applicability as an anti-

metastasis modality. For example, pre-treatment of HT29 cells with celecoxib, which 

is a cyclooxygenase-2 inhibitor, was demonstrated to reduce the metastatic potential 
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of these cells in vivo by inhibiting their expression of a number of 

glycosyltransferases including ST3Gal-III and -IV (Kakiuchi et al., 2002). The use of 

a lithocholic acid analogue called Lith-O-Asp, has been recently shown to inhibit the 

activity of a number of sialyltransferases including ST3Gal-I and -III, and to 

abrogate metastasization of murine mammary cancer cells in experimental and 

spontaneous metastasis assays in animal models (Chen et al., 2011). In addition, a 

highly selective ST3GalIII inhibitor, HAN 00305, has been recently identified 

(Rillahan et al., 2011), although its potential applicability in vivo remains to be 

characterized.  

 

Interestingly, induction of colon and hepatic tumour cells to express FucT1, 

which catalyzes the addition of fucose to Gal of type 2 carbohydrate chain through 

an α-1-2-linkage to form H type 2 antigen and competes with ST3Gal-III, -IV and -

VI for the same substrate (Mejías-Luque et al., 2007), was found to substantially 

decrease sLeX levels on these cells and to inhibit their E-selectin-dependent binding 

(Mathieu et al., 2004). Similarly, transfection of human colon adenocarcinoma cells 

with cDNA for FUT1 was reported to reduce sLeX on these cells and to significantly 

attenuate their metastatic capacity in vivo (Mejías-Luque et al., 2007). 

 

Although α1-3/4 FucT antagonists are in development, their chemical 

production has been hampered by a number of drawbacks including the low affinity 

of α1-3/4 FucT for acceptor substrates and the requirement of α1-3/4 FucT 

antagonists to penetrate cellular and Golgi apparatus membranes (Tu et al., 2013; 

Barthel et al., 2007). Nevertheless, a selective inhibitor for human recombinant 

FucTV has been recently identified (Hosoguchi et al., 2010). Similarly, compound 

24, which is a GDP-triazole, was demonstrated to be a potent inhibitor of FucTVI 

(Lee et al., 2003). Upon high-throughput screening of a library of 16,000 compounds 

against five glycosyltransferases, a group of FucTVI-specific inhibitors with a 

related structure has also been recently discovered (Rillahan et al., 2011). In 

addition, gallic acid and its derivatives, which are polyphenyl natural products from 

plants, were described as FucTVII inhibitors (Niu et al., 2004). However, direct in 

vivo evidence for the inhibitory effect of these compounds on FucT is still lacking. 
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Unless the function/synthesis of a particular selectin ligand is driven by a single 

FucT, inhibition of a single FucT would unlikely be sufficient in suppressing 

metastatic potential of tumour cells as evidenced by the relative retention of E-

selectin ligand functions in individuals carrying a mutation of the FucTVII gene 

(Bengtson et al., 2002).  

 

Interestingly, membrane permeable fluorinated analogues of sialic acid and 

fucose have been recently reported to be able to exert a family-wide inhibition of ST 

and FucT, reduce sLeX expression on leukocytes and suppress rolling of these cells 

(Rillahan et al., 2012). In fact, the usage of such sugar analogues has shown promise 

in suppressing tumour progression in animal models (Büll et al., 2013; Okeley et al., 

2013). 

 

In a different approach, sLeA/X have been also investigated for their 

potential to serve as immunotherapy targets. Levels of antibodies against sLeA/X 

were increased in melanoma patients and thus these antigens were considered to be 

immunogenic (Ravindranath et al., 1997). However, using therapeutic vaccines to 

augment this natural humoral response to sLeA/X appears to be required to foster 

antibody-mediated cytotoxicity against tumour cells and to inhibit metastasis. 

Administration of melanoma cell vaccine (MCV) expressing sLeA/X to melanoma 

patients was observed to increase titers of antibodies to sLeA/X in the sera of these 

patients without causing hematologic toxicity (Ravindranath et al., 1997). In 

addition, immunization of mice with sLeA conjugated with keyhole limpet 

hemocyanin (KLH, an immunocarrier protein) and saponin adjuvant GPI-0100 (an 

enhancer of immune response) was reported to result in high titers of antibodies that 

mediated complement-dependent cytotoxicity against sLeA-positive ovarian and 

small cell lung cancer cells but displayed no cross reactivity against sLeX or other 

blood group related carbohydrates. Since sLeA expression is normally restricted to 

the inner side of ductal epithelium, a site that is remote from immune surveillance, 

targeting malignant but not normal cells expressing sLeA appears to be feasible 

(Ragupathi et al., 2009). However, this approach of vaccination has yet to be tested 

clinically.               
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Taken together, several lines of evidence indicate that therapeutic targeting of 

selectins and their ligands may prove effective in reducing or preventing cancer 

metastasis. However, due to the pivotal roles that selectins and their ligands play in 

biological events such as neutrophil recruitment and lymphocyte homing, therapies 

that inhibit the expression or function of these molecules may predispose patients to 

complications such as an increased risk of infections. Nevertheless, the potential of 

transient inhibition of the selectin-selectin ligand system to impair tumour cell 

dissemination without causing significant physiological side effects together with the 

noxious consequences of metastases warrant further characterization of selectins and 

their ligands as anti-metastatic therapeutic targets.  

1.5 Hypothesis 
 

The hypothesis of this study was that the selectin-selectin ligand axis drives 

the adhesion of circulating oral cancer cell to endothelial cells and thus inhibition of 

this axis may reduce or prevent oral cancer metastasis.  

1.6 Aims  
 

 Evidence accumulated over the past decades strongly supports the 

assumption that the carbohydrate antigens sLeA and/or sLeX on selectin ligands are 

involved in the metastasis of different types of cancers. However, the role that these 

molecules play in oral cancer metastasis has been under-characterized. Accordingly, 

the aims of this study were (1) to correlate sLeA/X expression in oral cancer with 

clinicopathologic parameters; (2) to investigate whether sLeA/X expression on the 

surface of oral cancer cells is critical for a selectin-dependent binding of these cells 

in vitro and, if so; (3) to elucidate whether sLeA/X on oral cancer cells present as 

carbohydrate determinants of a biologically relevant selectin ligand and thus 

contribute to dissemination of these cells in vivo.  
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Chapter 2 : General Materials and Methods 

2.1 Materials 
 
Table  2.1 General materials 

Material Supplier 

 0.02% Ethylenediaminetetraacetic acid 

(EDTA) in phosphate buffered saline 

(PBS) 

Sigma-Aldrich, Poole, Dorset, UK 

6 × DNA Loading Dye Fisher Scientific, Loughborough, UK 

10 × NEB Buffer 3 New England BioLabs, Hitchin, UK 

100 × BSA New England BioLabs, Hitchin, UK 

4',6-Diamidino-2-Phenylindole (DAPI) Life Technologies, Paisley, UK 

DH5-α Escherichia coli (E. coli) New England Biolabs, Ipswich, MA, USA 

Accutase
TM

 solution Merck Millipore, Nottingham, UK 

Acetic acid Fisher Scientific, Loughborough, UK 

Adenine Sigma-Aldrich, Poole, Dorset, UK 

Agarose Sigma-Aldrich, Poole, Dorset, UK 

Alexa Fluor 488-conjugated goat anti-

mouse IgG  

Life Technologies, Paisley, UK 

 

Amphotericin B (Fungizone) Sigma-Aldrich, Poole, Dorset, UK 

Anti-CXCR4 mouse monoclonal antibody 

(mAb) (Clone 44717) 

R&D Systems Inc., Abingdon, UK 

Anti-E-selectin mouse mAb (clone BBIG-

E4) 

R&D Systems Inc., Abingdon, UK 

Anti-ICAM1 mouse mAb (clone 6.5B5) Abcam, Cambridge, UK 

Anti-mouse IgG-Horseradish Peroxidase 

(HRP) antibody 

Dako, Barcelona, Spain 

Anti-mouse biotinylated secondary 

antibody IgM  

Dako, Barcelona, Spain 

Anti-sLeA mouse mAb (clone KM231) Merck Millipore, Nottingham, UK 

Anti-sLeX mouse mAb (clone CSLEX1)  Becton Dickinson, Oxford, UK 

Anti-sLeX mouse mAb (clone KM93) Merck Millipore, Nottingham, UK 

Boric acid  Sigma-Aldrich, Poole, Dorset, UK 

Bovine insulin Sigma-Aldrich, Poole, Dorset, UK 

Bovine serum albumin (BSA) Sigma-Aldrich, Poole, Dorset, UK 

CellTracker
™

 Green CMFDA Life Technologies, Paisley, UK 

Cholera toxin Sigma-Aldrich, Poole, Dorset, UK 

Chondroitin sulfate A Sigma-Aldrich, Poole, Dorset, UK 

Cryo-SFM freezing medium Promocell, Heidelberg, Germany 

Dimethyl sulphoxide (DMSO) Sigma-Aldrich, Poole, Dorset, UK 

Dulbecco's Modified Eagle's Medium 

(DMEM) (1X) 

Life Technologies, Paisly, UK 

DPX  Fisher Scientific, Loughborough, UK 

Ethanol Fisher Scientific, Loughborough, UK 

Ethidium bromide Sigma-Aldrich, Poole, Dorset, UK 

Endothelial Cell Growth Medium MV Promocell, Heidelberg, Germany 

Endothelial Cell Growth Medium MV Promocell, Heidelberg, Germany 
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Supplement Mix 

Eosin Fisher Scientific, Loughborough, UK 

Epidermal growth factor (EGF) Sigma-Aldrich, Poole, Dorset, UK 

Fetal bovine serum (FBS) Biosera, Ringmer, UK 

Fibronectin  Sigma-Aldrich, Poole, Dorset, UK 

Fluorescein isothiocyanate (FITC)-

conjugated goat anti-mouse IgM 

Sigma-Aldrich, Poole, Dorset, UK 

Formaldehyde Sigma-Aldrich, Poole, Dorset, UK 

GeneRuler 1 kb DNA Ladder Fisher Scientific, Loughborough, UK 

Glutaraldehyde Agar Scientific Ltd, Essex, UK 

Hanks’ balanced salt solution (HBSS)  Sigma-Aldrich, Poole, Dorset, UK 

Harris’s haematoxylin Fisher Scientific, Loughborough, UK 

HiPerfect Transfection Reagent Qiagen, Hilden, Germany 

Human plasma  Gift of Dr. Simon Tazzyman, University of 

Sheffield 

Hydrocortisone Sigma-Aldrich, Poole, Dorset, UK 

Hydrochloric acid (HCL) Fisher Scientific, Loughborough, UK 

IELLQAR
®
 (8-branch MAPS)  AnaSpec, Fremont, CA, USA 

Industrial methylated spirit (IMS) Fisher Scientific, Loughborough, UK 

Kanamycin sulfate Fisher Scientific, Loughborough, UK 

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

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

Lipopolysaccharides (LPS) Invivogen, Toulouse, France 

Low-melting temperature agarose Sigma-Aldrich, Poole, Dorset, UK 

Lysogeny agar Fisher Scientific, Loughborough, UK 

Lysogeny broth (LB) Fisher Scientific, Loughborough, UK 

McCoy’s 5A modified medium Sigma-Aldrich, Poole, Dorset, UK 

Methylene blue  Sigma-Aldrich, Poole, Dorset, UK 

Mouse IgG Sigma-Aldrich, Poole, Dorset, UK 

Mouse IgM (clone MOPC) Sigma-Aldrich, Poole, Dorset, UK 

Ndel restriction enzyme New England BioLabs, Hitchin, UK 

Neomycin (G418) Sigma-Aldrich, Poole, Dorset, UK 

Non-enzymatic cell dissociation solution Sigma-Aldrich, Poole, Dorset, UK 

Nuclease-free water Qiagen, Hilden, Germany 

Nutrient Mixture F12 (Ham’s F12) (1X) Sigma-Aldrich, Poole, Dorset, UK 

OptiMEM medium  Life Technologies, Paisley, UK 

Paraformaldehyde Sigma-Aldrich, Poole, Dorset, UK 

pDsRed2-C1 plasmid vector Clontech, Mountain View, CA, USA 

pEGFP-C2 plasmid vector Clontech, Mountain View, CA, USA 

Penicillin/streptomycin Sigma-Aldrich, Poole, Dorset, UK 

PBS without Ca
2+

 and Mg
2+

 Oxoid Ltd., Basingstoke, UK 

PBS containing Ca
2+

 and Mg
2+

  Sigma-Aldrich, Poole, Dorset, UK 

Primary human dermal microvascular 

endothelial cells (HuDMEC) 

Promocell, Heidelberg, Germany 

Primary human lymphatic endothelial cells 

(HuLEC) 

Promocell, Heidelberg, Germany 

Propidium iodide (PI)  Life Technologies, Paisley, UK 

Recombinant E-selectin  R&D Systems Inc., Abingdon, UK 

Recombinant human tumour necrosis PeproTech EC Ltd., London, UK 
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factor-alpha (TNF-α) 

PT-fibrinogen recombinant  Beckman Coulter, High Wycombe, UK 

Roswell Park Memorial Institute 1640 

(RPMI 1640) medium 

Sigma-Aldrich, Poole, Dorset, UK 

siRNA Allstars negative control Qiagen, Hilden, Germany 

siRNA FUT3 (Catalog # SI04062653) Qiagen, Hilden, Germany 

Sodium azide Sigma-Aldrich, Poole, Dorset, UK 

Sulfuric acid stop solution Becton Dickinson, Oxford, UK 

Swainsonine  Sigma-Aldrich, Poole, Dorset, UK 

TO-PRO-3
®
 Life Technologies, Paisley, UK 

Transferrin/Triiodo-L-thyronine (T/T3) Sigma-Aldrich, Poole, Dorset, UK 

Tricaine methanesulfonate Sigma-Aldrich, Poole, Dorset, UK 

Tris Base Sigma-Aldrich, Poole, Dorset, UK 

Trypan blue Life Technologies, Paisly, UK 

Trypsin (0.05%)/EDTA (0.02%) Sigma-Aldrich, Poole, Dorset, UK 

Tween-20
™

 Fisher Scientific, Loughborough, UK 

Type V neuraminidase (N2876) Sigma-Aldrich, Poole, Dorset, UK 

VECTASHIELD
®
 Mounting Medium  Vector Labs, Peterborough, UK 

Virkon
®
 DuPont, Stevenage, UK 

Xhol restriction enzyme New England BioLabs, Hitchin, UK 

 

2.2 Commercial Kits 
 
Table  2.2 Commercial kits 

Commercial Kit Supplier 

2X TaqMan
®
 Universal PCR Master Mix Applied Biosystems, Life Technologies, 

Paisley, UK 

20X TaqMan
®
 gene expression assays Applied Biosystems, Life Technologies, 

Paisley, UK 

3,3-diaminobenzidine (DAB) substrate kit Vector Labs, Peterborough, UK 

3,3,5,5 tetramethylbenzidine (TMB) 

Substrate Reagent Set 

Becton Dickinson, Oxford, UK 

DetachKit Promocell, Heidelberg, Germany 

EZ-PCR Mycoplasma Test kit Geneflow Ltd., Litchfield, UK 

FuGENE
® 

HD transfection reagent Promega, Southampton, UK 

High Capacity RNA-to-cDNA Kit Applied Biosystems, Life Technologies, 

Paisley, UK 

Isolate II Plasmid Mini Kit Bioline Reagents Ltd., London, UK 

Qiagen Plasmid Maxi Kit Qiagen, Hilden, Germany 

RNase-Free DNase Set Qiagen, Hilden, Germany 
RNeasy Mini Kit Qiagen, Hilden, Germany 

VECTASTAIN
®
 Elite ABC kit Vector Labs, Peterborough, UK 
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2.3 Equipment 
 
Table  2.3 Equipment 

Equipment Supplier 

0.2 μm pore size sterile syringe filters Merck Millipore, Nottingham, UK 
1.5 ml microcentrifuge tube Sarstedt, Leicester, UK 

1.8 ml Cryo.s
TM

 cryogenic tubes Greiner Bio-One Ltd, Stonehouse, UK 

7, 15, 25 and 50 ml universal tubes Sarstedt, Leicester, UK 
6 and 24 well cell culture multiwell plates Greiner Bio-One Ltd, Stonehouse, UK 

20 μl microloader tips Eppendorf UK Limited, Stevenage, UK 

25,
 
75 and 175 cm

2
 cell culture flasks Greiner Bio-One Ltd, Stonehouse, UK 

30 litre laboratory incubator Genlab, Widnes, UK 

96 well tissue culture plates Fisher Scientific, Loughborough, UK 

7900HT fast real time PCR system Applied Biosystems, Life Technologies, 

Paisley, UK 

Automated Cellular Imaging System III Dako, Glostrup, Denmark 

AxioCam
® 

MRm digital camera  Imaging Associates Ltd., Bicester, UK 

AxioVision software  Imaging Associates Ltd., Bicester, UK 

BioPette
™

 variable volume pipettes Labnet International, Edison, NJ, USA 

Borosilicate glass capillaries World Precision Instruments, Sarasota, FL, 

USA 

CellQuestPro
™

 software Becton Dickinson, San Jose, CA, USA 

Class  safety cabinets Walker Safety Cabinets, Glossop, UK 

Digital block heater Jencons PLS, West Sussex, UK 

DNA Engine DYAD
™ 

thermal cycler Bio-Rad, Hemel Hempstead, UK 

FACSAria Becton Dickinson, San Jose, CA, USA 

FACSCalibur
™

 flow cytometer Becton Dickinson, San Jose, CA, USA 

Flowjo software  Tree Star, Ashland, OR, USA 

G:BOX imaging system Syngene, Cambridge, UK 

Galaxy R Co2 Incubator Scientific Laboratory Supplies, Hessle, UK 

GeneSnap acquisition software Syngene, Cambridge, UK 

Glass coverslip Menzel-Glaser, Braunschweig, Germany 
Grant JB Series water bath Scientific Laboratory Supplies, Hassle, UK 

ImmEdge
™

 hydrophobic barrier pen Vector Labs, Peterborough, UK 

Infinite
®
 M200 PRO micro-plate reader  Tecan Group Ltd., Mannedorf, Switzerland 

Inoculating loop and needle Greiner Bio-One Ltd., Stonehouse, UK 
Leica EG1160 tissue embedding station Leica Microsystems, Milton Keynes, UK 

Leica RM2235 microtome Leica Microsystems, Milton Keynes, UK 

Leica ST4020 small linear stainer Leica Microsystems, Milton Keynes, UK 

Leica TP1020 tissue processor Leica Microsystems, Milton Keynes, UK 

MacPyMOL software Schrödinger LLC, New York, NY, USA 

M3301 manual micromanipulator World Precision Instruments, Sarasota, FL, 

USA 

M3Z stereo-microscope Wild Heerbrugg, Gais, Switzerland 

Magellan software  Tecan Group Ltd., Männedorf, Switzerland 

Manual tissue arrayer MTA-1 Beecher Instruments, Sun Prairie, WI, USA 

MicroAmp
®
 Optical Adhesive Film Applied Biosystems, Life Technologies, 

Paisley, UK 
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MicroAmp
®
 Optical 96 well reaction plate Applied Biosystems, Life Technologies, 

Paisley, UK 

Micropipette holder World Precision Instruments, Sarasota, FL, 

USA 

Microtome blades type S35  Feather, Osaka, Japan 

Mr. Frosty
™

 freezing container Nalgene, New York, NY, USA 

NanoDrop
® 

1000 spectrophotometer Fisher Scientific, Loughborough, UK 

NanoDrop software Fisher Scientific, Loughborough, UK 

Improved Neubauer haemocytometer Hawksley, Sussex, UK 

Nikon Eclipse TS 100 inverted microscope Nikon UK Ltd., Surrey, UK 

P-97 micropipette puller Sutter Instrument, Novato, CA, USA 

Parallel plate flow chamber GlycoTech, Gaithersburg, Maryland,USA 

Perkin Elmer spinning disk confocal 

microscope  

PerkinElmer, Cambridge, UK 

Petri Dishes Greiner Bio-One Ltd., Stonehouse, UK 

PHD 2000 syringe pump  Harvard Apparatus, Ltd., Kent, UK 

PowerPac™ HC Power Supply Bio-Rad, Hemel Hempstead, UK 

PV820 pneumatic picopump World Precision Instruments, Sarasota, FL, 

USA 

RQ Manager software  Applied Biosystems, Life Technologies, 

Paisley, UK 

SIGMA 3-18K centrifuge Scientific Laboratory Supplies, Hessle, UK 

Sequence Detection Systems software  Applied Biosystems, Life Technologies, 

Paisley, UK 

Sorvall Legend X1 centrifuge  Fisher Scientific, Loughborough, UK 

Spectrafuge 24D microcentrifuge VWR, Lutterworth, UK 

SPSS software  IBM Co., New York, NY, USA 

Sub-Cell GT horizontal electrophoresis 

system 

Bio-Rad, Hemel Hempstead, UK 

Superfrost
®
 glass slides Surgipath, Peterborough, UK 

TipOne
® 

variable volume filter tips STARLAB, Milton Keynes, UK 

Volocity software  PerkinElmer, Waltham, MA, USA 
Vortex mixer VWR, Lutterworth, UK 

Zeiss Axiovert 200M inverted microscope  Carl Zeiss Ltd, Hertfordshire, UK 

 

2.4 Cell culture media 
 

The following tables summarise the components of media used for cell 

culture in this study.  Once made up, all media were stored at 4˚C. 
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Table  2.4 Green's medium 

Component Volume solution/500 ml Final concentration 

Dulbecco's Modified Eagle's 

Medium (DMEM) (1X) * 

330 ml 66% 

Nutrient Mixture F12 

(Ham’s F12) (1X)  

108 ml 21.6% 

Fetal bovine serum (FBS)  50 ml 10% 

Penicillin/streptomycin  5 ml of 10,000 IU/ml penicillin          

and 10,000 μg/ml streptomycin 

100 IU/ml penicillin and 

100 μg/ml streptomycin 

Fungizone (amphotericin B)  1.25 ml of 250 μg/ml 0.625 μg/ml 

Adenine  2 ml of 6.25 μg/ml 0.025 μg/ml 

Transferrin/Triiodo-L-

thyronine (T/T3)  

0.5 ml of 5 mg/ml T and  

1.36 μg/ml T3 

5 μg/ml T and 1.36 ng/ml 

T3 

Hydrocortisone  50 μl of 2.5 mg/ml 0.25 μg/ml 

Epidermal growth factor 

(EGF)  
25μl of 200 μg/ml 10 ng/ml 

Insulin  2.5 ml of 1 mg/ml 5 μg/ml 
Cholera toxin  0.5 ml of 8.5 μg/ml 8.5 ng/ml 
* DMEM formulation contained high (4.5 g/l) D-glucose, sodium pyruvate with or without L-

glutamine. When available DMEM formulation was with no L-glutamine, 5 ml of 200 mM L-

glutamine (2 mM final concentration) was first added to 325 ml DMEM. 

 
Table  2.5 3T3, DOK, D19, D35 and TR146 cell culture medium 

Component Volume solution/500 ml Final concentration 

DMEM (1X) * 445 ml 89% 

FBS 50 ml 10% 

Penicillin/Streptomycin 5 ml of 10,000 IU/ml penicillin          

and 10,000 μg/ml streptomycin 

100 IU/ml penicillin and 

100 μg/ml streptomycin 

* When available DMEM formulation was with no L-glutamine, 5 ml of 200 mM L-glutamine (2 mM 

final concentration) was first added to 440 ml DMEM. 

 
Table  2.6 SCC4 and A431 cell culture medium 

Component Volume solution/500 ml Final concentration 

DMEM (1X) * 225 ml 44.5% 

Ham’s F12 (1X) 225 ml 44.5% 

FBS 50 ml 10% 

Penicillin/Streptomycin 5 ml of 10,000 IU/ml penicillin          

and 10,000 μg/ml streptomycin 

100 IU/ml penicillin and 

100 μg/ml streptomycin 

* When available DMEM formulation was with no L-glutamine, 5 ml of 200 mM L-glutamine (2 mM 

final concentration) was first added to 220 ml DMEM. 
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Table  2.7 THP-1 and Cal27 cell culture medium 

Component Volume solution/500 ml Final concentration 

Roswell Park Memorial 

Institute 1640 (RPMI 1640) 

medium 

440 ml 88% 

FBS 50 ml 10% 

Penicillin/Streptomycin 5 ml of 10,000 IU/ml penicillin          

and 10,000 μg/ml streptomycin 

100 IU/ml penicillin and 

100 μg/ml streptomycin 

L-glutamine 5 ml of 200 mM 2 mM  

 

 
Table  2.8 HT29 cell culture medium 

Component Volume solution/500 ml Final concentration 

McCoy’s 5A modified 

medium  

440 ml 88% 

FBS 50 ml 10% 

Penicillin/Streptomycin 5 ml of 10,000 IU/ml penicillin          

and 10,000 μg/ml streptomycin 

100 IU/ml penicillin and 

100 μg/ml streptomycin 

L-glutamine 5 ml of 200 mM 2 mM  

 

 
Table  2.9 Endothelial cell growth medium MV supplements * 

Component Final concentration/500 ml 

Fetal Calf Serum (FCS) 0.05 ml/ml 

Endothelial Cell Growth Supplement 0.004 ml/ml 

Recombinant human EGF 10 ng/ml 

Heparin 90 μg/ml 

Hydrocortisone 1 μg/ml 

* Endothelial cell growth medium MV was supplemented with the above components using 

Promocell’s Endothelial Cell Growth Medium MV Supplement Mix. 
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2.5 Quantitative Reverse Transcription Polymerase Chain 

Reaction (qRT-PCR) gene expression assays 
 
Table  2.10 Gene expression assay IDs (Applied Biosystems) 

Gene name Gene expression assay ID 

FUT3 Hs00356857_m1 

FUT4 Hs01106466_s1 

FUT5 Hs00704908_s1 

FUT6 Hs03026676_s1 

FUT7 Hs00237083_m1 

FUT9 Hs00276003_m1 

FUT10 Hs00327091_m1 

ST3Gal1 Hs00161688_m1 

ST3Gal3 Hs00544033_m1 

ST3Gal5 Hs00187405_m1 

NEU2 Hs00193573_m1 

NEU4 Hs00896887_m1 

Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) * 
Hs99999905_m1 

* GAPDH was used as an endogenous control. 

2.6 Cell culture 

2.6.1 General cell culture  
 

Unless otherwise stated, all cells used in this study were originally obtained 

from American Type Culture Collection (ATCC)-LGC (Teddington, UK) and stored 

in liquid nitrogen storage vessels at the Tissue Culture Core Facility, School of 

Clinical Dentistry, University of Sheffield. For culturing cells, a 37˚C/5% CO2 

humidified incubator was used and the cells were routinely grown in a suitable 

medium. All cell manipulations were performed in Class  safety cabinets using 

aseptic tissue culture techniques.  The cabinets and all equipment were disinfected 

with 70% (v/v) industrial methylated spirits (IMS) prior to use. Cells were routinely 

examined for mycoplasma contamination using a PCR-based EZ-PCR Mycoplasma 

Test kit. 
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2.6.2 Normal oral keratinocytes and dysplastic oral cell lines and 

their culture conditions 
 

Stock cultures of primary normal oral keratinocytes (NOK) and their “feeder” 

layer of irradiated 3T3 murine fibroblast cells were kindly provided by Dr Helen 

Colley and Dr Vanessa Hearnden (School of Clinical Dentistry, University of 

Sheffield) (Hearnden, 2010). NOK were cultured in Green's medium (table 2.4). 

 

 The dysplastic oral keratinocyte cell line (DOK) (European Collection of 

Cell Cultures number 94122104), originally established from the tongue of a 57 year 

old man (Chang et al., 1992), was maintained in medium as described in table 2.5. 

Dysplastic oral cell lines D19 and D35 that were originally established from the 

lateral tongue and floor of mouth/ventral tongue, respectively, were kindly provided 

by Dr Keith Hunter (School of Clinical Dentistry, University of Sheffield) 

(McGregor et al., 2002; 1997; Edington et al., 1995). D19 and D35 cells were also 

grown in medium as described in table 2.5. 

2.6.3 Culturing and freezing normal oral keratinocytes and 

dysplastic oral cell lines 
 

For NOK culturing, the method proposed by Rheinwald and Green 

(Rheinwald & Green, 1975) was followed. Briefly, cells were co-cultured with 

irradiated 3T3 murine fibroblast cells in Green's medium. Irradiated 3T3 murine 

fibroblast cells are used to support growth of keratinocytes as they secrete essential 

growth factors used by epithelial cells for proliferation whilst being unable to 

proliferate themselves due to DNA damage caused by the irradiation treatment 

(Rheinwald & Green, 1975). 

2.6.3.1 Culturing and freezing irradiated 3T3 murine fibroblasts 
 

To culture irradiated 3T3 murine fibroblasts, cells were grown in medium as 

described in table 2.5. Cryopreserved irradiated 3T3 murine fibroblast cells stored in 

liquid nitrogen vials were recovered and briefly thawed in a 37˚C water bath. Cells 

were then added to 9 ml of pre-warmed culture medium placed in a universal tube 

and centrifuged at 1000 revolutions per minute (rpm) for 5 minutes. After the 
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supernatant was discarded, the cell pellet was re-suspended in 2 ml of fresh culture 

medium at a total cell density of 1  10
6
 cells and then seeded into a sterile labelled 

25 cm2 tissue culture flask containing 4 ml of pre-warmed growth medium. The flask 

was then incubated at 37˚C in a 5% CO2 environment. Culture medium was 

replenished when necessary and the cells were maintained until nearly 80% 

confluent when examined under an inverted microscope, at which time they were 

sub-cultured into 25 or 75 cm
2
 tissue culture flasks. Following treatment with 1% 

Virkon®, spent medium and used tissue culture flasks were disposed off down the 

sink and in clinical waste bags, respectively.  

 

To sub-culture irradiated 3T3 murine fibroblast cells, spent medium was 

discarded and cells were washed twice with 10 ml of PBS. After removal of the PBS 

solution, cells were detached by addition of 3 ml of a pre-warmed mixture of trypsin 

(0.05%) and EDTA (0.02%) into the tissue culture flask followed by incubation at 

37˚C in a 5% CO2 incubator for approximately 5 minutes. The trypsin/EDTA 

mixture was then neutralized with 5 ml of pre-warmed growth medium and the cell 

suspension was placed in a universal tube. When needed, cell counting was 

accomplished at this stage using an improved Neubauer haemocytometer. The 

number of cells was counted in at least three squares (volume of 1  10
-4 

ml per 

square) of the haemocytometer and the average cell number was recorded. To obtain 

number of cells per ml, the calculated average number of cells counted was 

multiplied by 10
4 
 the dilution factor.  The cell suspension was then centrifuged at 

1000 rpm for 5 minutes, the supernatant was discarded and the cells were re-

suspended in an appropriate volume of culture medium. The required number of cells 

was then transferred to sterile labelled 25 or 75 cm2 tissue culture flasks containing 

culture medium and incubated at 37˚C in a 5% CO2 environment. Growth medium 

was changed when required and the cells were maintained until they became nearly 

80% confluent, at which time they were either sub-cultured or cryopreserved.  

 

 For cryopreservation of irradiated 3T3 murine fibroblasts, cells were first 

harvested, counted and re-suspended at 1  106 cells/ml in freezing medium (10% 

dimethyl sulphoxide (DMSO), 50% growth medium, 40% FCS). After that, 1 ml of 
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the cell suspension was dispensed into pre-labelled Cryo.s
TM 

cryogenic tubes, whose 

temperatures were lowered overnight at a cooling rate of 1˚C per minute using a 

freezing container. The ampules were then placed in liquid nitrogen for long-term 

storage. 

2.6.3.2 Culturing and freezing normal oral keratinocytes  
 

NOK were originally isolated from human oral mucosa removed during 

dental procedures with written informed consent (ethical approval number 

09/H1308/66) and were provided by Drs Helen Colley and Vanessa Hearnden. To 

culture NOK, cryopreserved cells were recovered and briefly thawed in a 37˚C water 

bath. NOK were then added to 9 ml of pre-warmed Green's medium, placed in a 

universal tube and centrifuged at 1000 rpm for 5 minutes. After supernatant was 

discarded, the NOK cell pellet was re-suspended at a density of 1  10
6
 cells in 2 ml 

of fresh culture medium and seeded into a sterile labelled 25 cm2 tissue culture flask 

containing Green's medium with 1  10
6
 irradiated 3T3 murine fibroblast cells. The 

flask was then incubated at 37˚C in a 5% CO2 environment. Green's medium was 

replenished when necessary and NOK were maintained until they became 80% 

confluent, at which time they were sub-cultured into 75 cm
2
 tissue culture flasks for 

subsequent experimental use. NOK were not used beyond passage 4.  

 

To sub-culture NOK, spent medium was discarded and cells were washed 

twice with 10 ml of PBS. After removal of the PBS solution, 3 ml of a pre-warmed 

0.02% EDTA solution was added into the tissue culture flask and kept at room 

temperature (15–25°C) to detach the “feeder” layer of irradiated 3T3 murine 

fibroblast cells. After the fibroblast cells were discarded, NOK were washed twice 

with 10 ml of PBS and 3 ml of a pre-warmed mixture of trypsin (0.05%) and EDTA 

(0.02%) was added into the tissue culture flask, which was then placed in a 5% CO2 

incubator until detachment of NOK. The trypsin/EDTA mixture was then neutralized 

with 5 ml of pre-warmed culture medium and the cell suspension was placed in a 

universal tube. When needed, cell counting was accomplished at this stage as 

described above. The cell suspension was then centrifuged at 1000 rpm for 5 

minutes, the supernatant was discarded and NOK were re-suspended in an 
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appropriate volume of Green's medium. According to the split ratio required, the 

cells were then transferred to sterile labelled 75 cm2 tissue culture flasks containing 

Green's medium with 1  10
6
 irradiated 3T3 murine fibroblast cells and incubated at 

37˚C in a 5% CO2 environment. Green's medium was changed when necessary and 

NOK were maintained until they became 80% confluent, at which time they were 

either sub-cultured or used in experiments. For cryopreservation of NOK not 

immediately required for experiments, cells were frozen down as described above 

(section 2.6.3.1).  

2.6.3.3 Culturing and freezing dysplastic oral keratinocytes  
 

 For culturing, sub-culturing and long term-storage of DOK, D19 and D35 cells, 

the same basic procedures described in section 2.6.3.1 were followed.  

2.6.4 Tumour cell lines and their culture conditions 
 

SCC4 (ATCC number CRL-1624) human tongue squamous cell carcinoma 

cell line (Rheinwald & Beckett, 1981), was grown in medium as described in table 

2.6. Cal27, a poorly differentiated oral squamous cell carcinoma cell line (ATCC 

number CRL-2095), originally established from the tongue of a 56 year old 

Caucasian male (Gioanni et al., 1988), was maintained in medium as described in 

table 2.7. The human B16 OSCC cell line and the human metastatic B22 OSCC cell 

line were supplied by Dr. Keith Hunter (McGregor et al., 2002; Edington et al., 

1995; Stanton et al., 1994) and were cultured in Green's medium (table 2.4). The 

lymph node-metastasis cell line TR146 (Cancer Research UK), originating from a 

buccal OSCC (Rupniak et al., 1985), was cultured in medium as described in table 

2.5. THP-1 (ATCC number TIB-202), a human acute monocytic leukemia cell line 

(Tsuchiya et al., 1980), was maintained in medium as described in table 2.7. HT29 

(ATCC number HTB-38), a human colon cancer cell line (Fogh & Trempe, 1975), 

was a generous gift from Dr. Russell Hughes (School of Medicine, University of 

Sheffield) and was grown in medium as described in table 2.8. Both THP-1 and 

HT29 cells were used as positive controls as they are known to express sialyl Lewis 

X (sLeX) and sialyl Lewis A (sLeA), respectively (Sawada et al., 2011; Weston et 

al., 2000; Walz et al., 1990). When required, A431 (ATCC number CRL-1555) cells, 
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which are of epidermoid vulva carcinoma origin (Giard et al., 1973), were also used 

as a positive control as they have been previously shown to express both sLeA and 

sLeX (Tei et al., 2002). A431 cells were cultured as described in table 2.6. The 

characteristics of the tumour cell lines used in this study are summarized in table 

2.11.   

 

Table  2.11 Characteristics of tumour cell lines 

Cell line Description  

 SCC4 Organism: human; Site: tongue; Age: 55 years; Sex: male; Disease: squamous 

cell carcinoma; Growth properties: adherent  

 Cal27 Organism: human; Site: tongue; Age: 56 years; Sex: male; Disease: squamous 

cell carcinoma; Growth properties: adherent  

 B16 Organism: human; Site: tongue; Disease: squamous cell carcinoma; Growth 

properties: adherent  

 B22 Organism: human; Primary site: tongue; Disease: squamous cell carcinoma; 

Secondary site: lymph node; Growth properties: adherent  

 TR146 Organism: human; Primary site: buccal mucosa; Disease: squamous cell 

carcinoma; Secondary site: lymph node; Growth properties: adherent  

 THP-1 Organism: human; Site: peripheral blood; Age: 1 year old infant; Sex: male; 

Disease: acute monocytic leukemia; Growth properties: suspension 

 HT29 Organism: human; Site: colon; Age: 44 years; Sex: female; Disease: colorectal 

adenocarcinoma; Growth properties: adherent  

 A431 Organism: human; Site: skin/epidermis; Age: 85 years; Sex: female; Disease: 

epidermoid carcinoma; Growth properties: adherent  

 

2.6.5 Culturing and freezing tumour cell lines 
 

All of the above listed tumour cells were cultured as monolayers except THP-

1 cells, which were grown in suspension. For culturing, sub-culturing and long term-

storage of adherent tumour cells, the same basic procedures described above in 

section 2.6.3 were followed. The same procedures were also used to culture, sub-

culture and cryopreserve THP-1 cells except that no trypsinisation step was required 

during sub-culturing of these cells. The rate of cell growth was dependent on cell 

type and seeding density.  
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2.6.6 Endothelial cells and their culture conditions 
 

Primary human dermal microvascular endothelial cells (HuDMEC) and 

human lymphatic endothelial cells (HuLEC) were grown in endothelial cell growth 

medium supplemented with the components described in table 2.9.  

2.6.7 Culturing and freezing endothelial cells 
 
 Cryopreserved endothelial cells were recovered and cultured as in section 

2.6.3. The same procedures were also used to sub-culture and cryopreserve 

endothelial cells except that gentle detachment of cells was performed using 

DetachKit (containing 30 mM Hepes-buffered balanced salt solution (BSS), 0.04% / 

0.03% trypsin/EDTA solution and trypsin neutralizing solution) and 

cryopreservation was carried out using Cryo-SFM freezing medium (containing 

DMSO, methylcellulose and other cryoprotective components). 

2.6.8 Assessment of cell viability using trypan blue staining  
 

Cell viability was assessed using trypan blue staining by first adding 10 μl of 

the cell suspension to 10 μl of 0.4% (w/v) trypan blue stain. Trypan blue penetrates 

damaged cells but is excluded by viable cells. Non-viable cells are thus labelled with 

the stain and are visible by brightfield microscopy. Following incubation for 

approximately 3 minutes at room temperature, 10 μl of the sample mixture was 

loaded into a haemocytometer and blue non-viable cells as well as clear viable cells 

were counted. The following equation was then used to calculate the percentage of 

cell viability: 

 

Percentage of cell viability = (Total number of viable cells/total number of viable 

and nonviable cells) × 100. 
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2.7 Quantitative Reverse Transcription PCR (qRT-PCR) 

2.7.1 RNA isolation 

2.7.1.1 Total RNA purification and analysis 

 
 Total RNA was purified from cells using the RNeasy Mini Kit and RNAse-free 

pipette tips according to the manufacturer’s instructions. Cultured cells were first 

harvested, counted, centrifuged and collected as a cell pellet. Depending on their 

number, the cells were then lysed by adding the appropriate volume of RLT buffer 

containing guanidine-thiocyanate that immediately inactivates RNases. Thereafter, 

the cell lysate was homogenized using a Qiashredder spin column placed in a 2 ml 

collection tube. After centrifugation for 2 minutes at 11,000 rpm using a 

microcentrifuge, an appropriate volume of 70% ethanol was added to the cell lysate 

to provide optimal binding conditions and up to 700 μl of the sample was transferred 

to a silica-based total RNA capture spin column placed in a 2 ml collection tube. The 

RNeasy silica membrane selectively excludes most RNA molecules shorter than 200 

nucleotides and thus provides enrichment for mRNA.  Microcentrifugation was then 

carried out at 10,000 rpm for 15 seconds, the flow-through was discarded and an on-

column DNase digestion (section 2.7.1.2) was performed. Then, the spin column 

membrane was washed with 700 μl of RW1 buffer, centrifugation was conducted at 

10,000 rpm for 15 seconds and the flow-through was discarded. After that, 500 μl of 

RPE buffer was added to the spin column, centrifugation was performed at 10,000 

rpm for 15 seconds and the flow-through was discarded. The spin column was then 

washed again with the same amount of RPE buffer and was centrifuged again at the 

same speed for 2 minutes. Finally, 30 to 50 μl of Rnase-free water was added to the 

spin column placed in a new 1.5 ml collection tube and centrifugation was carried 

out at 10,000 rpm for 1 minute to elute the RNA.  

 The eluted RNA was stored at -80˚C after measuring the RNA quantity and 

quality using a NanoDrop® 1000 spectrophotometer and NanoDrop software. RNA 

quantity was determined based on the absorbance at 260 nm, while its quality was 

assessed based on the ratio of absorbance at 260 nm and 280 nm (A260/A280). Only 

RNA with an A260/A280 ratio of 1.9 to 2.1 was considered acceptable for further 

use. 
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2.7.1.2 On-column DNase digestion 

 

To remove potential contaminating DNA from RNA samples, on-column 

DNase digestion was performed using RNase-Free DNase Set as recommended by 

the manufacturer. Briefly, 350 μl of RW1 buffer was first added to the spin column, 

which was then centrifuged at 10,000 rpm for 15 seconds. After that, the flow-

through was discarded and 80 μl of DNase I incubation mix was prepared by adding 

10 μl of DNase I stock solution to 70 μl of RDD buffer. The 80 μl of DNase I 

incubation mix was then added to the spin column and incubated at room 

temperature for 15 minutes. Finally, 350 μl of RW1 buffer was added to the spin 

column, centrifugation was performed again at 10,000 rpm for 15 seconds and the 

flow-through was discarded. 

2.7.2 Reverse transcription reaction 
 

 mRNA was converted to cDNA using High Capacity RNA-to-cDNA Kit as 

follows. After the kit components were thawed on ice, 10 μl of 2X reverse 

transcriptase (RT) buffer mix, containing deoxyribonucleotide triphosphate (dNTPs), 

random octamer primers and oligo dT-16, was added to 1 μl of 20X RT enzyme mix 

containing murine leukemia virus reverse transcriptase and RNase inhibitor. This 

mixture was then added to an appropriate volume of total RNA so that a final amount 

of 2 μg total RNA was used per 20 μl reverse transcription reaction. Then, nuclease-

free water was added to the reaction mix to give a total volume of 20 μl per reverse 

transcription reaction. Negative control reverse transcription samples contained all 

the reagents mentioned above except the RT enzyme mix. Finally, centrifugation at 

10,000 rpm for 15 seconds was performed to collect the reaction mixtures at the 

bottom of the tubes, which were then incubated in a DNA Engine DYAD
™ 

thermal 

cycler at 37˚C for 60 minutes, 95˚C for 5 minutes and finally kept at 4˚C until 

collected. cDNA samples were stored at -20˚C.  

2.7.3 Quantitative PCR (qPCR) 
 

Expression of glycogenes potentially involved in sLeA/X synthesis in oral 

cancer cells was studied at the mRNA level using quantitative PCR (qPCR). The 
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protocol of qPCR was carried out for genes of interest in triplicate at least three times 

on 7900HT fast real-time PCR system using 2X TaqMan
®
 Universal PCR Master 

Mix and pre-developed 20X TaqMan
®
 gene expression assays as per the supplier’s 

guidelines. The pre-developed 20X TaqMan
®
 gene expression assays each 

containing two unlabelled primers and one 6-FAM
™

 dye-labelled TaqMan
® 

MGB 

probe were employed to measure mRNA expression of a number of glycogenes 

(table 2.10). 

 

Briefly, 20X TaqMan
®
 Gene Expression Assays and cDNA samples were 

first thawed on ice, re-suspended by vortexing and briefly centrifuged at 10,000 rpm. 

To prepare 20 μl qPCR reaction mix for each gene of interest, a mixture of 10 μl of 

2X TaqMan
®

 Universal PCR Master Mix containing AmpliTaq
®
 Gold DNA 

polymerase and dNTPs, 1 μl of 20X TaqMan
®
 Gene expression assay, 2 μl of cDNA 

template diluted at 1:10 in RNase-free water and 7 μl of RNase-free water were 

pipetted into a nuclease-free 1.5 ml microcentrifuge tube. Following a brief 

centrifugation of the tube, the 20 μl reaction mix was transferred into a 96-well 

reaction plate, which was then sealed with an optical adhesive film, briefly 

centrifuged at 1000 rpm using Sorvall Legend X1 centrifuge and loaded into the real-

time PCR system. The reaction plate was set up using the Sequence Detection 

Systems 2.4 software and the qPCR protocol consisted of initial steps of activation 

(50˚C for 2 minutes for UNG activation and 95˚C for 10 minutes for polymerase 

activation), followed by 40 cycles (each at 95˚C for 15 seconds for denaturation and 

at 60˚C for 1 minute for annealing and extension).  

 

After normalization to GAPDH threshold cycle (Ct) values, relative transcript 

expression levels for each respective test gene were calculated for each cell type. 

Data analysis was performed through RQ Manager 1.2.1 computer programme using 

the comparative 2
−ΔCt

 method as described previously (Livak & Schmittgen, 2001;  

Schmittgen & Livak, 2008), where ∆Ct is the value obtained following normalization 

of the test gene Ct value to the respective calibrator gene (GAPDH) Ct value. 
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2.8 Flow cytometry 

2.8.1 Flow cytometric analysis of sLeA/X expression on cell surface 
 

To detect cell surface expression of sLeA/X using flow cytometry, adherent 

cells were first washed twice with PBS, detached from tissue culture plastic using a 

non-enzymatic cell dissociation solution, trypsin/EDTA mixture or accutase
TM

 

solution, counted and centrifuged at 1000 rpm for 5 minutes. THP-1 cells grown in 

suspension were directly counted and centrifuged at 1000 rpm for 5 minutes without 

the initial dissociation step. After the supernatant was discarded, cells were 

resuspended in ice-cold fluorescence-activated cell sorting (FACS) buffer (PBS, 

0.1% (w/v) sodium azide and 0.1% (w/v) bovine serum albumin (BSA)) to give 

5×10
5
 cells per 50 μl of buffer. Cells were then labelled by incubation for 30 minutes 

to 1 hour on ice with the primary monoclonal antibodies (mAbs) against sLeA (clone 

KM231) or sLeX (clone CSLEX1) or with appropriately matched isotype controls 

(mouse IgG or IgM) each diluted to a final concentration of 5 μg/ml. Cells were then 

washed with cold FACS buffer and micro-centrifuged at 6000 rpm for 2 minutes. 

After the supernatant was discarded, cells were incubated in the dark with goat anti-

mouse IgM–fluorescein isothiocyanate (FITC) diluted at 1:25 or AlexaFluor 488-

conjugated goat anti-mouse IgG diluted at 20 μg/ml for 30 minutes to 1 hour on ice. 

Cells were then washed twice with cold FACS buffer, re-suspended in 300 μl of 

either cold FACS buffer or 2% paraformaldehyde solution and kept at 4˚C in the 

dark until data acquisition was carried out on a Becton Dickinson FACSCalibur
™

 

instrument with CellQuestPro
™

 software at the Flow Cytometry Core Facility 

Service at The University of Sheffield Medical School. Flow cytometry data were 

analysed using CellQuestPro
™

 software, whose settings were adjusted so that events 

representing cells, which were at least 10,000 for most samples, appeared in the 

middle of the forward scatter (FSC) and side scatter (SSC) dot plots. Histogram plots 

were then set for fluorescence 1 (FL1) detector that is used to detect green 

fluorescence emitted by fluorophores such as FITC (maximum excitation wavelength 

is 495 nm and maximum emission wavelength is 520 nm) and AlexaFluor 488 

(maximum excitation wavelength is 500 nm and maximum emission wavelength is 

520 nm) (Wulff et al., 2006). When required, Flowjo software was used for flow 
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cytometry data analysis instead of CellQuestPro
™

 software. Using the analytical 

software package, analysis results were automatically generated as median 

fluorescence intensity (MFI) values, which were then corrected for non-specific 

fluorescence.  When needed, flow cytometry was performed after incubation of cells 

for 1 hour at 37˚C with type V neuraminidase or L-fucosidase diluted at the required 

concentration in serum-free medium. 

2.8.2 Flow cytometric analysis of the effect of hypoxia or TNF-α 

stimulation on sLeA/X expression on OSCC cells  
 

To examine the effect of hypoxia on cell expression of sLeA/X, OSCC cells 

expressing low levels of both antigens were incubated under hypoxic (O2 : 0.1%) or 

normoxic (O2 : 20%) conditions for 24 hours. Flow cytometric analysis was 

performed as described in section 2.8.1 with anti-sLeA/X mAbs. Cells were also 

labelled with an anti-CXCR4 mAb (5 μg/ml) and used as a positive control as 

CXCR4 mRNA has been shown previously to be increased in cancer cells cultured 

under hypoxic conditions (Lu et al., 2010; Schioppa et al., 2003). 

 

To evaluate the effect of tumour necrosis factor-alpha (TNF-α) stimulation on 

sLeA/X expression, OSCC as well as THP-1 positive control cells were stimulated 

for 48 hours with 50 ng/ml TNF-α or left untreated prior to being labelled with anti-

sLeA/X mAbs and subjected to flow cytometry analysis. TNF-α stimulated OSCC 

and THP-1 cells were also labelled with an anti-ICAM1 (CD54) mAb (5 μg/ml) and 

used as a positive control as TNF-α has been implicated in inducing ICAM1 

expression on different cells including monocytes (Thornton & McDaniel, 2005; 

Houldsworth et al., 1994; Myers et al., 1992). 

2.8.3 Flow cytometric analysis of the effect of anti-sLeA/X mAbs, 

type V neuraminidase or L-fucosidase on cancer cell viability 
 

To evaluate cell viability following incubation with anti-sLeA/X mAbs, type 

V neuraminidase or L-fucosidase, non-fixed cells were labelled with TO-PRO-3
®

 

(maximum excitation wavelengths is 640 nm and maximum emission wavelength is 

655 nm) or propidium iodide (PI) (maximum excitation wavelengths are 305 and 535 

nm and maximum emission wavelength is 620 nm) and histogram plots were set for 
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far-red fluorescence (FL4) for TO-PRO-3
®
 or orange-red fluorescence (FL3) for PI 

(Wulff et al., 2006). 

2.9 Immunofluorescence microscopy  
 

To complement flow cytometry findings, cells expressing increased levels of 

sLeA/X were subjected to immunofluorescence microscopy. Briefly, cells were 

seeded at 2x10
4
 cells per well of a 24-well tissue culture plate onto sterilised glass 

coverslips. Where indicated, 5×10
4
 cells were treated with 1.6 U/ml type V 

neuraminidase for 1 hour at 37°C prior to immunofluorescence staining. When 

confluent, cells were washed twice with Hanks’ balanced salt solution (HBSS), fixed 

with 2% paraformaldehyde solution for 10 minutes at room temperature and washed 

again with HBSS. To block non-specific binding, cells were then incubated with 1% 

(v/v) FBS/PBS for 30 minutes on ice. Following aspiration of the blocking solution, 

cells were labelled with the primary mAbs, washed with PBS and then incubated 

with the secondary antibodies as described in section 2.8.1. Following extensive 

washing with PBS, counterstaining was performed for 10 minutes at room 

temperature with 5 μg/ml 4',6-Diamidino-2-Phenylindole (DAPI) to visualise cell 

nuclei. After a final washing step with PBS, cells were mounted on glass slides with 

VECTASHIELD
®
 mounting medium and left light protected overnight at 4°C. 

Fluorescent images were captured using a Perkin Elmer spinning disk confocal 

microscope equipped with appropriate filters and driven by Volocity software. 

2.10 RNA interference 
 

To transfect cancer cells with siRNA, 0.5×10
6
 cells were seeded into each 

well of a 6-well tissue culture plate in 2.3 ml medium and incubated under normal 

growth conditions until transfection.  A transfection mixture containing 150 ng of 2 

μM pre-designed FUT3 siRNA or Allstars negative control siRNA diluted in 100 μl 

serum free medium and 12 μl HiPerfect transfection reagent was then prepared and 

incubated for 10 minutes at room temperature in accordance with the manufacturer’s 

instructions. The mixture was then added drop-wise onto the cells and the plate was 

incubated at 37°C for 48 hours. Expression of sLeA/X was measured on transfected 

cells by flow cytometry to confirm reduction of sLeA/X expression on cell surface. 
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2.11 Immunoassays 

2.11.1 Enzyme-Linked Immunosorbent Assay (ELISA) 
 

ELISA was conducted to generate a standard curve for measuring absorbance 

readings on a spectrophotometer from wells coated with different concentrations of 

recombinant E-selectin (rE-selectin). Each well of a 96-well tissue culture plate was 

first coated with 100 μl of increasing concentrations of rE-selectin and the plate was 

incubated at room temperature overnight. The following day, each well was washed 

three times with 200 µl of wash buffer (1 X PBS-0.05% Tween-20 buffer) before it 

was blocked for 1 hour at room temperature with 300 µl of a 1% BSA solution. The 

wash step was then repeated three times, each well was filled with 100 µl of anti-E-

selectin antibody diluted to a final concentration of 2 μg/ml, and the plate was 

incubated for 2 hours at room temperature. Following a further washing step, each 

well was loaded with 100 μl of anti-mouse IgG-horseradish peroxidase (HRP) 

antibody diluted at 1:1000, and the plate was incubated for 1 hour at room 

temperature in the dark. After one final wash, 100 μl of substrate solution (1:1 

mixture of colour reagent A (H2O2) and colour reagent B (tetramethylbenzidine 

(TMB)) was added to each well for 20 minutes at room temperature in the dark. 

Finally, 50 μl of sulfuric acid stop solution was added to each well, whose optical 

density was immediately determined at a wavelength of 450 nm using an Infinite
®
 

200 PRO micro-plate reader controlled by Magellan software. 

 

A cell-based immunoassay was also performed to generate a standard curve 

for quantifying the levels of E-selectin expression on HuDMEC that were stimulated 

with 50 ng/ml TNF-α for different time periods. HuDMEC were first seeded into 

wells of a 96-well plate at a density of 4x10
4
 cells per well. When confluent, 

HuDMEC were stimulated with 50 ng/ml TNF-α for various time intervals (1, 2, 6, 8 

and 24 hours); whereas cells that were incubated with IgG were used as controls. 

HuDMEC were then washed once with PBS and fixed with 4% formaldehyde for 10 

minutes at room temperature. Finally, the same ELISA procedure described above 

was adopted to examine E-selectin expression on the cell surface of HuDMEC 

except that the initial blocking step was performed using 5% (w/v) dried skimmed 

milk powder in 1 X PBS-0.05% Tween-20 buffer instead of 1% BSA solution.  
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2.12 Functional assays 

2.12.1 Static adhesion assays 
 

To examine the adhesion of tumour cells to rE-selectin, wells of 96-well 

tissue culture plates were first coated with 50 μl of rE-selectin (diluted at 10 to 20 

μg/ml in PBS containing Ca
2+ 

and Mg
2+

). Negative control wells were coated with 50 

μl of 1% BSA. Since fibronectin is known to have strong cell adhesive activity (Bae 

et al., 2010), positive control wells were coated with 100 μl of fibronectin diluted at 

1:100. The coated plates were then incubated at 4˚C overnight. Prior to the assay, 

200 μl 1% BSA was added to each well to block potential non-specific binding and 

the plates were incubated for 30 minutes at 4°C. Experiments were then performed to 

examine the specific interaction of tumour cells with E-selectin. When indicated, 

wells were incubated at this stage for 1 hour at room temperature with the required 

concentration of blocking anti-E-selectin mAb (clone BBIG-E4), chondroitin sulfate, 

IELLQAR
®
 (8-branch MAPS) or appropriate negative controls (IgG for anti-E-

selectin mAb and BSA for chondroitin sulfate and IELLQAR
®

). Prior to their 

seeding into wells, 5×10
4
 tumour cells were either left untreated or incubated for 1 

hour at 37°C with the required concentration of blocking anti-sLeA/X mAbs (clones 

KM231 and CSLEX1, respectively) or appropriate negative controls (IgG for anti-

sLeA mAb and IgM for anti-sLeX mAb). In further experiments, 5×10
5
 tumour cells 

were either left untreated or incubated for 1 hour at 37°C with the required 

concentration of neuraminidase or fucosidase or with growth medium alone for 

negative control tests. In some experiments, tumour cells were either left untreated or 

incubated with FUT3 or Allstars negative control siRNA as described above (section 

2.10) or with 1 µg/ml swainsonine for 48 hours at 37°C prior to the assay.  

 

Following seeding cells at a density of 5×10
4
 cells per well, the plates were 

subjected to mild agitation for 30 minutes at room temperature to allow the cells to 

bind. Non-adherent cells were then removed by PBS washing and attached cells were 

fixed and stained as described by Felice et al. (2009) but with minor modifications. 

Briefly, 50 μl of methylene blue solution (HBSS + 1.25% glutaraldehyde + 0.6% 

methylene blue) was added to each well and the plates were incubated at 37°C for 1 
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hour. Cells were then rinsed twice with 100 μl dH2O and the plates were briefly 

dried. The cell-associated stain in each well was finally eluted with 50 μl of elution 

solution (50% ethanol + 49% PBS + 1% acetic acid) for 15 minutes at room 

temperature and cell binding was quantified by measuring the eluted stain 

absorbance at 655 nm using the Infinite
®
 200 PRO micro-plate reader with Magellan 

software. 

 

To validate the above-described method of quantitation, standard curves were 

first generated for obtaining absorbance measurements from wells seeded with 

known densities of cells or coated with different concentrations of rE-selectin. The 

same procedure described above was used to prepare a standard curve for measuring 

absorbance readings of serial dilutions of fibronectin except that attached cells in 

each well were first fixed with 100 μl of 4% formaldehyde for 15 minutes and then 

stained at room temperature for 1 hour with 100 μl of 0.6% (w/v) methylene blue 

diluted in 10 mM boric acid solution. The cell-associated stain in each well was then 

eluted with 50 μl of acid ethanol (1% hydrogen chloride solution in 70% ethanol) for 

30 minutes at room temperature.  

2.12.2 Flow adhesion assays 
 

To simulate the physiological shear stresses present in microenvironment 

vasculature, a rectangular flow chamber was used. The flow chamber that was used 

in this study consisted of an acrylic upper plate and a HuDMEC- or HuLEC- coated 

glass slide platforms held 254 μm apart with a silicone rubber gasket (figure 2.1).  

 

Figure  2.1 Schematic diagram of the rectangular flow chamber setup. The flow chamber 

that was used in this study consisted of an acrylic upper plate that was attached to a 

HuDMEC- or HuLEC- coated glass slide by a 0.0254 cm-silicone rubber gasket. 
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 The required flow rate was calculated using the formula Ƭw = 6μQ/a
2
b, 

where Ƭw is the wall shear stress (dynes/cm
2
), μ is the viscosity of the perfusate 

assumed equal to water viscosity at 37°C (0.007 Poise) (Lawrence et al., 1990), Q is 

the flow rate (ml/s), a is the flow channel hight (0.0254 cm) and b is the flow 

channel width (1 cm) (Lawrence et al., 1990). Binding of cancer cells to 

HuDMEC/HuLEC was measured in a similar manner to that described previously 

(Julien et al., 2011). In Brief, HuDMEC/HuLEC were first grown on autoclaved 

glass slides until confluent. HuDMEC/HuLEC were then activated with 50 ng/ml 

TNF-α for 4-6 hours at 37°C prior to the assay. To clearly distinguish them from 

HuDMEC/HuLEC, tumour cells were labelled with 10 μM fluorescent CellTracker
™

 

green CMFDA probe. Where indicated, the contribution of sLeA/X to tumour cell 

binding to the endothelium was assessed by incubating tumour cells (0.5×10
6
/ml in 

serum-free medium) with 0.16 U/ml neuraminidase for 1 hour at 37°C following 

their labelling with the CellTracker
™

. After that, the HuDMEC/HuLEC- coated 

slides were mounted on the flow chamber, which was then placed on the stage of a 

Zeiss Axiovert 200M inverted microscope encased within a 37°C environmental 

chamber. Tumour cells resuspended at 0.5×10
6 

cells/ml were then perfused through 

the flow chamber and over the monolayers of HuDMEC/HuLEC for 10 minutes 

using an automated syringe pump that was set at a flow rate of 0.424 ml/minute 

(equivalent to 0.5 dynes/cm
2
) for assays using HuDMEC and of 0.212 ml/minute 

(equivalent to 0.25 dynes/cm
2
) for experiments using HuLEC.  After an intermediate 

1 minute washing step with fresh medium to remove non-adherent cells, at least ten 

images of bound tumour cells were taken at random regions during the last two 

minutes of each experiment at about 5 seconds intervals using an integrated 

AxioCam
®
 MRm digital camera and AxioVision computer software. Using Image J 

software, the total number of adherent tumour cells was recorded for at least five 10× 

objective fields showing an intact monolayer of HuDMEC/HuLEC. Schematic 

representation of the flow adhesion assay setup is shown in figure 2.2.  
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Figure  2.2 Flow adhesion assay setup. To simulate the physiological flow shear stresses 

present in microenvironment vasculature, HuDMEC-/HuLEC- coated slides were mounted 

in the flow chamber placed on the stage of an inverted microscope, which was encased 

within a 37°C environmental chamber (shown here as a separate equipment). CellTracker™-

labelled tumour cells were then perfused through the flow chamber and over 

HuDMEC/HuLEC using an automated syringe pump. Images of adherent tumour cells were 

then taken using an integrated digital camera and AxioVision 4.6 computer software.   

2.13 Immunohistochemistry 
 

Immunohistochemistry was performed with Sheffield Research Ethics 

Committee approval (Ref: 07/H1309/105) on 4 μm whole tissue sections of 21 

primary OSCCs (well to poorly differentiated, 7 from each group) and from 7 mild, 6 

moderate and 7 severely dysplastic oral lesions (retrieved from the 1995-2013 

archives of the Unit of Oral and Maxillofacial Pathology at The University of 

Sheffield School of Clinical Dentistry).  Sections from 7 normal oral mucosa tissues 

were used as a control.  

 

For high-throughput screening of sLeA/X expression in oral cancer, 

immunohistochemistry was also carried out on 4 μm sections of tumour tissue 

microarrays (TMA) produced form 40 primary OSCCs and their matched pairs of 

metastatic OSCC as well as from 46 primary OSCCs from patients with no lymph 

node involvement. All tissue sections were reviewed after their retrieval from the 

patient archives to confirm the diagnosis. Clinicopathological characteristics 

including site and differentiation status of the tumour were also retrieved from the 

medical records of the patients.  
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TMA were constructed by Mrs. Ibtisam Zargon and Prof. Paul Speight 

(School of Clinical Dentistry, University of Sheffield) as described previously 

(Kononen et al., 1998). Briefly, 4μm sections from each sample were first stained 

with haematoxylin-eosin to guide sampling from representative areas of tumour 

tissue. 1.0 mm tissue core biopsies were then punched from the corresponding 

regions on the donor paraffin-embedded tumour blocks and transferred into pre-

specified array coordinates in the recipient paraffin-embedded blocks using a manual 

tissue arrayer MTA-1. Each TMA block was constructed with 36 to 60 tissue core 

biopsies and at least 3 tissue core biopsies from each OSCC. Whenever applicable 

three core biopsies were sampled from each of the surface, the advancing front and 

the body of tumour compartments of each primary OSCC. Otherwise, three core 

biopsies were only sampled from each of the surface and the advancing front areas of 

the primary OSCC. On the other hand, three core biopsies were sampled from nodal 

metastatic OSCCs. To serve as an orientation guide, a core biopsy of a non-relevant 

epithelial tissue was placed at the bottom right corner of each block.  

2.13.1 Processing of clotted oral cancer cells and tissue samples 
 

To serve as positive controls, TR146 cells were clotted with a 1:1 (v/v) 

mixture of PT-fibrinogen recombinant and human plasma and fixed with 10% 

buffered formalin. Clotted cells were then processed overnight through a series of 

alcohol solutions of increasing concentrations to 100%, followed by xylene using a 

Leica TP1020 tissue processor. Samples were then embedded in molten paraffin wax 

using a Leica EG1160 tissue embedding station.  

 

Wax blocks of clotted cells or tissue samples were incubated on ice blocks 

for approximately 30 minutes prior to being sectioned using a Leica RM2235 

microtome with type S35 microtome blades. Wax blocks were initially cut at 10 μm 

sections until samples were exposed. Then, 4 μm sections of each sample were cut 

and flattened in a 37°C water bath. Each section was then mounted onto positively 

charged Superfrost
®
 glass slides that improve adherence of tissue and left to dry 

overnight.  
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2.13.2 sLeA/X immunohistochemical staining of oral cancer 

cells/tissue sections 
 

Prior to staining, sample sections were deparaffinized in xylene and 

rehydrated through a series of ethanol solutions of descending concentration. The 

sections were then incubated for 15 minutes with 3% H2O2 in dH20 to quench 

endogenous tissue peroxidase activity, washed with PBS and incubated for 30 

minutes with horse serum to block non-specific binding. The sections were then 

incubated with primary mAbs anti-sLeA (5 μg/ml; clone KM231) or anti-sLeX (5 

μg/ml; clone KM93) at 4°C overnight.  Mouse IgM was used as a negative control. 

After washing with PBS, sample sections were incubated for 30 minutes with anti-

mouse biotinylated secondary antibodies IgM and IgG using a Dako kit (for IgM) 

and a VECTASTAIN Elite ABC kit (for IgG). After that, the sections were rinsed 

with PBS and incubated for 30 minutes with avidin-biotin-peroxidase complex 

(VECTASTAIN Elite ABC kit) and washed with PBS. The sections were then 

subjected for 2 minutes to 3,3-diaminobenzidine (DAB) substrate and peroxidase 

activity was observed under a microscope before washing the sections in water to 

stop enzyme activity. Using a Leica ST4020 small linear stainer, sections were 

counterstained with Harris’s haematoxylin, dehydrated through a series of ethanol 

solutions of ascending concentration and treated with xylene. The sections were 

finally mounted in DPX on glass slides.  

2.13.3 Image analysis of immunostained oral tissue sections 
 

Semi-automated quantisation of sLeA/X expression was performed using an 

automated cellular imaging system III (ACIS III) based on algorithms for membrane 

staining from six 40× circular areas with highest staining intensity and containing 

only cells of interest. The percentage of immunopositive cells and immunostaining 

intensity were calculated and converted automatically to a score between 0.0 and 5.0 

for each studied field.  For statistical analysis purposes, sLeA/X ‘over-expression’ 

was arbitrarily defined as an average staining score of ≥2.2 as previously described 

for HER-2/neu protein (Tawfik et al., 2006), and final analysis of sLeA/X expression 

was interpreted on a four-point scale (0 to 3+) using the following:   
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0.0-0.4=0 (negative), 0.5-1.4=1+ (weakly positive), 1.5-2.1=2+ (moderately positive) 

and 2.2-5.0=3+ (strongly positive).  

2.14 In vivo assays 

2.14.1 Generation of cancer cells stably expressing EGFP or DsRed2 

2.14.1.1 Transformation of E. coli with pEGFP-C2 or pDsRed2-C1 vectors 

 

To generate stably transfected cancer cells, pEGFP-C2 (4735 base pair (bp)) 

and pDsRed2-C1 (4675 bp) plasmid vectors were first used to transform E. coli. (See 

appendix for pEGFP-C2 and pDsRed2-C1 plasmid maps). These plasmid vectors 

encode kanamycin resistance for bacterial cell selection and neomycin resistance for 

mammalian cell selection. Bacterial transformation was accomplished with the kind 

assistance of Dr Simon Tazzyman (Department of Infection & Immunity and 

Medical Research Council (MRC) Centre for Developmental and Biomedical 

Genetics, University of Sheffield). Briefly, microtubes of competent DH5-α E. coli 

cells were first thawed on ice and 5 μl of pEGFP-C2 or pDsRed2-C1 vectors was 

then added to 50 μl of the cells, which were then mixed gently and incubated on ice 

for 30 minutes. The tubes were then placed in a water bath set at 37°C for 30 seconds 

and then immediately transferred onto ice for 5 minutes. 0.5 ml of sterile Lysogeny 

broth (LB) medium was then added to the mixture and the tubes were placed for 1 

hour in a 37°C incubator equipped with a shaking platform. The transformed 

bacterial cells were then spread onto Lysogeny agar plates containing 30 μg/ml 

kanamycin and the plates were incubated overnight at 37°C.  

2.14.1.2 Isolation of plasmid DNA from E.coli clones 

 

Small-scale plasmid DNA isolation 

 

To purify plasmid DNA from transformed E. coli, random single colonies 

from the freshly streaked plates were inoculated into plastic culture tubes containing 

sterile LB medium with 30 μg/ml kanamycin and the tubes were incubated overnight 

in a 37°C incubator equipped with a shaking platform. Isolate II Plasmid Mini Kit 

was then used for plasmid DNA isolation from E. coli on a small scale according to 

the manufacturer’s instructions. Briefly, 1 ml of the stationary phase E. coli LB 
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culture was centrifuged at 11,000 × g for 30 seconds and the supernatant was 

discarded. To lyse E. coli cells, pellets of bacterial cells were pipetted up and down 

in 250 μl Resuspension Buffer P1, incubated at room temperature for 5 minutes with 

250 μl Lysis Buffer P2 and mixed thoroughly with 300 μl Neutralization Buffer P3. 

The lysate was then cleared by centrifugation for 5 minutes at 11,000 × g. To bind 

DNA, 750 μl of the cleared sample supernatant was then pipetted into an Isolate II 

Plasmid Mini Spin Column placed in a collection tube, centrifugation was carried out 

at 11,000 × g for 1 minute and the flow-through was discarded. Then, 600 μl Wash 

Buffer PW2 containing ethanol was added into the Isolate II Plasmid Mini Spin 

Column to wash the silica membrane, centrifugation was conducted for 1 minute at 

11,000 × g and the flow-through was discarded. To remove residual ethanol, 2 

minutes centrifugation at 11,000 × g was performed prior to DNA elution. Finally, 

50 μl Elution Buffer P was added into the Isolate II Plasmid Mini Spin Column 

placed in a 1.5 ml microcentrifuge tube, incubated for 1 minute at room temperature 

and centrifugation was carried out at 11,000 × g for 1 minute. Isolated plasmid DNA 

was stored at -80°C after measuring its quantity and quality using a NanoDrop® 1000 

spectrophotometer and NanoDrop software as described for RNA analysis in section 

2.7.1.1. 

 

Restriction enzyme digestion and agarose gel electrophoresis 

 

To confirm that selected bacterial colonies contained the plasmid of interest, 

isolated plasmid DNA was subjected to restriction enzyme digestion and the 

resulting DNA fragments were analyzed by agarose gel electrophoresis. For 

restriction enzyme digestion, New England Biolabs (NEB) restriction enzymes were 

used in accordance with the supplier’s instructions. Briefly, 5 μl 10× NE Buffer 3, 

0.5 μl 100× BSA, 1 μg plasmid DNA of interest, and 10 U of each Ndel and Xhol 

restriction enzymes (together cut pEGFP-C2 into 1113 bp and 3622 bp fragments, 

and pDsRed2-C1 into 1058 bp and 3617 bp fragments) were added to a reaction tube 

placed on ice and containing nuclease-free water to make a total reaction volume of 

50 μl.  The reaction mixture was briefly micro-centrifuged and then incubated for 15 

minutes in a digital block heater set at 37°C. The reaction was then stopped by heat 
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inactivation (65°C). For agarose gel electrophoresis, 1 g of agarose was first 

dissolved in 100 ml of 1× Tris Acetate EDTA (TAE) buffer in a conical flask. The 

solution was then briefly heated in a microwave until the agarose was completely 

dissolved. After that, 5 μl of 10 mg/ml ethidium bromide was added to the solution 

and the mixture was poured into a 15 × 10 cm gel casting tray with a comb attached 

to it and left at room temperature until solidified. Once the agarose gel became solid, 

the comb was gently removed and the gel mold was placed into a Sub-Cell GT 

horizontal electrophoresis system so that the gel wells were closest to the negative 

electrode.  A 1× TAE buffer solution was then poured into the system until the gel 

was completely covered. To enable the size of DNA fragments to be determined, 24 

μl of a 1kb DNA molecular weight marker was loaded into the first well of the gel. 

Then, 4 μl of a gel loading dye was mixed with 20 μl of each reaction mixture of 

restriction enzyme digestion and the samples were injected into corresponding wells. 

The lid of the system was then closed and a PowerPac
™

 HC Power Supply was set to 

provide constant 120 V and subsequently connected to the system until the marker 

dye migrated to about two-thirds the length of the gel. The gel was finally inspected 

under the ultraviolet light transilluminator, G:BOX, and imaged using an integrated 

camera inside the G:BOX with GeneSnap acquisition software.   

 

Large-scale plasmid DNA isolation 

 

Following confirmation of successful transformation of the selected bacterial 

colonies with the plasmid of interest, a large-scale plasmid DNA isolation was 

performed using Qiagen Plasmid Maxi Kit as instructed by the manufacturer. First, 5 

ml LB medium was made for each sample and supplemented with 30 μg/ml 

kanamycin. LB medium was then inoculated with a single positively transformed 

colony picked from a freshly streaked plate and incubated for about 8 hours at 37°C 

with shaking at 300 rpm. Then, 100 ml LB medium was made for each sample and 

autoclaved in a 1L flask. Kanamycin was then added to each cooled LB medium at a 

final concentration of 30 μg/ml. After that, 200 μl from the starter culture was 

inoculated into each 100 ml LB medium and the mixture was incubated at 37°C 

overnight with shaking at 300 rpm. Each overnight culture was then transferred into 
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a plastic centrifuge bottle, which was then centrifuged at 6000 × g for 15 minutes at 

4°C to harvest bacterial cells. The supernatant was then removed and the bacterial 

pellet was resuspended in 10 ml of cold Buffer P1 (resuspension buffer) containing 

LyseBlue and RNase until no cell clumps remained. Each resuspended bacterial 

pellet was then transferred to a separate 50 ml tube and 10 ml Buffer P2 (lysis buffer) 

was added to each tube. Each tube was then inverted until the entire sample was blue 

and the mixture was incubated at room temperature for 5 minutes.  Then, 10 ml of 

chilled Buffer P3 (neutralization buffer) was added to each tube, inversion was 

performed until the suspension became colourless and the tubes were incubated on 

ice for 20 minutes. Tubes were then balanced and centrifuged at 20000 × g for 30 

minutes at 4°C. During the last 10 minutes of the centrifugation, Qiagen tip-500 

filtration column was equilibrated by adding 10 ml Buffer QBT (low salt buffer) and 

allowed to drain into a 250 ml Erlenmeyer waste flask by gravity flow. Supernatant 

containing plasmid DNA was then immediately transferred into new clean 50 ml 

round bottom tubes and centrifuged at 20000 × g for 15 minutes at 4°C. The 

supernatant containing plasmid DNA was then promptly poured into the Qiagen tip-

500 filtration column and allowed to flow through. The Qiagen tip-500 filtration 

column was then washed twice with 30 ml Buffer QC (medium salt buffer) and 

allowed to empty into the waste flask. Plasmid DNA was then eluted by adding 15 

ml Buffer QF (high salt buffer) onto the Qiagen tip-500 filtration column and the 

elute was collected in a 50 ml centrifuge tube. DNA was then precipitated by adding 

10.5 ml of room temperature isopropanol to the eluted DNA and the mixture was 

centrifuged immediately at 15000 × g for 30 minutes at 4°C. After the supernatant 

was decanted, the DNA pellet was washed with 5 ml of room temperature 70% 

ethanol and centrifuged at 15000 × g for 10 minutes at 4°C. The supernatant was 

carefully aspirated, the DNA pellet allowed to air dry for about 15 minutes and DNA 

was dissolved in 500 μl of nuclease-free water. Finally, isolated plasmid DNA was 

transferred to eppendorf tubes and stored at -80°C.  
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Restriction enzyme digestion and agarose gel electrophoresis 

 

To further confirm successful purification of the plasmid of interest, isolated 

plasmid DNA was subjected to restriction enzyme digestion and agarose gel 

electrophoresis as described above. In addition, bacterial glycerol stocks were 

created for long-term storage of DNA plasmids by addition of 0.5 ml of the 5 ml 

overnight culture to 0.5 ml of 80% sterile glycerol in 1.5 ml cryovials and subsequent 

storage of labelled stocks at -80°C.   

2.14.1.3 Transfection of cancer cells with pEGFP-C2 or pDsRed2-C1 plasmids 

 
To stably transfect cancer cells with purified pEGFP-C2 or pDsRed2-C1 

plasmid DNA, FuGENE
® 

HD transfection reagent was used according to the 

manufacturer’s instructions. Briefly, the day before transfection, cancer cells were 

plated at a density of 0.5×10
6 

cells per well of a 6-well plate in 3 ml of culture 

medium. The following day, 20 μg of plasmid DNA was added to a final volume of 

930 μl OptiMEM. Then, 60 μl of FuGENE
® 

HD transfection reagent was added to 

the tube and the mixture was incubated for 10 minutes at room temperature. Finally, 

150 μl of the complex was added to each well to give a reagent:DNA ratio of 3:1 at 3 

μg DNA per well. The plate was incubated at 37°C for 24 to 48 hours, after which 

transfection efficiency was determined by fluorescence microscopy. Cell cultures 

showing fluorescent signals were then sub-cultured into 10 cm tissue culture dishes 

or 25 cm
2 

tissue culture flasks in up to 10 ml of medium containing 200 μg/ml G418. 

Culture medium was changed as required and G418 was subsequently used at lower 

concentrations to prevent substantial cell death. Cells were maintained following 

G418 selection until their number was suitable for further selection by FACS using a 

FACSAria at the Flow Cytometry Core Facility Service at The University of 

Sheffield Medical School.  For FACS selection, 10×10
6 

cells were resuspended in 1 

ml of culture medium and the top 10% of positively fluorescent cells were collected 

and then re-cultured as monolayers for future experiments. Stably transfected cells 

were also frozen down in liquid nitrogen for long-term storage.   
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2.14.2 Zebrafish care and breeding 
 

Stable transgenic fli1:EGFP zebrafish lines were maintained according to 

standard protocols (under project license number, 40/3690) at an independent 

zebrafish aquarium system at the University of Sheffield MRC Centre for 

Developmental and Biomedical Genetics where fish were fed twice a day with 

artemia.  

 

As breeding behaviour of zebrafish normally occurs at the beginning of the 

light cycle, a wire mesh container was completely covered with marbles and the 

container was slowly lowered through water to the bottom of the fish tank the day 

before collection of fertilized eggs to allow eggs to sink down between the marbles 

and thus escape predation. The following day, the marble container was removed 

from the fish tank and fertilized eggs were collected using a sieve. Collected eggs 

were rinsed with clean system water to remove debris. Once clean, the eggs were 

placed into 50 ml tubes full of system water and transferred to The University of 

Sheffield School of Clinical Dentistry laboratories where they were put in 10 cm 

culture dishes filled with 1 × E3 growth medium (5 mM NaCl, 0.17 mM KCl, 0.33 

mM CaCl2, 0.33 mM MgSO4, 0.00001% methylene blue; ~60 eggs per dish) and 

incubated in an incubator at 28°C. The viability of embryos was monitored prior to 

injection with stably transfected cancer cells and dead embryos, which appeared 

white compared to the transparent viable embryos, were discarded.  

2.14.3 Injection of stably transfected cancer cells into zebrafish 

embryos 
 

At 48 hours post-fertilization (hpf), the zebrafish embryos were first 

dechorionated with tweezers when necessary and then treated with 1 μg/ml LPS for 4 

hours or left untreated. SCC4 and TR146 cells stably transfected with pDsRed2-C1 

plasmid DNA were then detached from tissue culture flasks, counted and 

resuspended in sterile PBS to give a final cell density of 50 cells/nl (5 x 10
7
/ml). 

Approximately 15 minutes prior to injections, the zebrafish embryos were 

anesthetized with 0.003% tricaine methanesulfonate (MS222; ethyl 3-aminobenzoate 

methanesulfonate) and lined up on their side within a layer of low-melting agarose. 
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Pre-pulled borosilicate glass capillaries were then loaded with the stably transfected 

cancer cells using 20 μl microloader tips, placed into a micropipette holder that was 

attached to an M3301 manual micromanipulator so that they were at a 45° angle with 

respect to the anesthetized zebrafish. Borosilicate glass capillaries were pulled earlier 

using a P-97 micropipette puller so that a final tip diameter of 10 μm was obtained 

for each micropipette.  Micropipettes were calibrated to dispense 1 to 2 nl of cells 

using an ejection pressure regulator (PV820 pneumatic picopump) equipped with a 

low positive pressure port to prevent fluid uptake by capillary action between 

injections. Intravenous injections of the stably transfected cancer cells were 

performed with the kind assistance of Dr Simon Tazzyman into the common cardinal 

vein at the side of the yolk sac using an M3Z stereo-microscope.  

2.14.4 In vivo cell tracking  
 

In vivo cell tracking was achieved immediately following zebrafish injection 

and at 24 and 72 hours post-injection (hpi). Fluorescent cancer cell tracking was 

recorded by AxioVision software using a Zeiss Axiovert 200M inverted microscope 

equipped with an integrated AxioCam
®
 MRm digital camera. When indicated, a 

Perkin Elmer spinning disk confocal microscope equipped with appropriate filters 

and driven by Volocity software was also used to track fluorescent cancer cells 

immediately following injection of the zebrafish.  

2.15 Statistical analysis 
 

Unless stated otherwise, experiments were conducted in triplicate and 

repeated at least three times. Results are expressed as mean + standard deviation. All 

data were tested for normal distribution by the Shapiro-Wilk test. Data that met the 

assumptions of parameteric tests were evaluated using a Student’s t-test to evaluate 

the difference between two groups and a one-way analysis of variance (ANOVA) 

followed by an appropriate post-hoc test to assess the difference between three or 

more groups. Otherwise, an appropriate non-parameteric test was conducted. 

McNemar’s test was used to compare two paired categorical groups. A Chi-square 

test was used to investigate the correlation between independent categorical groups. 

The degree of linear relationship between two variables was examined by calculating 
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the square of Pearson's coefficient of correlation. All statistical evaluation was 

performed using SPSS software and P-values of < 0.05 were considered statistically 

significant.  
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Chapter 3 : Expression of sLeA/X in normal oral 

mucosa, dysplastic oral mucosa and primary and 

lymph node metastatic OSCC in human biopsies. 
 

3.1 Introduction 
 

Different types of cancerous tissues have previously been evaluated using 

immunohistochemistry to assess the role that sLeA and sLeX play in cancer 

development. Renkonen et al. (1997) found that higher levels of sLeA were 

expressed by metastatic breast carcinoma lesions compared to primary tumours. A 

strong correlation between liver metastasis and elevated sLeA expression in primary 

gastric cancer samples was also reported (Nakamori et al., 1997). 

Immunohistochemical analysis of 130 esophageal squamous cell carcinoma 

specimens showed that the presence of sLeA/X was strongly associated with 

different clinicopathological parameters of the disease including lymph node 

metastasis (Faried et al., 2007);  whilst in a case-control study on 89 cases of 

Barrett’s esophagus that had progressed to esophageal adenocarcinoma or high grade 

dysplasia, sLeA, among other biomarkers, proved to be a significant predictor of 

esophageal adenocarcinoma progression (Lieberman et al., 2012). High expression 

of sLeX on estrogen receptor-α-positive, but not estrogen receptor-α-negative breast 

tumours was found to be strongly associated with bone metastasis (Julien et al., 

2011). In addition, sLeX expression was also shown to be associated with metastasis 

of invasive micropapillary carcinoma of the breast
 

(Wei et al., 2010).
 

sLeX 

expression on human colorectal and renal cell carcinomas was observed to correlate 

not only with the formation of metastasis but also with other factors such as the 

depth of tumour invasion and high incidence of disease recurrence (Tozawa et al., 

2005; Nakamori et al., 1993). 

 

Although described in other tumours, involvement of sLeA/X in oral cancer 

progression has been largely under-investigated. To determine whether sLeA/X 

antigens are related to OSCC progression from dysplastic to primary to metastatic 

lesions, immunohistochemical analysis was performed on normal oral mucosa, oral 
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dysplastic tissue and whole tissue sections of primary OSCC using anti-sLeA/X 

mAbs. In addition, high-throughput screening of sLeA/X expression in oral cancer 

was carried out through immunohistochemical evaluation of tissue microarray 

(TMA) produced form primary OSCC that have metastasized and their matched pairs 

of metastatic OSCC as well as from primary OSCC that have not metastasized. 

3.2 Methods 
 
For more details on the methods used in these studies, please refer to the following 

relevant Chapter 2 sections. 

 

General cell culture (section 2.6.1, page 80) 

Tumour cell lines and their culture conditions (section 2.6.4, page 84) 

Culturing and freezing tumour cell lines (section 2.6.5, page 85) 

Immunohistochemistry (section 2.13, page 97)  

Statistical analysis (section 2.15, page 106) 

3.3 Results 

3.3.1 Analysis of sLeA/X immunoreactivity on TR146 cells 
 

Flow cytometric analysis of TR146 metastatic OSCC cells showed that these 

cells express abundant cell surface sLeA and sLeX (Chapter 4, figure 4.4). 

Therefore, formalin fixed, paraffin wax-embedded TR146 cells were then used in 

immunohistochemical staining as a positive control to test for immunoreactivity and 

antibody specificity for murine monoclonal antibodies raised against sLeA and 

sLeX. As shown in figure 3.1B, all TR146 cells expressed sLeA with a homogeneous 

plasma membrane staining. A similar pattern of reactivity was also observed with the 

anti-sLeX mAb, although not all TR146 cells were positively stained (figure 3.1C). 

No immunostaining was observed with the isotype matched IgM control antibody, 

confirming antibody specificity.  
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Figure  3.1 Immunohistochemical analysis of sLeA/X immuno-positivity on TR146 cells. 

Representative images of immunoreactive staining for (A) IgM isotype-matched negative 

control (B) sLeA clone KM231 mAb (5 µg/ml) and (C) sLeX clone KM93 mAb (5 µg/ml). 

Scale bar = 100 μm. 

3.3.2 Analysis of sLeA/X immunoreactivity on normal oral mucosal 

tissue 
 

Moderate immunoreactivity was detected on two out of seven normal oral 

mucosal tissue samples for sLeA and four specimens for sLeX. Using semi-

automated image analysis software (see Chapter 2 section 2.13), an average staining 

score of 1+ was recorded for four sLeA samples and only one sLeX biopsy. Strong 

sLeA/X expression on normal oral mucosa tissue was generally absent in this study; 

only one out of the seven specimens examined had an average staining score of ≥2.2 

for sLeA and only two samples showed this level of expression for sLeX. Normal 

oral mucosa tissue generally displayed patchy sLeA/X expression mainly on cell 

membrane and mainly within the upper differentiated orthokeratinised epithelial 

layers with limited expression within the basal cell layers (figure. 3.2).  

    

Figure  3.2 Immunohistochemical analysis of sLeA/X immuno-positivity on normal oral 

mucosa tissue. Representative images of immunoreactive staining for (A) IgM isotype-

matched negative control (B) sLeA clone KM231 mAb (5 µg/ml) and (C) sLeX clone KM93 

mAb (5 µg/ml). Scale bar = 100 𝜇m. 

 

A B C 

A B C 
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3.3.3 Analysis of sLeA/X immunoreactivity on dysplastic oral 

mucosa tissue 
 

Expression of sLeA was mostly absent (grading score 0) to weak (grading 

score 1+) across all the samples analysed regardless of dysplastic grade with an 

average staining score of 1.6. Expression of sLeX was observed in some individual 

sections scoring 1+/2+, although in the majority of cases immunoreactivity was weak 

across all dysplastic grades with an overall average staining score of 2.0. The 

specific grading scores for each dysplastic oral mucosa biopsy are provided in table 

3.1. 

 

Table  3.1 sLeA/X immunoreactivity on dysplastic oral mucosa tissue. 

 

Variable 

sLeA immunoreactivity sLeX immunoreactivity 

    0         1+        2+        3+    0         1+         2+        3+ 

Dysplastic oral mucosa 

tissue 

  Mild dysplasia (N=7) 

   

  Moderate dysplasia (N=6) 

 

  Severe dysplasia (N=7) 

 

    4           2          1         0      

(57.1%)(28.6%)(14.3%)(0%) 

 

    4          2         0        0 

(66.7%) (33.3%) (0%)  (0%) 

 

    6          1         0         0 

(85.7%) (14.3%) (0%) (0%) 

 

   1           3           3          0 

(14.3%)(42.8%)(42.8%)(0%)                 

                                                                                        

0           4           2          0 

(0%)  (66.7%) (33.3%) (0%) 

 
   0           6           1          0 

(0%) (85.7%) (14.3%) (0%) 

 

 

While the majority of mild dysplastic oral mucosa biopsies expressed no 

sLeA, approximately 43% of these samples were weakly to moderately positive for 

sLeX expression. In general, sLeX expression was restricted to a few cells within the 

epithelium (figure 3.3).  
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Figure  3.3 Immunohistochemical analysis of sLeA/X immuno-positivity on mild 

dysplastic oral mucosa samples. Representative images of immunoreactive staining of 

sections of mild dysplastic oral lesions for (A) IgM isotype-matched negative control (B) 

sLeA clone KM231 mAb (5 µg/ml) and (C) sLeX clone KM93 mAb (5 µg/ml). Scale bar = 

100 𝜇m. 

 

Moderate dysplastic oral mucosa biopsies generally displayed negative sLeA 

expression. If expression was observed, then it was restricted to the uppermost-

differentiated surface epithelial cells. On the other hand, 67% of moderately 

dysplastic oral mucosa samples showed weakly positive expression of sLeX, once 

again mainly within the middle to upper epithelium where clear cell surface staining 

was observed (figure 3.4). In addition, punctate staining of individual cells was 

observed within the dysplastic epithelium and the underlying connective tissue in 

sLeX-stained sections that is likely due to sLeX cell surface expression by 

leukocytes.  

 

       

Figure  3.4 Immunohistochemical analysis of sLeA/X immuno-positivity on moderate 

dysplastic oral mucosa samples. Representative images of immunoreactive staining on 

sections of moderate dysplastic oral lesions for (A) IgM isotype-matched negative control 

(B) sLeA clone KM231 mAb (5 µg/ml) and (C) sLeX clone KM93 mAb (5 µg/ml). Scale 

bar = 100 𝜇m. 

 

A B C 

A B C 



113 

Similar to the expression pattern observed on mild and moderate dysplastic 

oral mucosa lesions, sLeA was generally deficient on sections of severe dysplastic 

oral samples and aurrounding normal tissue components. Approximately 86% of the 

severely dysplastic lesions were weakly positive for sLeX with occasional sLeX-

immuno-positivity detected on endothelial cells and much sLeX immunoreactive 

staining observed on leukocytes within the connective tissue (figure 3.5).  

Figure  3.5 Immunohistochemical analysis of sLeA/X immuno-positivity on severe 

dysplastic oral mucosa samples. Representative images of immunoreactive staining on 

sections of severely dysplastic oral lesions for (A1) IgM isotype-matched negative control 

(B1) sLeA clone KM231 mAb (5 µg/ml) and (C1) sLeX clone KM93 mAb (5 µg/ml). Scale 

bar = 100 𝜇m. A2, B2 and C2; higher magnification of A1, B1 and C1, respectively, 

showing lack of sLeA expression on blood vessels and expression of sLeX on some 

vasculature endothelium and leukocytes. Scale bar = 20 𝜇m.   

3.3.4 Analysis of sLeA/X immunoreactivity on oral cancer tissue 

3.3.4.1 Analysis of sLeA/X immunoreactivity on primary oral cancer samples 

(whole tissue sections) 

The majority of analysed primary OSCC samples expressed no sLeA. In 

addition, most of these cases showed negative to weak sLeX expressin. As 

summarised in table 3.2, sLeA positive immunoreactivity (1,2,3+) was observed on 

24% primary OSCC whilst sLeX positive immunoreactivity was detected on 62% 

A1 B1 C1 

A2 B2 C2 

ــــــــ
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primary OSCC. Approximately 14% and 19% of primary OSCC displayed strong 

(score 3+) immunoreactivity for sLeA and sLeX expression, respectively (figure 

3.6). Expression of sLeA/X on OSCC cells was detected on both cell membrane and 

cytoplasm (figure 3.6) and was generally more evident within keratin pearls present 

in tumour bodies (figure 3.7).   

Table  3.2 Immunoreactivity of sLeA/X on primary OSCC (whole tissue sections).   

 

Parameter 

sLeA immunoreactivity sLeX immunoreactivity 

    0         1+         2+        3+    0         1+         2+        3+ 

 

Primary OSCC
 

(N=21) 

                                              
 

    16         2           0         3      
  (76.2%)  (9.5%)    (0%)   (14.3%)     

 

  
   8          8           1         4 
 (38.1%) (38.1%) (4.8%) (19.0%)  

 

 

   
Figure  3.6 Immunohistochemical analysis of sLeA/X immuno-positivity on primary 

OSCC. Representative images of immunoreactive staining on sections of primary OSCC for 

(A) IgM isotype-matched negative control (B) sLeA clone KM231 mAb (5 µg/ml) and (C) 

sLeX clone KM93 mAb (5 µg/ml). Scale bar = 100 𝜇m.
 

   
Figure  3.7 sLeA/X immuno-positivity within keratin pearls of primary OSCC. 

Representative images of immunoreactive staining on sections of primary OSCC for (A) 

IgM isotype-matched negative control (B) sLeA clone KM231 mAb (5 µg/ml) and (C) sLeX 

clone KM93 mAb (5 µg/ml). The expression of sLeA/X within keratin pearls can be 

observed. Scale bar = 200 𝜇m.
 

 

A B C 

A B C 
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The relationship between sLeA and sLeX expression on primary OSCC is 

shown in table 3.3. The majority of primary OSCC samples were negative for sLeA 

and negative to weakly positive for sLeX. Only 3 primary OSCC samples were 

strongly positive for both antigens and one primary OSCC sample displayed strong 

sLeX but no sLeA expression at all. Overall there was a statistically significant 

association between sLeA and sLeX positive immunoreactivity on primary OSCC 

samples (P=0.013).   

Table  3.3 Relationship between sLeA and sLeX expression on primary OSCC (whole 

tissue sections). 

 

 

 

 

 

 

 

 

 

1 
Measurement of statistical significance based on sLeA/X positive immunoreactivity (0 

versus 1+, 2+ and 3+) by Chi-square test. 

2 
Measurement of statistical significance based on strong sLeA/X expression (0, 1+ and 2+ 

versus 3+) by Chi-square test.  

NS: Not significant. 

 

A summary of sLeA/X expression on normal/dysplastic oral mucosa tissue as 

well as primary OSCC (whole tissue section) is provided in table 3.4.  A statistically 

significant association was observed between positive immunoreactivity of sLeA/X 

and type of oral tissue examined (P=0.002 for sLeA, P=0.005 for sLeX). In addition, 

distributions of sLeA and sLeX staining scores were statistically significantly 

different between normal (mean rank: 39.5) and dysplastic oral mucosa (mean rank: 

22) (P= 0.003 for sLeA, Kruskal-Wallis H test), and normal oral mucosa (mean rank: 

39.5) and OSCC (mean rank: 21.88)  (P=0.002 for sLeA, P=0.01 for sLeX, Kruskal-

Wallis H test). 

 

Variable 

sLeA  

P-value 

 

 0         1+         2+        3+ 

           0 

           1+    

           2+         

           3+ 

 8          0           0          0 

 7          1           0          0 

 0          1           0          0 

 1          0           0          3  

0.013
1                                                      

NS
2
               

 

 

  

sL
eX
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Table  3.4 Immunoreactivity of sLeA/X on normal oral mucosa, dysplastic oral mucosa 

tissue and primary OSCC (whole tissue section). 

 

Parameter 

sLeA immunoreactivity  sLeX immunoreactivity  

  0         1+         2+        3+   0         1+         2+        3+ 

   

 

Normal oral 

mucosa tissue 

(N=7) 

 

Dysplastic oral 

mucosa tissue 

(N=20) 

 

 

Primary OSCC
 

(
N=21) 

   

 

                                                     0.002
1 

                                                     NS
2 

  

    0          4           2           1 

  (0%)  (57.1%)  (28.6%)  (14.3%) 

 

  

   14         5          1          0 

 (70%)   (25%)  (5%)    (0%) 

 

 

   16         2           0         3      

(76.2%)  (9.5%)   (0%)   (14.3%)     

 

                                               0.005
1
 

                                                 NS
2
               

 

   0          1           4           2 

 (0%)  (14.3%) (57.1%) (28.6%) 

 

 

   1         13          6           0 

 (5%)    (65%)   (30%)   (0%) 

 

 

    8          8           1         4 

(38.1%) (38.1%) (4.8%) (19.0%)  

 

1 
Measurement of statistical significance based on sLeA/X positive immunoreactivity ((0) 

versus (1+, 2+ and 3+) cases) by Chi-square test.  

2 
Measurement of statistical significance based on sLeA/X overexpression ((0, 1+ and 2+) 

versus (3+) cases) by Chi-square test. 

NS: Not significant. 

3.3.4.2 Analysis of sLeA/X immunoreactivity on matched pairs of primary and 

metastatic OSCCs and of primary OSCCs from patients with no lymph node 

involvement using tissue microarrays (TMA) 

 
The studies described in the previous sections were based on a limited 

number of biopsies and staining was done on whole tissue sections. This low-

throughput analysis proved to be time-consuming and the low number of samples 

examined prevented rigorous statistical examination of the data. Therefore, high-

throughput screening of sLeA/X expression in oral cancer was sought through 

immunohistochemical evaluation of TMA constructed from representative tissue 

cores obtained from the paraffin blocks from 40 patients with primary OSCC and 

matched nodal metastatic OSCC as well as from 46 patients with primary OSCC but 

no lymph node involvement. The aim of this analysis was to determine if expression 

of sLeA or sLeX increases in metastatic compared to primary OSCC. Unfortunately, 
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analysis of sLeA/X on distant site metastases from OSCC was not possible due to the 

inavailability of clinical material for these lesions. 

 

Each TMA block was produced with 36 to 60 tissue core biopsies and at least 

3 tissue core biopsies from each OSCC. However, some tissue core biopsies were 

lost during the process of sectioning of TMA blocks and mounting of the sections 

onto glass slides. The total number of cases available for final analysis was 40 

primary and 29 metastatic OSCC from patients with nodal involvement and 42 

primary OSCC from patients with no lymph node involvement. Therefore, only 29 

primary OSCC from patients with matched nodal involvement were included for 

evaluation of correlation of sLeA/X immunoreactivity with cancer progression to 

metastasis. On the other hand, 40 primary OSCCs from patients with nodal 

involvement and 42 primary OSCCs from patients with no lymph node involvement 

were included for evaluation of correlation of sLeA/X immunoreactivity with 

different clinicopathological characteristics of OSCC including differentiation status 

of the tumour.  

 

As shown in table 3.5, sLeA positive (i.e. 1,2,3+) immunoreactivity was 

observed on approximately 55% and 52% of primary OSCC and their matched nodal 

metastatic lesions, respectively. For sLeX, positive immunoreactivity was exhibited 

by approximately 93% primary OSCC and 79% of the matched nodal metastatic 

lesions. There was more sLeX than sLeA in primary and metastatic OSCC that were 

positively immunoreactive. Approximately 7% and 14% of primary OSCC from 

patients with nodal involvement displayed strong (i.e. 3+) sLeA and sLeX 

expression, respectively. On the other hand, approximately 10% of metastatic OSCC 

exhibited strong sLeA/X positive immunoreactivity. There was no statistically 

significant relationship between sLeA/X positive immunoreactivity or strong 

expression on primary OSCC and their matched nodal metastatic lesions (table 3.5). 

The pattern of sLeA/X immunoreactivity on each case of primary OSCC and its 

matched metastatic lesion is shown in tables 3.6 and 3.7. Representative 

photomicrographs of anti-sLeA/X mAbs stained matched pairs of TMA primary and 

nodal metastatic OSCC are shown in figure 3.8.  
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Table  3.5 Correlation of sLeA/X immunoreactivity with tumour type of OSCC (TMA).   

 

Parameter 

sLeA immunoreactivity  sLeX immunoreactivity  

    0         1+         2+         3+    0        1+        2+        3+ 

Tumour type 

   

Primary OSCC 

(N=29) 

   

Matched nodal 

metastatic 

OSCC (N=29) 

 

                                              NS
1 

                                                  NS
2 

    13       14          0           2      
 (44.8%) (48.3%)  (0%)   (6.9%)     

 

   
    14      12         0          3 
 (48.3%) (41.4%)  (0%)   (10.3%)      

 

                                              NS
1
 

                                          NS
2
               

   2         20          3         4 
 (6.9%)   (69%)  (10.3%) (13.8%)  

 

                                                                                         

6         18          2         3 
 (20.6%) (62%) (6.9%) (10.3%)       

  

1 
Measurement of statistical significance based on sLeA/X positive immunoreactivity (0 

versus 1+, 2+ and 3+) by McNemar’s test.  

2 
Measurement of statistical significance based on strong sLeA/X expression (0, 1+ and 2+ 

versus 3+) by McNemar’s test. NS: Not significant. 

Table  3.6 sLeA immunoreactivity on primary and matched metastatic OSCC (TMA). 

-Parenthesis indicates the reference numbers for the cases displaying the indicated patterns of sLeA 

immunoreactivity. NA: Not applicable. 

Table  3.7 sLeX immunoreactivity on primary and matched metastatic OSCC (TMA). 

-Parenthesis indicates the reference numbers for the cases displaying the indicated patterns of sLeX 

immunoreactivity. NA: Not applicable. 

    Variable                  sLeA staining score for primary OSCC 

0                                                1+                   2+                   3+ 

                      0 

 

                     1+ 

 

                     2+ 

 

                     3+ 

(7,18,21,23,24,26,27,29)  (1,15,17,22,25)       NA                (28) 

(2,8,12,16,19)                (3,4,5,9,11,13,20)      NA                 NA      

NA                                           NA                   NA                 NA 

NA                                         (6,10)                 NA                (14)  

    Variable                  sLeX staining score for primary OSCC 

0                                      1+                            2+                   3+ 

                      0 

 

                     1+ 

 

                     2+ 

 

                     3+ 

NA                      (13,15,17,21,25)                  NA                 (28) 

(18)       (1,4,5,7,9,12,16,20,23,24,26,29)  (11,22,27)           (3,6)      

 (8)                                (10)                            NA                  NA 

NA                               (2,19)                          NA                  (14)  
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Figure  3.8 Immunohistochemical analysis of sLeA/X immuno-positivity on a matched-

pair of primary and nodal metastatic OSCC (TMA). Representative images for matched-

pairs of primary (upper panel) and nodal metastatic OSCC (lower panel). (A1 & A2) IgM 

control showing no immunoreactivity. (B1 & B2) sLeA immunoreactivity. (C1 & C2) sLeX 

immunoreactivity. Scale bar = 100 𝜇m.  

 

Under almost all subcategories of demographic and clinicopathological 

characteristics evaluated (table 3.8), a trend toward more frequent positive 

immunoreactivity of tumour tissues of OSCC patients with or without lymph node 

involvement against anti-sLeX mAb than against anti-sLeA mAb was observed. 

However, no statistically significant association was found between sLeA/X positive 

immunoreactivity or strong expression and demographic data such as sex and age or 

clinicopathological characteristics such as tumour site and differentiation status of 

the tumour.   

 

While 57.5% of primary OSCC from patients with nodal involvement 

showed sLeA positive immunoreactivity, 50% of primary OSCC from patients with 

no lymph node involvement displayed sLeA positive immunoreactivity (no 

significant difference, Mann-Whitney U test). In contrast, sLeX positive 

immunoreactivity was observed on 92.5% primary OSCC from patients with nodal 

involvement compared to 71% primary OSCC from patients with no lymph node 

involvement (P=0.014, Mann-Whitney U test). While the association between sLeA 

A2 B2  C2 

A1 B1  C1 
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positive immunoreactivity and metastatic status of primary OSCC was not 

statistically significant, this relationship was statistically significant for sLeX 

positive immunoreactivity (P=0.014). However, there was no statistically significant 

association between strong sLeA/X expression and metastatic status of primary 

OSCC. 

Table  3.8 Association between sLeA/X immunoreactivity and clinicopathological 

characteristics of patients with or without lymph node involvement (TMA).   

 

Parameter 

sLeA immunoreactivity  sLeX immunoreactivity  

    0         1+         2+         3+    0        1+        2+        3+ 

Sex 

 

 

 

Male (N=57) 

 

 

Female (N=25) 

 

Age 

 

 

≥60 years 

(N=51) 

 

 

<60 years 

(N=31) 

 

Tumour site 

 

Tongue (N=31) 

 

 

Alveolar 

mucosa (N=13) 

 

 

Floor of mouth 

(N=16) 

 

Palate (N=6) 

 

 

Buccal mucosa 

(N=12) 

                                                  NS
1
 

                                                  NS
2
 

 

    27        25         3          2  

(47.4%)  (43.8%)  (5.3%) (3.5%) 

 

    11          9         3          2    

(44%)  (36%)    (12%)  (8%) 

                                                  NS
1
 

                                                  NS
2
 

 

    23        21         4           3   

(45.1%) (41.2%) (7.8%) (5.9%) 

 

    15        13         2           1 

(48.4%) (41.9%) (6.4%) (3.2%) 

                                                 

                                                           

                                                  NS
1
 

                                                  NS
2
 

    12         15        2           2 

(38.7%) (48.4%) (6.4%) (6.4%) 

 

     9          3          1           0   

(69.2%) (23.1%) (7.7%) (0%) 

 

     9          6          0           1 

(56.2%) (37.5%) (0%) (6.2%) 

 

     1          3          2           0 

(16.6%) (50%) (33.3%) (0%) 

 

     6          5          0           1 

(50%) (41.6%) (0%) (8.3%) 

                                              NS
1
 

                                              NS
2
 

 

  10         38          6         3 

(17.5%)(66.6%)(10.5%)(5.3%) 

 

   5          15           3        2  

(20%)  (60%)  (12%)  (8%)   

                                   

                                              NS
1
 

                                              NS
2
 

 

    8          34          6         3     

(15.7%)(66.6%) (11.8%) (5.9%) 

 

    7          19          3         2 

(22.6%) (61.3%) (9.7%) (6.4%) 

                                               

                                              

                                              NS
1
 

                                              NS
2
 

    5           21          4         1       

(16.1%)(67.7%) (12.9%) (3.2%) 

 

    4            7           2         0  

(30.8%) (53.8%) (15.4%) (0%) 

 

    3           11          0         2 

(18.7%) (68.7%) (0%) (12.5%) 

    1             5          0         0 

(16.6%) (83.3%) (0%) (0%) 

 

    2             6          2          2 

(16.6%) (50%) (16.6%) (16.6%) 
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Retromolar area 

(N=1) 

 

Tonsil area 

(N=1) 

 

 

Pharyngeal wall 

(N=2) 

 

 

 

Differentiation 

status 

 

  Well 

differentiated 

(N=33) 

 

Moderately 

differentiated 

(N=38) 

 

Poorly 

differentiated 

(N=11) 

 

 

Metastatic 

status of 

primary OSCC 

   

 

Primary OSCC 

with associated 

metastases 

(N=40) 

   

Primary OSCC 

with no 

associated 

metastases
 

(N=42) 

 

     0          0             1          0      

(0%)    (0%)     (100%) (0%) 

 

     0          1             0          0 

(0%) (100%)      (0%)   (0%) 

 

     1          1             0           0 

(50%) (50%)      (0%)   (0%) 

 

                                                   

                                                   

                                                  NS
1
 

                                                  NS
2
 

 

    16        11           4           2     
(48.5%)  (33.3%)     (12.1%)  (6.1%)          

 

 

    19        15           2           2 
(50%)      (39.4%)   (5.3%)  (5.3%) 

 

 

    3           8            0           0 
(27.3%)     (72.7%)     (0%)    (0%) 

 

 

                                                
                                              NS

1 

                                                  NS
2 

 

 

     17        20           1           2      
 (42.5%) (50%)    (2.5%)      (5%)     

   

   

 

 

  21       14            5           2 
 (50%) (33.3%)   (11.9%)   (4.8%)       

 

 

     0           0           1          0 

(0%)     (0%)    (100%) (0%) 

 

     0           1           0          0 

(0%) (100%)     (0%)    (0%) 

 

     0           2           0          0 

(0%) (100%)     (0%)   (0%) 

 

                                               

      

                                              NS
1
 

                                              NS
2
 

 

   5              21         4          3 
(15.1%)  (63.6%)  (12.1%)  (9.1%) 

 

 

  10            21         5          2 
(26.3%)   (55.2%)   (13.2%)  (5.3%) 

 

 

   0             11         0          0 
(0%)  (100%)           (0%)     (0%) 

 

 

                                            

                                          0.014
1  

                                                                        
NS

2    

            

      
                                                    

 

 3             28          5         4 
 (7.5%) (70%)       (12.5%) (10%)     

   

 

 

 

12            25          4         1 
 (28.6%) (59.5%)   (9.5%) (2.4%)      

                                 

 

1 
Measurement of statistical significance based on sLeA/X positive immunoreactivity (0 

versus 1+, 2+ and 3+) by Chi-square/Fisher’s exact test.  

2 
Measurement of statistical significance based on strong sLeA/X expression (0, 1+ and 2+ 

versus 3+) by Chi-square/Fisher’s exact test. 

NS: Not significant. 
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As observed in the staining of whole tumour tissue sections, strong 

expression of sLeA/X on TMA sections of primary OSCCs from patients with and 

without lymph node involvement was more frequently detected within keratin pearls 

present in the tumour bodies. However, due to the loss of some tissue core biopsies 

during the process of sectioning and mounting of TMA sections onto glass slides, 

statistical analysis of any differences between sLeA/X expression on the tumour 

surface, tumour body or the advancing tumour front of these primary OSCCs could 

not be conducted. The relationship between sLeA and sLeX expression on the TMA 

sections of primary OSCC from patients with nodal involvement is shown in table 

3.9. The majority of the TMA sections of these primary OSCCs were negative to 

weakly positive for sLeA and weakly positive for sLeX. Only 2 of these primary 

OSCCs were strongly positive for both antigens. In addition, strong sLeX but not 

sLeA expression was observed on 2 TMA sections of these primary OSCCs. Overall, 

there was a statistically significant (P<0.001) association between sLeA and sLeX 

positive immunoreactivity (1,2,3+) on primary OSCC that have associated nodal 

involvement lesions, although this was not significant when comparing strong (3+) 

immunostaining alone. 

Table  3.9 Relationship between sLeA and sLeX expression on primary OSCC from 

patients with nodal involvement (TMA). 

 

 

 

 

 

 

 

 

 

1 
Measurement of statistical significance based on sLeA/X positive immunoreactivity (0 

versus 1+, 2+ and 3+) by Chi-square test.  

2 
Measurement of statistical significance based on strong sLeA/X expression (0, 1+ and 2+ 

versus 3+) by Fisher’s exact test. 

NS: Not significant. 

 

Variable 

sLeA  

P-value 

 

 0         1+         2+        3+ 

           0 

           1+    

           2+         

           3+ 

 2          1           0          0 

14        14          0          0 

 1          3           1          0 

 0          2           0          2  

<0.001
1                                                      

NS
2
               

 

 

  

sL
eX
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The relationship between sLeA and sLeX expression on the TMA sections of 

nodal metastatic OSCC is shown in table 3.10. Most nodal metastatic OSCC samples 

were negative to weakly positive for sLeA and weakly positive for sLeX. Only 1 

nodal metastatic OSCC sample was strongly positive for both antigens. In addition, 2 

nodal metastatic OSCC were strongly positive for sLeA but not sLeX. Similarly, 

strong sLeX but not sLeA expression was detected on 2 nodal metastatic OSCC. 

Overall there was a statistically significant (P=0.027) association between sLeA and 

sLeX positive immmunoreactivity (1,2,3+) on nodal metastatic OSCC, although this 

was not significant when comparing strong (3+) immunostaining alone.  

Table  3.10 Relationship between sLeA and sLeX expression on nodal metastatic OSCC 

(TMA). 

 

 

 

 

 

 

 

 

 

1 
Measurement of statistical significance based on sLeA/X positive immunoreactivity (0 

versus 1+, 2+ and 3+) by Chi-square test.  

2 
Measurement of statistical significance based on strong sLeA/X expression (0, 1+ and 2+ 

versus 3+) by Fisher’s exact test. 

NS: Not significant. 

 

The relationship between sLeA and sLeX expression on the TMA sections of 

primary OSCC from patients with no lymph node involvement is shown in table 

3.11. The majority of the TMA sections of these primary OSCC were negative for 

sLeA and weakly positive for sLeX. Only 1 of these primary OSCC was strongly 

positive (3+) for both antigens. In addition, strong sLeA but not sLeX expression 

was observed on 1 of these primary OSCC. The association between sLeA and sLeX 

positive immunoreactivity (1,2,3+) on this type of primary OSCC was statistically 

 

Variable 

sLeA  

P-value 

 

 0         1+         2+        3+ 

           0 

           1+    

           2+         

           3+ 

 5          1           0          0 

 9          8           0          1 

 0          1           0          1 

 0          2           0          1  

0.027
1                                                      

NS
2
               

 

 

  

sL
eX
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significant (P=0.044), suggesting that these tumours express more sLeX than sLeA. 

Representative photomicrographs of TMA primary OSCC from patients with no 

lymph node involvement are shown in figure 3.9. 

Table  3.11 Relationship between sLeA and sLeX expression on primary OSCC from 

patients with no lymph node involvement (TMA). 

 

 

 

 

 

 

 

 

 

1 
Measurement of statistical significance based on sLeA/X positive immunoreactivity (0 

versus 1+, 2+ and 3+) by Chi-square test.  

2 
Measurement of statistical significance based on strong sLeA/X expression (0, 1+ and 2+ 

versus 3+) by Fisher’s exact test. 

NS: Not significant. 

 

 

Figure  3.9 Immunohistochemical analysis of sLeA/X immuno-positivity on a primary 

OSCC from a patient with no lymph node involvement (TMA). Representative image for 

immunoreactivity on a primary OSCC from a patient with no lymph node involvement. (A) 

IgM control showing no immunoreactivity (B) sLeA immunoreactivity (C) sLeX 

immunoreactivity. Scale bar = 100 𝜇m. 

 

 

Variable 

sLeA  

P-value 

 

 0         1+         2+        3+ 

           0 

           1+    

           2+         

           3+ 

 8          4           0          0 

13        10          2          0 

 0          0           3          1 

 0          0           0          1  

0.044
1                                                      

NS
2
               

 

 

  

   A  B C 

sL
eX
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The relationship between sLeA and sLeX expression on the combination of 

TMA sections of primary OSCC from patients with and without lymph node 

involvement is shown in table 3.12. Interestingly, samples that displayed positive 

immunoreactivity to both sLeA and sLeX demonstrated a tendency toward nodal 

metastasis (56%). Similarly, cases that displayed positive immunoreactivity to sLeX 

but not sLeA showed more potential to metastasize to lymph nodes (54%). In 

contrast, samples that displayed positive immunoreactivity to sLeA but not sLeX or 

were negative for both antigens appeared to have a low metastasis propensity (20%). 

Thus, these data further suggest that sLeX but not sLeA expression is more likely to 

be associated with OSCC nodal metastasis.  

 

Table  3.12 Relationship between sLeA and sLeX expression on the combination of 

primary OSCC from patients with and without lymph node involvement (TMA). 

 

 

 

 

 

 

 

 

*
Parenthesis indicates the percentage of cases that have metastasized to lymph nodes of the 

total number of cases displaying the indicated patterns of sLeA/X expression. 

 

 

 When data of sLeA/X immunoreactivity on whole tissue sections of OSCC 

were combined with those on TMA, no statistically significant association was found 

between sLeA/X positive immunoreactivity/strong expression and demographic or 

clinicopathological characteristics such as sex, age and differentiation status of the 

tumour (Table 3.13).   

 

 

 

Variable 

sLeA  

Total 

 
 0                           1+ to 3+  

           0 

           1+ to 3+ 

10 (20%)
* 
              5 (20%) 

28 (54%)              39 (56%) 

15 

67 

Total 38                          44 82 

sL
eX
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Table  3.13 Association between sLeA/X immunoreactivity and clinicopathological 

characteristics of patients with or without lymph node involvement (whole tissue 

sections and TMA).   

 

Parameter 

sLeA immunoreactivity  sLeX immunoreactivity  

    0         1+         2+         3+    0        1+        2+        3+ 

Sex 

 

 

 

Male (N=71) 

 

 

Female (N=32) 

 

Age 

 

 

≥60 years 

(N=61) 

 

 

<60 years 

(N=42) 

 

Tumour site 

 

Tongue (N=38) 

 

 

Alveolar 

mucosa (N=18) 

 

 

Floor of mouth 

(N=19) 

 

Palate (N=9) 

 

 

Buccal mucosa 

(N=13) 

 

 

Retromolar area 

(N=2) 

 

Tonsil area 

(N=1) 

                                                  NS
1
 

                                                  NS
2
 

 

    38        26         3           4  

(53.5%)(36.6%)(4.2%)(5.6%) 

 

    16        10         3           3    

  (50%) (31.2%) (9.3%) (9.3%) 

                                                  NS
1
 

                                                  NS
2
 

 

    30        22         4           5   

 (49.1%)(36%)  (6.5%)  (8.1%) 

 

    24        14         2           2 

 (57.1%)(33.3%) (4.8%)(4.8%) 

                                                 

                                                                                       

                                                  NS
1
 

                                                  NS
2
 

    17        16          2           3 

(44.7%) (42.1%) (5.2%)(7.8%) 

 

    14          3           1           0   

(77.7%) (16.6%)  (5.5%)  (0%) 

 

    11          7           0           1 

(57.8%)  (36.8%)  (0%)  (5.3%) 

 

     3           3           2           1 

(33.3%)(33.3%)(22.2%)(11.1%) 

 

     7          5            0           1 

(53.8%) (38.5%) (0%)   (7.7%) 

 

     1          0             1          0      

(50%)    (0%)     (50%)    (0%) 

 

     0          1             0          0 

(0%)    (100%)      (0%)   (0%) 

                                              NS
1
 

                                              NS
2
 

 

  14        44          7         6 

(19.7%)(61.9%)(9.8%)(8.4%) 

 

   9         17          3         3  

(28.1%)(53.1%)(9.3%)(9.3%)   

                                   

                                              NS
1
 

                                              NS
2
 

 

  13        37          6         5     

(21.3%)(60.6%)(9.8%)(8.1%) 

 

  10        24          4         4 

(23.8%)(57.1%)(9.5%)(9.5%) 

                                               

                                                                                           

                                              NS
1
 

                                          0.014
2
 

   6          26          4         2       

(15.8%)(68.4%)(10.5%)(5.2%) 

 

   7           9           2         0  

(38.8%) (50%) (11.1%)(0%) 

 

   5          11          1          2 

(26.3%)(57.8%)(5.3%)(10.5%) 

   3           5           0          1 

(33.3%)(55.5%)(0%)(11.1%) 

 

   2            7          2          2 

(15.4%)(53.8%)(15.4%)(15.4%) 

 

   0            0          1          1 

(0%)       (0%)   (50%)  (50%) 

 

   0            1           0          0 

(0%)    (100%)   (0%)    (0%) 

P
-v

al
u

e 

P
-v

al
u

e 
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Pharengeal wall 

(N=2) 

 

Skin of face 

(N=1) 

 

 

Differentiation 

status 

 

  Well 

differentiated 

(N=40) 

 

Moderately 

differentiated 

(N=45) 

 

Poorly 

differentiated 

(N=18) 

 

 

Metastatic 

status of 

primary OSCC 

   

 

Primary OSCC 

with associated 

metastases 

(N=61) 

   

 

Primary OSCC 

with no 

associated 

metastases
 

(N=42) 

 

     1          1             0           0 

(50%)   (50%)       (0%)   (0%) 

 

    0          0             0           1 

(0%)     (0%)       (0%)   (100%) 

                                                

                                                  NS
1
 

                                                  NS
2
 

 

    21        12           4          3     
(52.5%)    (30%)     (10%)   (7.5%)          

 

 

    24         15          2          4 
(53.3%)  (33.3%)   (4.4%)   (8.8%) 

 

 

     9           9          0          0 
(50%)      (50%)      (0%)      (0%) 

 

        

 
                                              NS

1 

                                                  NS
2 

 

 

     33         22          1           5     
 (54%)     (36%)    (1.6%)   (8.2%)     

   

   

 

 

 

  21         14          5           2 
  (50%)   (33.3%)  (11.9%)  (4.8%)       

 

 

   0             2           0          0 

(0%)    (100%)     (0%)    (0%) 

                                               

   0             0           0          1 

(0%)       (0%)     (0%)   (100%) 

                                        

 

                                              NS
1
 

                                              NS
2
 

 

    8            23         5          4 
(20%)    (57.5%)   (12.5%) (10%) 

 

 

  14           21        5          5 
(31.1%) (46.6%) (11.1%) (11.1%) 

 

 

    1           17        0          0 
(5.5%)   (94.4%)    (0%)     (0%) 

 

                                  

        

                                              NS
1  

                                                                        
NS

2    

            

      
                                                    

 

11          36          6         8 
 (18%)    (59%)   (9.8%)  (13.1%)     

   

 

 

 

 

12           25         4         1 
 (28.6%) (59.5%) (9.5%) (2.4%)      

                                 

1 
Measurement of statistical significance based on sLeA/X positive immunoreactivity (0 

versus 1+, 2+ and 3+) by Chi-square test.  

2 
Measurement of statistical significance based on strong sLeA/X expression (0, 1+ and 2+ 

versus 3+) by Chi-square test. 

NS: Not significant. 
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3.4 Discussion 
 

Evolution of aberrant glycosylation during malignant transformation has been 

reported in several types of human cancers (Hakomori, 2002). For example, Hotta et 

al. (2013) have recently examined type H and Lewis blood group-related 

carbohydrate antigens in OSCC and found that knockdown of Lewis y expression 

promoted the malignant properties of the disease. In addition, expression of sLeA has 

been found to be significantly associated with the risk of progression of Barrett’s 

esophagus to high-grade dysplasia or esophageal adenocarcinoma (Lieberman et al., 

2012). However, high-throughput analysis of sLeX and in particular sLeA expression 

in healthy oral mucosa and in oral dysplastic, primary tumour and metastatic lesions 

is lacking.   

 

Previously, Croce et al.
 
(2008) found that 50% of normal oral tissue samples 

reacted to variable degrees with anti-sLeX mAb, whereas using the same antibody 

clone, only 28% of normal oral mucosa tissue demonstrated strong expression levels 

of sLeX in this study. Differences in these expression levels could be due to the 

sample population tested or the scoring system used. Both this study and the studies 

by Croce et al. (2008)
 
and Farmer et al. (1998) detected sLeX expression mainly 

within the middle to upper spinous epithelial cell layers in normal oral mucosa with 

no staining observed in the basal keratinocytes that line the basement membrane of 

the connective tissue. This study found that a similar pattern of expression was 

observed for sLeA, the first time this has been reported for the normal oral mucosa. 

Basal cells are the progenitor cells of the oral mucosa. These cells proliferate and 

then differentiate as they progress up the mucosal epithelium towards the oral cavity. 

The presence of sLeX and sLeA on the middle to upper spinous keratinocyte layers 

suggests that expression of these antigens might be turned on as the cells mature and 

terminally differentiate. Indeed, in primary OSCC specimens, positive sLeX and 

sLeA expression was more evident within well-differentiated compared to poorly-

differentiated tumours. sLeA/X are also highly expressed in extremely well-

differentiated areas (keratin pearls) within primary OSCC tumour islands, an 

observation that was reported for sLeX by Farmer et al. (1998).  
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There are currently no published studies that examine the expression of 

sLeA/X in oral dysplastic lesions. sLeA/X staining intensity and pattern of 

expression on examined oral dysplastic lesions were similar to those observed on 

normal oral mucosa. Although more sLeX than sLeA staining was observed, staining 

was weak overall and restricted to the upper more-differentiated keratinocyte layers. 

The moderate increase in staining intensity for sLeX compared to sLeA as dysplasia 

progresses may suggest that increased expression of sLeX could be a prognostic 

marker for dysplasia severity. However, the expression levels overall were not 

dissimilar to those observed in the healthy oral mucosa, making its prognostic value, 

if any, limited. Moreover, the low number of samples tested did not allow for 

rigorous statistical analysis and so further studies are required to resolve this issue.  

 

Primary OSCC tumours showed a tendency to strongly express sLeA/X in 

comparison to normal and dysplastic oral mucosa. This provides evidence that 

expression of these molecules may increase with tumour progression. However, 

surprisingly, increased expression of these molecules was not associated with tumour 

differentiation status, as even though increased expression of both sLeA/X occurred 

in well and moderately differentiated tumours, this was not statistically different 

from expression in poorly differentiated tumours, a finding that has not been 

previously reported.  

 

The presence of sLeA/X in several cancers has been correlated with a number 

of clinical outcomes of the disease including decreased disease-free survival and 

advanced disease stage. For example, Faried et al. (2007) found that sLeA/X 

expression was significantly associated with tumor status, lymph node metastasis, 

distant metastasis and 5-year survival rate in esophageal squamous cell carcinoma 

patients. Julien et al. (2011) reported that high sLeX expression correlated 

significantly with bone metastasis of estrogen receptor α-positive breast cancers. 

Moreover, patients with non-small cell lung cancers expressing sLeX, but not sLeA, 

were found to exhibit shorter overall survival and those with tumours expressing 

high levels of sLeX were more likely to develop post-operative multiple sites of 

metastasis (Yu et al., 2005). TMAs were used in this study to examine the 

correlation between sLeA/X expression in primary OSCC and their matched lymph 
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node metastasis and in the primary OSCC of patients where these tumours do not go 

on to metastasise. Unfortunately, clinical data for the 5-year survival was not 

available for this cohort of patients and so data on this important clinical output 

could not be examined.   

 

Data presented here showed that expression levels of sLeA and sLeX were 

similar in the primary OSCC and the matched nodal metastasis, suggesting that 

expression levels of these molecules do not increase as the tumour metastasizes from 

the primary tumour to the lymph nodes. This data is in agreement with a recent study 

by Croce et al. (2008) who also observed no difference in expression levels of sLeX 

in 15 primary and lymph node metastasis paired samples from patients with head and 

neck cancer (sLeA was not examined), but is in contrast to a previous study by 

Farmer et al. (1998) who found that sections of distant site metastatic head and neck 

squamous cell carcinoma exhibited higher sLeX positive immunoreactivity 

compared to the primary tumour sections. Differences in these data may be due to 

the different amount of specimens analysed and tissue location (i.e. lymph node 

compared to distant metastasis) examined in these studies.  

 

Overall, this study shows that sLeX was expressed more than sLeA in 

primary OSCC and this was observed when whole tumour sections and TMA cores 

were analysed, showing that this data is consistent across the two different patient 

specimens tested. Moreover, primary tumours from patients with or without lymph 

node metastasis expressed more sLeX than sLeA and, more strikingly, the primary 

tumours from patients with lymph node metastasis expressed significantly more 

sLeX than those primary tumours from patients that did not have lymph node 

metastatic tumours.  Importantly, sLeX was also expressed more than sLeA within 

the lymph node metastatic deposits, suggesting that sLeX may have a greater role to 

play in oral cancer cell metastasis than sLeA.  

 

The data presented in this chapter comprehensively show that primary and 

metastatic OSCC express elevated levels of sLeA and in particular sLeX. This data is 

complementary to that of several other groups that have examined the expression of 

these carbohydrate molecules in OSCC and other cancers. For example, Croce et al. 
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(2001) observed increased sLeX expression on 29 head and neck cancer samples 

using immunohistochemical analysis. In addition, a recent retrospective study of a 

number of biomarkers, including sLeA/X, on 145 head and neck squamous cell 

carcinoma samples concluded through multivariate analysis that sLeX, but not sLeA, 

was an independent negative prognosticator for survival in head and neck squamous 

cell carcinoma patients (Gunawardena et al., 2013). In addition, expression of sLeX, 

but not sLeA, also correlated with lymph node metastasis in gastric cancer 

(Sumikura et al., 2003). On the contrary to all these findings, Renkonen et al. (1999) 

found that malignant epithelial lesions from the head and neck region expressed 

lower amounts of sLeA/X than their benign counterparts, although the difference was 

significant for sLeX only when using one of four different anti-sLeX antibodies on a 

small number of samples. A study examining 42 primary and 28 nodal metastatic 

OSCC cases using immunohistochemical approaches also showed a correlation 

between expression of sLeA, but not sLeX, on primary OSCC with nodal metastasis 

and suggested that sLeA may predict a poor prognosis in OSCC patients (Kurahara 

et al., 1999).  Differences in patient material and antibodies used as well as analytical 

methods (pathologist score compared to semi-automated digital image analysis in 

this study) may account for differences between these studies.  

 

Interestingly, the statistical and comparative analysis performed in this study 

showed that primary OSCC displaying positive immunoreactivity to both sLeA and 

sLeX demonstrated a tendency toward nodal metastasis. Similarly, cases that 

displayed positive immunoreactivity to sLeX, but not sLeA, showed more potential 

to metastasize to lymph nodes. In contrast, samples that displayed positive 

immunoreactivity to sLeA, but not sLeX, or were negative for both antigens 

appeared to have a low metastasis propensity. Taken together, the data in this chapter 

suggests that sLeX/A are up-regulated in oral cancer and that these adhesion 

molecules are likely to be involved in orchestrating the metastasis of oral cancer cells 

from the primary tumour to the lymph nodes and potentially distant organs. The 

following chapter will assess the levels of sLeX/A expression on normal and 

dysplastic cells as well as a panel of primary and metastatic OSCC cells cultured in 

vitro and will examine the expression of the glycogenes potentially involved in 

synthesizing sLeA/X in OSCC cells.  
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Chapter 4 : Assessment of sLeA/X expression by 

OSCC cells 
 

4.1 Introduction 
 

Tumour cells often show increased expression of sLeA/X (Fuster & Esko, 

2005). While sLeA appears to be preferentially over-expressed in tumours such as 

biliary tract, pancreatic and colon cancers, sLeX up-regulation is mostly seen in 

ovarian, breast and pulmonary tumours (Gout et al., 2008; Kannagi, 1997; Zhang et 

al., 1997). Over-expression of sLeA/X in cancer tissue has been suggested to result 

from an increase in the level of enzymes such as sialyltransferases (ST) and 

fucosyltransferases (FucT) that are instrumental in synthesizing such cell surface 

antigens or from a decrease in the level of enzymes that are normally involved in the 

sulfation and 2,6 sialylation of Lewis blood group antigens leading to the production 

of sialyl 6-sulfo-Lewis X and disialyl Lewis A, respectively (Kannagi et al., 2008).  

 

Data in Chapter 3 showed that expression of sLeX and sLeA is elevated in 

primary and metastatic OSCC. Furthermore, sLeX was more abundantly expressed 

than sLeA in primary oral tumours and in lymph node metastases of OSCC. Using a 

number of cell-based and molecular techniques this chapter aims to examine the 

levels of sLeA/X expression on normal and dysplastic oral cells as well as a panel of 

primary and metastatic OSCC cells cultured in vitro and then to determine the 

expression of the genes that encode the enzymes potentially involved in synthesizing 

sLeA and sLeX in OSCC cells.  

4.2 Methods 
 

For more details on the methods used in these studies, please refer to the following 

relevant Chapter 2 sections. 

 

General cell culture (section 2.6.1, page 80) 

Normal oral keratinocytes and dysplastic oral cell lines and their culture conditions 

(section 2.6.2, page 81) 
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Culturing and freezing normal oral keratinocytes and dysplastic oral cell lines 

(section 2.6.3, page 81) 

Tumour cell lines and their culture conditions (section 2.6.4, page 84) 

Culturing and freezing tumour cell lines (section 2.6.5, page 85) 

Quantitative Reverse Transcription PCR (qRT-PCR) (section 2.7, page 87)  

Flow cytometry (section 2.8, page 90)   

Immunofluorescence microscopy (section 2.9, page 92) 

RNA interference (section 2.10, page 92) 

Statistical analysis (section 2.15, page 106) 

4.3 Results 
 

4.3.1 Flow cytometry profiling of sLeA/X expression on the surface 

of normal, dysplastic and cancerous oral cells  
 

To characterise sLeA/X surface expression on oral cells of normal, dysplastic 

and cancerous origin, flow cytometry experiments were performed. In these 

experiments, the THP-1 pro-monocyte cell line, the A431 vulva epithelial cell line 

and the HT29 colon cancer cell line were used as positive controls as they have 

previously been shown to express sLeX, sLeA or both antigens, respectively 

(Sawada et al., 2011; Tei et al., 2002; Weston et al., 2000; Walz et al., 1990). Figure 

4.1 shows the scatter plots along with the fluorescence histograms for the relative 

expression of sLeA and sLeX for all the cell lines tested (isotype antibodies were 

used as controls). In addition, the median florescence index was calculated for each 

cell line analysed and the summary of this data is presented in figure 4.2. The results 

revealed that, in parallel with the immunohistochemistry findings, normal oral 

keratinocytes cultured in vitro displayed higher cell surface expression levels of both 

sLeA and sLeX than all examined oral dysplastic cell lines (figures 4.1 and 4.2). In 

fact, the dysplastic cell lines (D19, D35, and DOK) expressed little, if any, sLeA as 

the histogram for the antibody for this antigen overlapped with the isotype-mathced 

IgG control. However, these cells did express low levels of sLeX.  For the OSCC cell 

lines, expression of sLeA and sLeX was absent from the SCC4 tongue OSCC cells, 

whereas cells from Cal27 cell line, which is derived from a primary cancer of the 

tongue, expressed significant levels of both sLeA and sLeX. A third OSCC cell line, 
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B16, expressed little sLeA but moderate levels of sLeX.  In addition, a metastatic 

OSCC cell line, B22, expressed no sLeA but moderate levels of sLeX. In contrast to  

 

Figure  4.1 Flow cytometry analysis of sLeA/X expression on the surface of NOK, oral 

dysplastic and cancer cells. Left panel: A dot plot (forward scatter (FSC-H) versus side 

scatter (SSC-H)) showing a single cell population. Centre panel: A fluorescence intensity 

histogram overlay for sLeA (red line) and isotype-matched IgG control antibody (light grey 

filled histogram). Right panel: A fluorescence intensity histogram overlay for sLeX (blue 

line) and isotype-matched IgM control antibody (dark grey filled histogram). The horizontal 

histogram axis refers to fluorescence intensity, while the vertical histogram axis refers to cell 

number. Data for NOK, oral dysplastic and OSCC cells are highlighted with a blue, green 

and red border, respectively. The THP-1 monocytic cell line, the A431 vulva carcinoma cell 

line and the HT29 colon cancer cell line were used as controls (black border). Data are 

representative of three independent experiments each performed in duplicate. 
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Figure  4.2 Flow cytometric analysis of cell surface expression of sLeA/X on oral 

normal, dysplastic and cancer cells. Cells were labelled with either anti-sLeA (clone 

KM231) or anti-sLeX (clone CSLEX1) and the median fluorescence index (MFI) values 

were determined by subtracting the median fluorescence intensity of the isotype controls 

IgM and IgG from the median fluorescence intensity of CSLEX1 and KM231, respectively. 

TR146 cells displayed significantly higher sLeA expression than other oral cancer (SCC4, 

Cal27, B16 and B22) cells. Data represent the mean MFI + SD of three independent 

experiments. *, difference between two variables is statistically significant at p<0.05; by 

one-way MANOVA test followed by Games-Howell multiple comparison test. 

 

all other cell lines examined, TR146 cells that are derived from lymph node 

metastatic human OSCC expressed significantly higher levels of particularly sleA 

but also sLeX compared to other OSCC and dysplastic cells (MFIs of 842.1 and 

413.35, respectively, P<0.05) (figure 4.2). Given the previous findings that sLeA and 

sLeX expression is increased in metastatic tumours (Nakamori et al., 1997; Bresalier 

et al., 1996), it is not surprising that the cell expressing highest levels of these 

molecules is derived from a lymph node metastasis. Consistent with previous 

findings, the cells used as controls for the flow cytometry experiments expressed 

sLeA and/or sLeX. The THP-1 pro-monocytic cells displayed mainly sLeX (Walz et 

al., 1990) while the A431 vulva carcinoma cells expressed high levels of both sLeA 

and sLeX (Tei et al., 2002). On the other hand, the HT29 cells expressed mainly 

sLeA with little sLeX cell surface expression (Weston et al., 2000).  
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SCC4 

4.3.2 Effect of incubation under hypoxic conditions or with TNF-α 

on sLeA/X expression by OSCC cells  
 

Specific factors within tumour microenvironments have been shown to 

influence sLeA/X expression on cancer cells. For example, hypoxic conditions, 

which exist within central areas of tumour tissues where oxygen consumption by 

tumour cells is high and blood supply is low (Semenza, 2009), have been reported to 

play a role in the up-regulation of sLeA/X in colon cancer cells (Koike et al., 2004). 

In addition, the pro-inflammatory cytokine TNF-α has been found to increase sLeX 

expression on lung cancer cells (Kuninaka et al., 2000). 

 

SCC4 cells exhibited almost no sLeA/X expression when analyzed by flow 

cytometry and thus were employed to test the effect of hypoxic incubation (0.1% O2 

for 24 hours) of these cells on sLeA/X expression. Figure 4.3 shows that hypoxic 

incubation caused no significant change in the cell surface expression of sLeA 

(figure 4.3.A) or sLeX (figure 4.3.B) by SCC4 cells.  

                       A. sLeA         B. sLeX         C. CXCR4 

                 

Figure  4.3 Flow cytometric analysis of sLeA/X expression by SCC4 cells under 

normoxic and hypoxic culture conditions. A) A fluorescence intensity overlay histogram 

for SCC4 cells that were incubated under normoxia and labelled with IgG (dark grey filled 

histogram) or anti-sLeA mAb (red line, MFI=-0.04) and for SCC4 cells that were incubated 

under hypoxia and labelled with an anti-sLeA mAb (green line, MFI=-0.36). B) A 

fluorescence intensity overlay histogram for SCC4 cells that were incubated under normoxia 

and labelled with IgM (light grey filled histogram) or anti-sLeX mAb (blue line, MFI=0.39) 

and for SCC4 cells that were incubated under hypoxia and labelled with an anti-sLeX mAb 

(pink line, MFI=0.93). C) A fluorescence intensity overlay histogram for SCC4 cells that 

were incubated under normoxia and labelled with IgG (dark grey filled histogram) or anti-

CXCR4 mAb (brown line, MFI=101.05) and for SCC4 cells that were incubated under 

hypoxia and labelled with an anti-CXCR4 mAb (turquoise line, MFI=144.76). The 

horizontal histogram axis refers to fluorescence intensity, while the vertical histogram axis 

refers to cell number. Data are representative of two independent experiments. 
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On the other hand, expression of the well-known hypoxia-regulated cell 

surface receptor CXCR4 (Lu et al., 2010; Schioppa et al., 2003)  was increased in 

the same SCC4 cells in response to hypoxia (MFI 101.05 (normoxia) to MFI 144.76 

(hypoxia)). These data suggest that SCC4 do not up-regulate sLeX or sLeA in 

response to hypoxia.  

 

The effect of stimulation with the TNF-α pro-inflammatory cytokine on 

sLeA/X expression on SCC4 and TR146 cells as well as THP-1 positive control cells 

is shown in figure 4.4. Stimulation of SCC4 and TR146 cells with 50 ng/ml TNF-α 

for 24 hours resulted in no noticeable changes in sLeA (figure 4.4.A) or sLeX (figure 

4.4.B) expression on these cells.  

              A. sLeA          B. sLeX         C. ICAM-1 

 

 

 
Figure  4.4 Flow cytometric analysis of sLeA/X expression by SCC4, TR146 and THP-1 

cells following stimulation with TNF-α. A) A fluorescence intensity overlay histogram for 

unstimulated SCC4, TR146 or THP-1 cells that were labelled with IgG (dark grey filled 

histogram) or anti-sLeA mAb (red line, MFI=0.42 for SCC4; 741.83 for TR146 and 36.13 for 

THP-1 cells) and for TNF-α stimulated cells and labelled with an anti-sLeA mAb (green line, 

MFI=0.42 for SCC4; 689.77 for TR146 and 23.77 for THP-1 cells). B) A fluorescence intensity 

overlay histogram for unstimulated SCC4, TR146 or THP-1 cells that were labelled with IgM 

(light grey filled histogram) or anti-sLeX mAb (blue line, MFI=13.17 for SCC4; 40.17 for 

TR146 and 107.12 for THP-1 cells) and for TNF-α stimulated cells and labelled with an anti-

sLeX mAb (pink line, MFI=16.46 for SCC4; 51.59 for TR146 and 29.05 for THP-1 cells). C) A 

fluorescence intensity overlay histogram for unstimulated SCC4, TR146 or THP-1 cells that were 

labelled with IgG (light grey filled histogram) or anti-ICAM mAb (turquoise line, MFI=16.69 for 

SCC4; 119.43 for TR146 and 2.97 for THP-1 cells) and for TNF-α-stimulated cells and labelled 

with an anti-ICAM mAb (brown line, MFI=113.16 for SCC4; 171.37 for TR146 and 74.63 for 

THP-1 cells). The horizontal histogram axis refers to fluorescence intensity, while the vertical 

histogram axis refers to cell number. Data are representative of two independent experiments. 

SCC4 

TR146 

THP-1 
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In contrast, THP-1 cells incubated with TNF-α showed a slight decrease in 

expression of sLeA (MFI 36.13 (unstimulated) to MFI 23.77 (stimulated with TNF-

α)) and a marked decrease in expression of sLeX (MFI 107.12 (unstimulated) to MFI 

29.05 (stimulated with TNF-α)). However, incubation with TNF-α did result in 

significantly increased expression of the known TNF-α-sensitive cell surface 

receptor ICAM1 in SCC4, TR146 and THP-1 cells (figure 4.4.C), suggesting that 

TNF-α does not increase the expression of sLeX and sLeA in the primary and 

metastatic oral cancer cell lines tested. 

 

4.3.3 Detection of sLeA/X expression on untreated and 

neuraminidase-treated TR146 cells by immunofluorescence 

microscopy 
 

 

Cell surface staining of sLeA and sLeX on TR146 cells cultured as 

monolayers was performed in the absence or presence of the enzyme type V 

neuraminidase (also known as sialidase), which catalyses the hydrolysis of sialic acid 

residues from cell surface macromolecules, in order to show that the specific 

removal of the sialyl residues from TR146 cells can be detected by the anti-sLeA and 

anti-sLeX monoclonal antibodies used in this study. In accordance with the flow 

cytometry findings, representative photomicrographs of fluorescence 

immunocytochemically stained TR146 cells (figure 4.5) show that these cells 

demonstrated particularly high sLeA expression. Cell surface staining of sLeX was 

also observed but this was less homogeneous than sLeA staining. Upon treatment 

with neuraminidase, expression of sLeA/X on TR146 cells was completely removed 

as detected by fluorescence immunocytochemistry (figure 4.5).    
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Figure  4.5 Expression of sLeA/X on TR146 cells is sensitive to neuraminidase 

treatment. Representative fluorescence immunocytochemistry images for sLeA/X 

expression on untreated and neuraminidase-treated TR146 cells. TR146 cells were incubated 

with the primary mAbs against sLeA or sLeX or with appropriately matched isotype controls 

each diluted at 5 µg/ml. After washing with PBS, cells were incubated with anti-mouse IgM-

FITC (for sLeX, green) diluted at 1:25 or with AlexaFlour 488 anti-mouse IgG (for sLeA, 

green). The nuclei were counterstained with 5 µg/ml DAPI (blue). TR146 cells express sLeA 

and sLeX that is removed upon neuraminidase (1.6 U/ml, 37°C, 1 hour) treatment. Scale bar 

= 200 μm. Data are representative of three independent experiments. 

4.3.4 Flow cytometry detection of the effect of treatment with 

neuraminidase or L-fucosidase on sLeA/X expression on TR146 cells  
 

 

In addition to evaluating sLeA/X loss of expression on neuraminidase-treated 

TR146 cells by immunocytochemistry, flow cytometry was also performed to 

determine the effect of type V neuraminidase or L-fucosidase, which respectively 

cleave off sialic acid and fucose units from type 1 and 2 carbohydrate chains, on 

sLeA/X expression on TR146 cells. The viability of the TR146 cells following 

treatment with enzymes was similar to control treated cells and dead cells were 

excluded from the flow cytometric analysis using live/dead staining. Treatment with 

1.6 U/ml neuraminidase for 1 hour significantly (P<0.05) reduced the cell surface 

expression of sLeA and completely reduced the expression of sLeX (figure 4.6).   

Control Untreated TR146 cells 
Neuraminidase- 

 treated TR146 cells 
sL

eX
 

sL
eA
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Figure  4.6 Effect of treatment with 1.6 U/ml neuraminidase on sLeA/X expression 

(MFI) on TR146 cells as assessed by flow cytometry. Incubation of 5x10
5
 TR146 cells 

with 1.6 U/ml type V neuraminidase for 1 hour at 37˚C resulted in a marked decrease in 

sLeA/X expression on TR146 cells. Data represent the mean MFI + SD of four independent 

experiments for sLeA and three independent experiments for sLeX. *, difference between 

two variables is statistically significant at p<0.05; by paired Student's t test. 

 

In order to confirm specificity, TR146 cells were treated with neuraminidase 

at a range of concentrations to establish a dose–response curve of the effect of this 

enzyme on cell surface levels of sLeA. Figure 4.7 shows the dose-dependent 

decrease in sLeA expression on TR146 cells that was obtained when these cells were 

treated with increasing concentrations of type V neuraminidase. Treatment of TR146 

cells with type V neuraminidase for 1, 2 or 3 hours also resulted in a time-dependent 

decrease in cell surface expression of sLeA (figure 4.8). Together, these data suggest 

that expression of sLeA and sLeX can be severely reduced by neuraminidase 

treatment.  
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Figure  4.7 Effect of treatment with increasing concentrations of neuraminidase (NEU) 

on sLeA expression on TR146 cells as assessed by flow cytometry. Incubation of 5x10
5
 

TR146 cells with a range of concentrations of type V neuraminidase for 1 hour at 37˚C 

resulted in a dose-dependent decrease in sLeA expression. A) A fluorescence intensity 

histogram overlay for untreated TR146 cells that were labelled with isotype-matched IgG 

(violet filled histogram), untreated TR146 cells that were labelled with an anti-sLeA mAb 

(green line) and anti-sLeA labelled TR146 cells that were treated with 0.1 U/ml NEU 

(orange line), 0.4 U/ml NEU (light blue line) and 1.6 U/ml NEU (red line). The horizontal 

histogram axis refers to fluorescence intensity, while the vertical histogram axis refers to cell 

number. B) A bar chart summarizing the effect of increasing concentrations of NEU on 

sLeA expression (MFI) on TR146 cells. Flow cytometric histogram data are from duplicates 

from a single representative experiment. 

          

 

A 

B 
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Figure  4.8 Effect of duration of treatment with 1.6 U/ml neuraminidase (NEU) on sLeA 

expression on TR146 cells as assessed by flow cytometry. Incubation of 5x10
5
 TR146 

cells with 1.6 U/ml type V neuraminidase for 1, 2 or 3 hours at 37˚C resulted in a time-

dependent decrease in sLeA expression. A) A fluorescence intensity histogram overlay for 

untreated TR146 cells that were labelled with IgG (violet filled histogram), untreated TR146 

cells that were labelled with an anti-sLeA mAb (light blue line, MFI=645.86) and anti-sLeA 

labelled TR146 cells that were treated with 1.6 U/ml NEU for 1 hour (pink line, 

MFI=272.8), 2 hours (green line, MFI=114.05) and 3 hours (orange line, MFI=87.06). The 

horizontal histogram axis refers to fluorescence intensity, while the vertical histogram axis 

refers to cell number. B) A bar chart summarizing the effect of duration of treatment with 

NEU on sLeA expression (MFI) on TR146 cells. Flow cytometric histogram data are from 

duplicates from a single representative experiment. 

 

In contrast to treatment with neuraminidase, a marked reduction in sLeA/X 

expression following treatment of TR146 cells with fucosidase was not observed 

(figure 4.9). In addition, figure 4.10 shows that the reduction in sLeA/X expression 

following treatment of TR146 cells with a combination of neuraminidase and 

fucosidase was comparable to that obtained following treatment of the cells with 

neuraminidase alone (figure 4.6), indicating that fucosidase treatment had no 

significant effect on the expression of sLeA/X on TR146 cells. 

A 

B 
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Figure  4.9 Effect of treatment with 200 mU/ml L-fucosidase on sLeA/X expression on 

TR146 cells as assessed by flow cytometry. L-fucosidase treatment did not cause a 

significant reduction in sLeA/X expression on TR146 cells. Data represent the mean MFI + 

SD of three independent experiments. 

    

Figure  4.10 Effect of treatment with a combination of 1.6 U/ml neuraminidase and 200 

mU/ml L-fucosidase on sLeA/X expression (MFI) on TR146 cells as assessed by flow 

cytometry. A combination of neuraminidase and L-fucosidase treatment resulted in a 

marked reduction in sLeA/X expression on TR146 cells. Data represent the mean MFI + SD 

of three independent experiments. 

 

 

 

 

 



 144 

4.3.5 Quantification of expression levels of glycogenes in OSCC cells 
 

Several genes that encode glycosyltransferases and glycosidases regulate the 

synthesis and thus expression of cell surface sLeA and sLeX. Since SCC4 and 

TR146 cells expressed very different levels of sLeA and sLeX, qPCR was performed 

using primers specifically directed against genes encoding a panel of 

glycosyltransferases and glycosidases in order to determine which genes are 

important in regulating the expression of sLeA and sLeX in these cells. Expression 

of these genes in THP-1 monocytes was used as a control.  

 

Figures 4.11 to 4.13 show levels of gene expression of a panel of 

glycosyltransferases and glycosidases normalized to expression level of the 

endogenous comparator gene, GAPDH. There were profound differences in the 

expression level of genes encoding these enzymes in THP-1 cells compared to the 

epithelial tumour cells. THP-1 cells expressed abundant mRNA species for ST3Gal1, 

ST3Gal3, FUT4, FUT7 and FUT10, whereas other genes were expressed at very low 

levels. In contrast, SCC4 cells expressed low levels of mRNA for FUT10 but 

extremely low levels of mRNA for all other genes tested, which may explain the lack 

of expression of sLeA and sLeX by these cells. Interestingly, TR146 cells expressed 

mainly FUT3, which was not expressed by THP-1 cells, and FUT10, although 

FUT10 expression levels were much lower than those in THP-1 cells. This data 

suggests that FUT3 and FUT10 are the likely key enzymes driving synthesis of sLeA 

and sLeX in these cells. No significant difference in the expression level of genes 

coding for neuraminidases NEU2/4 was found for SCC4, TR146 and THP-1 cells 

(figure 4.13). 
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Figure  4.11 qPCR analysis for a panel of genes encoding for fucosyltransferases 

potentially involved in sLeA/X synthesis in SCC4, TR146 and THP-1 cells. Each 

transcript level expressed in arbitrary units was normalized to GAPDH.  Compared to the 

non-metastatic SCC4 oral cells, the metastatic TR146 oral cells showed expression of mainly 

FUT3. Data represent the mean values of triplicate repeats + SD.  

 

 

Figure  4.12 qPCR analysis for a number of genes encoding for sialyltransferases 

potentially involved in sLeA/X synthesis in SCC4, TR146 and THP-1 cells. Each 

transcript level expressed in arbitrary units was normalized to GAPDH. THP-1 cells 

expressed abundant mRNA species for ST3Gal-1 and -3, whereas SCC4 and TR146 cells 

expressed extremely low levels of mRNA for ST3Gal1-3. Data represent the mean values of 

triplicate repeats + SD. 
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Figure  4.13 qPCR analysis for genes encoding for neuraminidases (NEU) potentially 

involved in sLeA/X synthesis in SCC4, TR146 and THP-1 cells. Each transcript level 

expressed in arbitrary units was normalized to GAPDH. SCC4, TR146 and THP-1 cells 

expressed extremely low levels of mRNA for NEU-2 and -4. Data represent the mean values 

of triplicate repeats + SD. 

 

4.3.6 Effect of transfection with FUT3 siRNA on cell surface sLeA/X 

expression on TR146 cells 
 
 

Data from the qPCR analysis suggested that FUT3 might drive synthesis of 

sLeA or sLeX in TR146 cells. Therefore, a siRNA approach was used to knock-

down FUT3 expression in TR146 cells in order to determine what effect this would 

have on the synthesis and cell surface expression of sLeA and sLeX.  Unexpectedly, 

FUT3 siRNA treatment of TR146 cells significantly (P=0.05) reduced the cell 

surface expression of sLeX but not sLeA (figure 4.14), despite that FUT3 has been 

reported to be able to add fucose to GlcNAc through both α1-4 (for sLeA synthesis) 

and α1-3 (for sLeX synthesis) linkages (Carvalho et al., 2010).  
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Figure  4.14 Flow cytometric analysis of sLeA/X expression on TR146 cells transfected 

with control or FUT3 siRNA. Data represent the mean MFI + SD of three independent 

experiments. A significant difference (P=0.05) was found between sLeX expression on 

control and FUT3 siRNA transfected TR146 cells using paired Student's t test. 

 

4.4 Discussion 
 

 

Aberrant expression of glycans is a well-documented feature of cancer 

progression (Chachadi et al., 2011; Fuster & Esko, 2005).
 
The various cancer-

associated alterations of glycans include the abnormal generation of terminal 

carbohydrate structures such as sLeA and sLeX (Reis et al., 2010).
 
These sialylated 

carbohydrate antigens are frequently expressed on cancer cells of diverse origins 

(Gorelik et al., 2001; Kannagi, 1997).
 
Elevated cell surface expression of such 

molecules has been associated with enhanced metastatic capacity of various tumour 

cells including those from colon, pancreas and breast origin (Julien et al., 2011; 

Kishimoto et al., 1996; Izumi et al., 1995). The role of these carbohydrates has been 

investigated in some cancers, particularly in colon malignancies, with fewer studies 

addressing sLeA and sLeX in oral cancer metastasis (Kłopocki et al., 1998; Izumi et 

al., 1995). The data in Chapter 3 of this thesis indicates that expression of sLeA and 

sLeX antigens in human OSCC biopsies appears to be associated with the metastatic 

phenotype of oral cancer cells.  
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Using flow cytometry, this study showed that among all tested OSCC cells, 

only metastatic TR146 cells consistently displayed high levels of both of the 

sialylated Lewis antigens. This is in accordance with several previous studies that 

have demonstrated an association between increased expression of sLeA/X and 

increased metastasis of various types of cancers, particularly colon and breast 

cancers (Julien et al., 2011; Izumi et al., 1995). Other cancer cells isolated from the 

primary OSCC (SCC4 and B16) and the metastatic OSCC B22 cells all exhibited 

much lower expression of sLeX and in particular sLeA compared with TR146 cells. 

Only the tongue-derived cancer cell line Cal27 expressed marked amounts of both 

antigens. Similar findings were reported by Kurahara et al. (1999) who demonstrated 

that while all four OSCC cell lines tested in their study (two non-metastatic and two 

metastatic) expressed low levels of sLeX, only one of the metastatic cell lines 

showed a high expression of sLeA. In addition, Kurahara et al. (1999) reported that 

when the four OSCC cell lines were injected into nude mice, only the OSCC cells 

that expressed high levels of sLeA metastasized to cervical lymph nodes.  These data 

suggest that the metastatic capacity of B22 cells may be lower than that of TR146 

cells or that B22 metastasis may be regulated by mechanisms other than expression 

of sLeA and sLeX. Further investigation is required to verify these assumptions. 

However, these studies are difficult to perform because there are few available 

OSCC cell lines that are derived from metastatic lesions compared to those isolated 

from primary tumours.  Interestingly, relatively high levels of sLeA/X expression 

were observed on normal oral keratinocytes obtained from healthy individuals and 

then cultured in vitro, the first time this has been observed in vitro. Data obtained 

from Chapter 3 suggests that expression of both sLeA and sLeX is confined to the 

upper spinous layers of the oral epithelium. The cells in this region of the epithelium 

are differentiated and have stopped dividing, whereas it is acknowledged that the oral 

keratinocytes grown in vitro are derived from the proliferating basal cells 

(Rheinwald & Green, 1975); cells that do not express sLeA or sLeX in vivo. There 

could be a number of reasons for this disparity; keratinocytes grown in vitro are 

cultured on fibroblasts in highly rich media with stimulating additives such as 

epidermal growth factor and hydrocortisone that may artificially increase expression 

of sLeA and sLeX on cell surface, similar to a wound healing environment where the 
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cells will be encouraged to migrate and hence may well up-regulate their expression 

of sLeA/X. Adherence to plasticware and growth as a monolayer may also alter 

expression of these antigens. Although unlikely, it is possible that the three cultures 

of normal oral keratinocytes isolated from three individuals used in this study may 

just happen to have elevated expression of sLeA or sLeX compared to the general 

population. Low expression levels of sLeA/X were found on all tested oral dysplastic 

cells, which was consistent with the immunohistochemistry results for dysplastic oral 

tissue.    

 

Koike et al. (2004) found that incubation of colon cancer cells at 1% O2 for 

48 to 72 hours significantly induced the transcription of a number of glycogenes, 

including ST3Gal1 and FUT7, and markedly increased their cell surface expression 

of sLeA and sLeX through a hypoxia-inducible factor (HIF)-dependent mechanisms. 

This study found that although able to respond to severe hypoxia with an increase in 

gene expression of CXCR4, SCC4 cells did not up-regulate cell surface expression 

of sLeA or sLeX. This may be because SCC4 cells are not able to synthesise sLeA/X 

or are not HIF-responsive, although previous studies have shown that hypoxia-

induced CXCR4 expression is mediated by HIF in oral and other cancer epithelial 

cells (Ishikawa et al., 2009; Liu et al., 2006). It is possible that the genes regulating 

expression of sLeA and/or sLeX are not hypoxia responsive in SCC4 cells but are 

responsive in other cell types or that a different set of non-hypoxia-responsive 

glycogenes are responsible for regulating the expression of sLeA/X in OSCC cells 

compared to hypoxia-responsive glycogenes in other cell types. Further analysis of 

sLeA and sLeX expression in response to hypoxia using a panel of OSCC cells is 

required to examine this in more detail.  

 

Expression of sLeA and sLeX on OSCC cells was also examined in response 

to the potent pro-inflammatory cytokine TNF-α as this has been shown to increase 

the expression of sLeX in human lung cancer cells (St Hill et al., 2011; Kuninaka et 

al., 2000). Stimulation with TNF-α failed to increase the cell surface expression of 

either sLeA or sLeX in both SCC4 and TR146 cells. This was not due to an inability 

to respond to TNF-α as both cell types increased their cell surface expression of the 
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pro-inflammatory cytokine-sensitive adhesion receptor ICAM-1 (CD54) in response 

to TNF-α. Interestingly, THP-1 monocytes decreased their expression of sLeX and to 

a lesser extent sLeA upon stimulation with TNF-α, a finding not previously 

observed, suggesting that expression of sLeA/X is regulated by an alternate 

signalling pathway in THP-1 cells compared to OSCC cells.  

 

 Since previous studies have shown that cell surface carbohydrates containing 

sLeA/X are important in adhesion events (Barthel et al., 2007), it was important to 

know if these antigens could be cleaved from the cell surface by neuraminidase, a 

potent glycosidase that cleaves sialic acid from biological molecules (Monti et al., 

2010), and if this could be measured using specific monoclonal antibodies. This was 

important because successful removal of sLeA/X from the cell surface would allow 

down-stream functional assays to be performed in order to determine the mechanism 

of cancer cell adhesion to endothelial cells. TR146 cells were employed in these 

enzymatic treatment assays because they expressed abundant sLeA and sLeX.  

 

 Almost a complete removal of sLeA and sLeX cell surface expression was 

observed in immunofluorescent staining assays when TR146 cells were treated with 

type V neuraminidase. This was both dose- and time-dependent and confirmed the 

specificity of not only the anti-sLeA/X mAbs used but also of type V neuraminidase 

for sialic acid cleavage. It was indicated previously that due to the proximal location 

of fucose moieties in relation to sialic acid residues of sialylated Lewis antigens, de-

sialylation may be a prerequisite to achieve de-fucosylation (Hemmerich & Rosen, 

1994). Flow cytometric analysis confirmed that treatment with L-fucosidase alone 

was not able to alter the expression of both sLeA and sLeX or the affinity of the 

antibody for these antigens. In addition, this was confirmed by treatment of TR146 

cells with a combination of type V neuraminidase and L-fucosidase that decreased 

sLeA/X expression to comparable levels to those obtained following treatment of the 

cells with type V neuraminidase alone.  

 

Expression of fucosyltransferases (encoded by FUT) and sialyltransferases 

(encoded by ST) is essential for catalyzing the transfer of fucose and sialic acid onto 
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the growing carbohydrate chains on glycosylated cell surface structures, respectively 

(Chapter 1, section 1.4.2.3). There are several FUT and ST and cells express these at 

various levels in order to achieve appropriate fucosylation and sialylation of cell 

surface proteins (Mollicone et al., 2009; de Vries et al., 2001; Harduin-Lepers et al., 

2001). There is some redundancy in the expression of fucosyltransferases and 

sialyltransferases and so it is important to identify which enzymes are active in 

different cell types.  

   

Using qRT-PCR, it was observed that while SCC4 non-metastatic OSCC 

cells showed barely detectable mRNA levels of any FUT tested with the exception of 

FUT10, TR146 metastatic OSCC cells exhibited expression of mainly FUT3 but also 

FUT10 mRNA. The observed high expression level of FUT3 mRNA in TR146 cells 

is consistent with other studies, in which prostate and lung metastatic cancer cells 

were also found to exhibit high transcript levels of this glycosyltransferase gene 

(Barthel et al., 2009; Martín-Satué et al., 1998). However, in contrast to previous 

studies (Barthel et al., 2009; Martín-Satué et al., 1998), TR146 cells did not express 

appreciable transcript levels of the glycogene FUT7. Both FUT3 and FUT7 have 

been implicated in the synthesis of sLeA and sLeX (de Vries et al., 2001). 

Interestingly, abolition of FUT3 in TR146 cells by siRNA treatment significantly 

reduced the cell surface expression of sLeX but not sLeA, suggesting that in these 

cells construction of sLeX is mediated by FUT3 but synthesis of sLeA is regulated 

by another FUT. The observation that FUT3 is likely required for sLeX but not sLeA 

biosynthesis in TR146 cells together with earlier studies reporting that FUT3 and 

FUT5 are the only FUTs capable of adding fucose to GlcNAc via an α1-3 or α1-4 

linkage (Carvalho et al., 2010; Holgersson & Löfling, 2006), dictates that high sLeA 

expression in TR146 cells might be due to expression of FUT5. However, the qRT-

PCR data showed that FUT5 was weakly expressed in TR146 cells. It is possible that 

functional sLeA is mediated by FUT10, the other FUT that was highly expressed by 

TR146 cells. Although FUT10 has not been previously implicated in sLeA synthesis 

in any other cell type, it would be intriguing to know if this enzyme is implicated in 

sLeA synthesis in TR146 cells and so further siRNA experiments would be required 

to confirm this hypothesis. Together, these data suggest that production of sLeX in 
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TR146 cells may be mainly dependent on FUT3 expression. In addition, these 

findings indicate that, unlike in the case for human leukocytes, where FUT4 and 

FUT7 are critical for the synthesis of sLeX (Buffone et al., 2013; Wagers et al., 

1997), the function of FUT3 appears to be more crucial to the biosynthesis of this 

antigen in TR146 cells. Moreover, the finding that FUT3 appears to be critical for 

sLeX production in TR146 but not THP-1 cells indicates that FUT3 may be a 

potential target for therapeutics designed to prevent sLeX-mediated tumour cell 

binding with minimal off-target side effects.   

 

Both SCC4 and TR146 cells expressed barely detectable transcript levels of 

any sialyltransferase gene examined including ST3Gal3 that has been implicated in 

the construction of both sLeA and sLeX (Ogawa et al., 1997; Kitagawa & Paulson, 

1993). As such, the high level of sLeA/X on TR146 cells is associated with the 

expression of FUT3 but not the expression of ST3Gal3, an observation that is in 

agreement with the results of an earlier study on metastatic variants of a human colon 

cancer cell line (Yamada et al., 1997).
 
These findings suggest that the regulation of 

the biosynthesis of sLeA/X in TR146 cells may mainly occur at the 

fucosyltransferase not the sialyltransferase level and so this may be an opportunity as 

a potential therapeutic target for future cancer cell therapy, although examination of 

TR146 cell expression of other ST, particularly ST3Gal4 and ST3Gal6, which have 

been implicated in synthesizing sLeA and sLeX (Okajima et al., 1999; Kitagawa & 

Paulson, 1994a), is required to verify this assumption.    

 

Taken together, the data in this chapter suggests that sLeA/X are highly 

expressed in metastatic oral cancer cells and that such antigens are likely to promote 

the metastasis of these oral cancer cells. Using in vitro cell methodologies the 

following chapter will examine in detail the mechanisms by which sLeA/X are likely 

involved in the oral cancer metastatic process.  
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Chapter 5 : In vitro investigation of sLeA/X 

functionality on OSCC cells 
 

5.1 Introduction 
 

Adhesion molecules are expressed by not only normal cells such as 

leukocytes but also a variety of cancer cells. Recently, research has been carried out 

to investigate whether cancer cells harness and exploit the same molecular 

mechanisms that migrating leukocytes employ when extravasating from the 

circulatory system (Krause & Turner, 1999). These key adhesion molecules include 

sialylated cell surface receptors that are able to bind to counter-receptors such as 

selectins that are expressed by the endothelium.  

 

Among the selectins, endothelial (E)-selectin has been implicated most in 

cancer progression (Krause & Turner, 1999). The significance of E-selectin in the 

development of metastasis has been largely demonstrated through examining its 

ability to bind to sLeA and sLeX. This is because these carbohydrate motifs are 

thought to be essential for the relatively high affinity interaction of E-selectin with its 

ligands expressed by leukocytes, which by extension, could in turn, lead to 

dissemination of tumour cells by extravasation into target tissues (Kannagi et al., 

2004). For example, it has been shown that the adhesion of colon tumour cells to E-

selectin is, at least in part, sLeA-dependent (Kłopocki et al., 1998; Takada et al., 

1993). In addition, the binding of renal and lung cancer cells to the endothelium was 

shown to be mediated by sLeX (Steinbach et al., 1996; Takada et al., 1993). 

Corresponding with these findings, Izumi et al. (1995) reported that the capability of 

human colon cancer cells expressing elevated levels of sLeX to adhere to cytokine-

activated endothelium was higher than that of counterpart cells expressing low 

amount of sLeX. However, there are a few studies that contradict these findings. For 

example, it was demonstrated that despite their highly reduced levels of sLeX 

epitopes, the myeloid cell line variant HL60var cells were able to bind to E- and P-

selectin transfected Chinese hamster ovary cells in flow adhesion assays (Wagers et 

al., 1998b). 
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To date, there is little data on the mechanisms by which oral cancer cells 

adhere to and extravasate the peripheral blood vasculature or the lymphatic 

endothelium. Data in previous chapters has shown elevated expression of sLeA and 

sLeX in primary OSCC and in particular in their lymph node metastases.  This data 

was confirmed by analysis of cell surface expression of sLeA and sLeX on primary 

and metastatic OSCC cell lines in vitro. Moreover, the expression of sLeA and sLeX 

on TR146 metastatic OSCC cells could be modulated using neuraminidase, whilst 

sLeX was knocked-down using siRNA towards FUT3. The aim of the studies 

described in this chapter is to modulate the expression or block the binding ability of 

sLeA and sLeX and their counter-receptor, E-selectin, using a variety of techniques 

and approaches in order to determine if this ligand-receptor pair is crucial for the 

initial adhesion events that mediate extravasation of OSCC cells into target tissues.  

5.2 Methods 
 
For more details on the methods used in these studies, please refer to the following 

relevant Chapter 2 sections. 

 

General cell culture (section 2.6.1, page 80) 

Tumour cell lines and their culture conditions (section 2.6.4, page 84) 

Culturing and freezing tumour cell lines (section 2.6.5, page 85) 

Endothelial cells and their culture conditions (section 2.6.6, page 86) 

Culturing and freezing endothelial cells (section 2.6.7, page 86) 

Flow cytometry (section 2.8, page 90) 

RNA interference (section 2.10, page 92) 

Enzyme-Linked Immunosorbent Assay (ELISA) (section 2.11.1, page 93) 

Static adhesion assays (section 2.12.1, page 94) 

Flow adhesion assays (section 2.12.2, page 95) 

Statistical analysis (section 2.15, page 106) 
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5.3 Results 

5.3.1 Adhesion of oral cancer cells to rE-selectin under static 

conditions 
 
 
 The differential expression of sLeA and sLeX on oral cancer cells observed by 

flow cytometry pointed to the possible existence of a corresponding difference in the 

ability of these cells to bind to their counter-receptor, E-selectin. To assess this, static 

adhesion assays using recombinant (r)E-selectin were performed as described in 

section 2.12.1. To standardize and to determine the lowest detectable limit of the 

static adhesion assays, optical density (OD) measurements were first recorded for 

SCC4 cells seeded at known densities into uncoated wells of a 96-well tissue culture 

plate and then stained with methylene blue dye. There was a significant positive 

relationship (R2=0.94, P<0.001) between OD readings and the number of SCC4 cells 

over the whole range of cell densities (0 to 100,000 cells per well) with an OD of 0.2 

equating to approximately 8-10,000 adhered cells per well (figure 5.1A). Similarly, a 

standard curve was generated using serial dilutions of rE-selectin (0 to 10 μg/ml per 

well) in combination with labelling using an anti-E-selectin antibody followed by 

HRP-mediated colour development to ensure maximal well coverage for this 

recombinant protein (figure 5.1B). There was a significant positive relationship 

between OD measurements and rE-selectin concentrations  (R2=0.97, P<0.001). 

            
Figure  5.1 Standardization of static adhesion assays. A. A standard curve was obtained 

following seeding SCC4 cells at different densities into uncoated wells of a 96-well tissue 

culture plate. B. A standard curve was generated from wells of a 96-well tissue culture plate 

coated with different concentrations of rE-selectin (0 to 10 μg/ml per well). OD 

measurements were linearly related to the number of SCC4 cells seeded (R
2
=0.94) (A) and 

to the concentration of rE-selectin (R
2
=0.97) (B). Data for A and B represent the mean OD 

values of 3 technical replicates from one experiment each. 

  

B A 
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 The binding characteristics of a panel of OSCC cells and positive control cells 

(A431, THP-1 and HT29) that are known to express sLeA and sLeX to wells of a 96-

well tissue culture plate coated with 15 μg/ml rE-selectin are summarized in figure 

5.2. Significantly (P<0.01) greater numbers of TR146 metastatic OSCC cells 

(expressing high levels of sLeA and sLeX) adhered to rE-selectin than SCC4 and 

Cal27 non-metastatic OSCC cells (expressing low and moderate sLeA/X, 

respectively). In addition, TR146 cells also bound to rE-selectin in significantly 

higher numbers than B22 metastatic OSCC cells. All the positive control cells that 

are known to express high levels of sLeA and/or sLeX adhered to rE-seletin in 

greater numbers than SCC4, Cal27 and B22 OSCC cells. Moreover, TR146 cells 

displayed equal binding to rE-selectin as HT29 colon cancer cells (figure 5.2). 

Tumour cell binding to BSA was included as a control to show specificity of binding 

to rE-selectin and this non-specific binding data showed no differences between 

cells. 

  

Figure  5.2 Adhesion of oral cancer cells to rE-selectin under static conditions. Optical 

density (OD) measurement of methylene blue stained cells adherent to 15 μg/ml rE-selectin 

or 1% BSA after 30 minutes of incubation at room temperature. Data represent the mean OD 

values + SD of three independent experiments performed in triplicate. **, difference 

between two variables is statistically significant at P<0.01; by one-way MANOVA followed 

by Tukey's post hoc test.  
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5.3.2 Adhesion of oral cancer cells to fibronectin under static 

conditions 
 

 Cancer cells express abundant integrin molecules on their cell surface that 

enable them to adhere to extracellular matrix (ECM) in order to maintain their 

cellular integrity and interact with their local environment. Adhesion of OSCC cells 

as well as positive control cells to the ECM component fibronectin was assessed to 

confirm that the lack of adhesion of SCC4 and Cal27 cells to rE-selectin was specific 

and that lack of adhesive properties was not a feature of these cells per se. With the 

exception of HT29 cells, all tumour cells specifically bound to fibronectin in high 

numbers (figure 5.3), showing that all OSCC cells tested display an adhesive 

capacity when presented with an appropriate receptor. The observed relatively strong 

binding of all OSCC as well as A431 and THP-1 cells to fibronectin indicates that 

these cells express functional integrin heterodimers that interact with fibronectin to 

mediate firm adhesion in vitro, although the nature of these integrins remains to be 

identified. 

 

Figure  5.3 Adhesion of oral cancer cells to fibronectin under static conditions. Optical 

density (OD) measurement of methylene blue stained cells adherent to fibronectin diluted at 

1:100 or 1% BSA after incubation for 30 minutes at room temperature. Only HT29 cells 

showed no specific binding to fibronectin. Background levels of cell adhesion in the absence 

of fibronectin coating are shown (grey coloured bars). Data represent the mean OD values + 

SD of three independent experiments done in triplicate. 
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5.3.3 Inhibition of TR146 oral cancer cell adhesion to rE-selectin 

under static conditions 
 

 

TR146 metastatic OSCC cells were selected for further adhesion inhibition 

studies on the basis of their known high expression of sLeA and sLeX as observed 

by flow cytometric analysis and their ability to adhere to rE-selectin as observed by 

static adhesion assays (section 5.3.1). Inhibition of TR146 cell binding to rE-selectin 

was tested by a number of approaches including the use of anti-E-selectin mAb, 

neuraminidase, fucosidase, anti-sLeA/X mAbs, FUT3 siRNA, IELLQAR
®
, 

chondroitin sulphate and swainsonine. 

 

5.3.3.1 Effect of anti-E-selectin mAb treatment on TR146 cell adhesion to rE-

selectin under static conditions 

 
 

To further assess the specificity of the adhesion of TR146 cells to rE-selectin, 

the blocking effect of an anti-E-selectin mAb on the adhesion of these cells to rE-

selectin was first studied.  The inhibitory effect of 5, 15 and 25 μg/ml anti-E-selectin 

mAb on the adhesion capacity of TR146 cells to 15 μg/ml rE-selectin is shown in 

figure 5.4. Blocking with an E-selectin specific mAb resulted in a dose-dependent 

inhibition of TR146 cell adhesion to rE-selectin. Targeting rE-selectin with 5 and 15 

μg/ml anti-E-selectin mAbs resulted in 20% and 28% inhibition of TR146 cell 

binding, respectively, whereas pre-incubation with 25 μg/ml anti-E-selectin mAb 

reduced the adhesion of the cells by 56%.  
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Figure  5.4 Effect of treatment with anti-E-selectin mAb on TR146 cell binding to rE-

selectin. Wells of a 96-well tissue culture plate were first coated with 15 μg/ml rE-selectin 

and the plate was incubated at 4˚C overnight. The following day, TR146 cells were either 

seeded into the wells that were incubated for 1 hour at room temperature with 5, 15 and 25 

μg/ml of anti-E-selectin mAbs or into the wells that were similarly incubated but with IgG 

negative control diluted at 25 μg/ml. Data are mean OD values from one experiment done in 

triplicate. 

5.3.3.2 Effect of neuraminidase and/or fucosidase treatment on TR146 cell 

adhesion to rE-selectin under static conditions 

 

As discussed in the previous chapter (section 4.3.4), cleavage of sialic acids 

from type 1 and 2 carbohydrate chains was achievable by treatment of OSCC cells 

expressing high sLeA/X levels with neuraminidase. On the other hand, fucose 

removal from these chains was not possible following treatment of the cells with 

fucosidase. Therefore, examination of the effect of neuraminidase and fucosidase on 

TR146 cells adhesion to rE-selectin under static conditions was considered a useful 

assay to further assess the contribution of sialic acid residues to TR146 cell adhesion 

to rE-selectin as well as to confirm the inability of fucosidase to remove fucose 

residues on TR146 cell membrane. As shown in figure 5.5, there was a marked 

decrease in TR146 cell adhesion to rE-selectin when these cells were pre-treated with 

neuraminidase alone (OD 0.242±0.07 (SD) for untreated cells compared to 

0.119±0.02 (SD) for neuraminidase-treated cells). Treatment with fucosidase alone 

did not alter the adhesion properties of TR146 cells, whereas treatment with both 

neuraminidase and fucosidase significantly (P=0.04) reduced the adhesiveness of 

TR146 cells to rE-selectin (OD 0.101±0.02 (SD)) to adhesion levels that were similar 
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to those of cells treated with neuraminidase alone. These data suggest that 

carbohydrate structures containing sialic acid moieties are important in mediating 

binding of TR146 cells to E-selectin.  

 

 

Figure  5.5 Effect of neuraminidase and/or fucosidase enzymatic treatment on TR146 

cell adhesion to rE-selectin. TR146 cells were treated with neuraminidase (1.6 U/ml), 

fucosidase (200 mU/ml), or a combination of the two prior to the adhesion assay for 1 hour 

at 37°C. Data represent the mean OD values + SD of three independent experiments done in 

triplicate. *, difference between two variables is statistically significant at P<0.05; by a 

paired Student's t test.  

5.3.3.3 Effect of anti-sLeA/X mAbs on TR146 cell adhesion to rE-selectin under 

static conditions 

 

 To further elucidate the potential contribution of sLeA and sLeX structures to 

the binding capacity of TR146 cells to rE-selectin, TR146 cells were treated with 

mAbs directed against sLeA (clone KM231) and sLeX (clone CSLEX1).
 
TR146 cells 

were pre-treated with 20 μg/ml of each mAb prior to their addition to rE-selectin-

coated wells and this resulted in an average reduction of 31% and 26% in cell 

adhesion following incubation with an anti-sLeA mAb or anti-sLeX mAb alone, 

respectively. In addition, incubation with a combination of anti-sLeA/X mAbs 

resulted in an average inhibition of 42% of the binding of TR146 cells to rE-selectin 

(P=0.213) (figure 5.6).  
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Figure  5.6 Effect of treatment of 5×10
4 
cells with an anti-sLeA mAb, an anti-sLeX mAb 

or a combination of both mAbs on TR146 cell binding to rE-selectin. Wells of a 96-well 

tissue culture plate were first coated with 15 μg/ml rE-selectin and the plate was incubated at 

4˚C overnight. The following day, 5×10
4 
TR146 cells were treated for 1 hour at 37˚C with an 

anti-sLeA mAb (20 μg/ml), an anti-sLeX mAb (20 μg/ml) or a combination of both mAbs 

(20 μg/ml each) prior to their addition to rE-selectin-coated wells. For control tests, 5×10
4 

TR146 cells were incubated with IgG, IgM or a combination of these antibodies under the 

same conditions described above. Using Wilcoxon matched pairs test, no statistically 

significant median decrease was found in TR146 cell binding to rE-selectin following anti-

sLeA, anti-sLeX or anti-sLeA and anti-sLeX mAb treatment compared to control treatment. 

Data represent the mean OD values + SD determined from triplicate wells of three 

independent experiments.  

  

5.3.3.4 Effect of FUT3 siRNA treatment on TR146 cell adhesion to rE-selectin 

under static conditions 

 
Earlier investigations of the relative expression of the glycogenes potentially 

involved in sLeA/X production in OSCC cells revealed that FUT3 was the main 

glycosyltransferase gene expressed by TR146 cells and that this gene mainly 

contributed to expression of sLeX (sections 4.3.5 and 4.3.6). Therefore, evaluation of 

the effectiveness of FUT3 knock-down in inhibiting TR146 cell adhesion to rE-

selectin under static conditions was performed. FUT3 siRNA treated TR146 cells 

displayed a decrease in cell adhesion to rE-selectin from OD 0.162 ± 0.031 (SD) for 

cells transfected with control siRNA to OD 0.118 ± 0.016 (SD) for cells transfected 

with FUT3 siRNA (figure 5.7). 
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Figure  5.7 Effect of FUT3 knock-down on TR146 cell adhesion to rE-selectin. FUT3 

siRNA treated TR146 cells were added to rE-selectin-coated wells and incubated at room 

temperature for 30 minutes and the number of cells adhered measured. Data represent the 

mean OD values + SD of three independent experiments done in triplicate. Using Wilcoxon 

matched pairs test, no statistically significant median decrease was found in adhesion of 

FUT3 siRNA- transfected TR146 cells to rE-selectin compared to control siRNA- 

transfected TR146 cells. 

5.3.3.5 Effect of IELLQAR
®

, chondroitin sulphate and swainsonine on TR146 

cell adhesion to rE-selectin under static conditions  

 
To further evaluate the role of sLeA/X in the adhesion of TR146 cells to rE-

selectin, TR146 cell binding to rE-selectin-coated wells that have been incubated 

with IELLQAR
®
 (8-branch MAPS) or chondroitin sulfate was tested. In addition, 

adhesion of swainsonine-treated TR146 cells to rE-selectin was examined. 

IELLQAR
® 

was first identified by Fukuda et al. (2000) as a heptapeptide that is able 

to interact with all the selectin family members. On the other hand, chondroitin 

sulfate is a glycosaminoglycan that mainly interacts with L- and P-selectins 

(Kawashima et al., 2002; Varki, 1994). Swainsonine is a potent inhibitor of cell N-

linked oligosaccharide processing (Elbein et al., 1981). IELLQAR
®
, which mimic 

sLeA/X bearing selectin ligands,
 
and chondroitin sulfate were used as alternative 

approaches of targeting E-selectin to further examine the contribution of selectin-

selectin ligand axis to TR146 cell binding. In addition, swainsonine was used in an 

attempt to identify the nature of the majority of glycans (O-/N-glycans) carrying 

sLeA/X on TR146 cells. As shown in figure 5.8, TR146 cell binding to rE-selectin 

was decreased, on average, upon treatment with IELLQAR
®

 by 26%, with 

chondroitin sulfate by 36% and with swainsonine by 32% compared to untreated 

controls. However, none of the treatment modalities elicited statistically significant 

changes in TR146 cell binding to rE-selectin.  
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Figure  5.8 Effect of treatment with IELLQAR

®
, chondroitin sulfate or swainsonine on 

TR146 cell adhesion to rE-selectin. Wells of 96-tissue culture plates were incubated for 1 

hour at room temperature with IELLQAR
®
 (1 mg/ml) or chondroitin sulfate (100 µg/ml) and 

TR146 cells were treated with swainsonine (1 µg/ml) for 48 hours at 37°C prior to the 

adhesion assay. Data represent the mean OD values + SD of three independent experiments 

done in triplicate. Using Wilcoxon matched pairs test, no statistically significant difference 

was found between adhesion of untreated- and IELLQAR
®
, chondroitin sulfate or 

swainsonine treated- TR146 cells to rE-selectin. 

 

5.3.4 Adhesion of oral cancer cells to endothelial cells under flow 

conditions 
 

To simulate the physiological shear stresses present in the vasculature, 

adhesion of oral cancer cells to endothelial cells was evaluated under flow conditions 

using a flow chamber as described in section 2.12.2. Based on the results obtained by 

flow cytometry and static adhesion assays, SCC4 and TR146 OSCC cells were 

selected to be used in the flow adhesion assays as SCC4 cells expressed no sLeA or 

sLeX whilst TR146 cells expressed high levels of both of these antigens. In addition, 

these cells demonstrated a statistically significant difference in their ability to adhere 

to rE-selectin under static conditions. Monocytic THP-1 cells were also used in the 

flow adhesion assays as a positive control as these cells have been shown previously 

to be capable of adhering directly to TNF-α-stimulated endothelial cells under flow 

conditions (Burdick & Konstantopoulos, 2004). 
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 Microvascular endothelial cells require stimulation with pro-inflammatory 

factors to up-regulate cell surface E-selectin (Ehrhardt et al., 2004; Vestweber & 

Blanks, 1999; Bevilacqua et al., 1987). To optimize these conditions, a cell-based 

immunoassay was initially performed to determine the length of time that human 

dermal microvascular endothelial cells (HuDMEC) need to be stimulated with TNF-

α to reach maximal cell surface E-selectin expression. In these tests, HuDMEC were 

stimulated with 50 ng/ml TNF-α for increasing time periods and E-selectin 

expression was measured. Figure 5.9 shows that maximal expression of E-selectin on 

HuDMEC was achieved after 6 hours stimulation with TNF-α. 

   

Figure  5.9 Standardization of flow adhesion assays.  Time-course of TNF-α-induced 

expression of E-selectin on HuDMEC. Maximal E-selectin expression on HuDMEC was 

obtained 6 hours after stimulation with 50 ng/ml TNF-α. Cells that were incubated with IgG 

were used as controls. Data represent the mean OD values of 4 technical replicates 

representative of two experiments. 

 

5.3.4.1 Adhesion of oral cancer cells to TNF-α-stimulated HuDMEC under flow 

conditions 

 
The binding behaviour of SCC4 and TR146 OSCC cells as well as THP-1 

positive control cells to TNF-α stimulated-HuDMEC is shown in figure 5.10. 

Significantly more TR146 cells bound to TNF-α stimulated HuDMEC than SCC4 

cells (33.0±17.3 (SD) for TR146 cells compared to 1.4±1.8 (SD) for SCC4 cells; 

P=0.039). In addition, control THP-1 cells adhered in significantly greater numbers 

to TNF-α activated HuDMEC than both SCC4 and TR146 OSCC cells (P<0.0005 for 

both differences).  
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Figure  5.10 Adhesion of oral cancer and THP-1 cells to TNF-α-stimulated HuDMEC 

under flow conditions. A. Representative images of SCC4, TR146 and THP-1 cell binding 

to HuDMEC, upper panel: brightfield images; lower panel: fluorescence images. B. The 

average number of cellTracker™-labelled cells adherent to TNF-α-stimulated HuDMEC per 

x10 objective field were counted. Data represent the mean values + SD of three independent 

experiments. * and ***, difference between two variables is statistically significant at 

P<0.05 and P<0.0005, respectively, using one-way ANOVA followed by Tukey's post hoc 

test. 

 
 
 
 
 

   

   

A 

B 
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5.3.4.2 Adhesion of oral cancer cells to TNF-α-stimulated Human Lymphatic 

Endothelial Cells (HuLEC) under flow conditions 

 
The binding behaviour of SCC4 and TR146 OSCC cells as well as THP-1 

positive control cells to TNF-α-stimulated HuLEC is summarized in figure 5.11. 

Similar to the pattern observed for flow adhesion assays using HuDMEC, there was a 

marked increase in the number of TR146 cells adherent to HuLEC compared to 

SCC4 cells (25.3±22.1 (SD) for TR146 cells compared to 11.5±8.2 (SD) for SCC4 

cells). However, the difference was not statistically significant (P= 0.671). Control 

THP-1 cells adhered in significantly greater numbers to TNF-α-activated HuLEC 

than both SCC4 and TR146 OSCC cells (P< 0.0005 and P=0.001, respectively). 

 

Figure  5.11 Adhesion of oral cancer cells to TNF-α-stimulated HuLEC under flow 

conditions. Average number of cellTracker™-labelled cells adherent to TNF-α-stimulated 

HuLEC per x10 objective field. Data represent the mean values + SD of three independent 

experiments. ** and ***, difference between two variables is statistically significant at 

P<0.01 and P< 0.0005, respectively, using one-way ANOVA followed by Tukey's post hoc 

test.  
 

5.3.5 Inhibition of oral cancer cell adhesion to HuDMEC under flow 

conditions 
 

Based on the results obtained earlier by adhesion inhibition assays under 

static conditions (section 5.3.3), inhibition of TR146 cells to HuDMEC under flow 

conditions was considered to be best evaluated by neuraminidase treatment as this 
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approach showed effectiveness in reducing TR146 cell adhesion to rE-selectin under 

static conditions.  

 

5.3.5.1 Effect of neuraminidase treatment on TR146 cell adhesion to TNF-α-

stimulated HuDMEC under flow conditions  

 
 

To evaluate the effect of neuraminidase treatment on TR146 cells adhesion to 

TNF-α-stimulated HuDMEC under flow conditions, TR146 cells were treated with 

neuraminidase prior to the assay for 1 hour at 37°C. As illustrated in figure 5.12, the 

number of TR146 cells adherent to TNF-α-activated HuDMEC decreased from 49.75 

± 20.43 (SD) for untreated TR146 cells to 26.18 ± 4.59 (SD) for neuraminidase-

treated TR146 cells. However, the mean values were not statistically significantly 

different (P= 0.184). 

 

 
Figure  5.12 Effect of neuraminidase treatment on TR146 cell adhesion to TNF-α-

stimulated HuDMEC under flow conditions. TR146 cells were treated with neuraminidase 

(Neu, 0.16 U/ml) prior to the adhesion assay for 1 hour at 37°C. Data represent the mean 

values + SD of three independent experiments.  Using a paired Student's t test, no 

statistically significant difference was found between the adhesion of untreated and 

neuraminidase-treated TR146 cells to HuDMEC under flow conditions. 
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5.4 Discussion 
 

 Attachment of tumour cells to the endothelium during metastasis has been 

proposed to be of a similar mechanism to that involved in the recruitment of 

leukocytes to sites of inflammation. Specifically, several studies have attributed the 

metastatic behaviour of different types of carcinoma cells, such as lung and colon 

cancer cells, to their enhanced ability to bind to endothelial cells through the 

augmented levels of sialylated structures on their cell surface (Dimitroff et al., 2004; 

Burdick et al., 2003; Martín-Satué et al., 1998). However, less is known about the 

contribution of such molecules to the metastatic propensity of OSCC cells.   

 In this study, the results of the static adhesion assays showed that among the 

OSCC cells tested, SCC4 and Cal27 cells, which express no and moderate levels of 

cell surface sLeA/X, respectively, adhered significantly less well to rE-selectin than 

TR146 cells; metastatic OSCC cells that express abundant sLeA and sLeX. These 

findings were not due to a lack of inherent adhesion properties of these cells as all 

OSCC cells tested bound efficiently to the ECM factor, fibronectin. On face value, 

these findings may simply be interpreted as a reflection of the differential expression 

pattern of sLeA/X surface antigens on SCC4, Cal27 and TR146 cells.  Similar 

observations were found by Majuri et al. (1992) whose study also indicated that both 

sLeA and sLeX can act as ligands for rE-selectin. TR146 cells showed significantly 

higher adhesion levels to rE-selectin than B22 cells. These findings suggest that, 

compared to TR146 cells, B22 cells may be poorly metastatic cells or their 

dissemination into lymph nodes is mainly passive with the lymph flow rather than 

directed extravasation. The static adhesion assays also demonstrated that TR146 cells 

exhibited greater adhesion properties than A431 and THP-1 cells and similar in vitro 

adhesion to rE-selectin as HT29 cells. This is interesting because these types of cells 

were used as positive controls in adhesion experiments due to previous published 

data showing them to bind to E-selectin via sLeA and/or sLeX (Tei et al., 2002; 

Weston et al., 2000; Walz et al., 1990).  

 The use of anti-E-selectin antibodies has been used in several studies to show 

cell binding specificity (Martín-Satué et al., 1998; Takada et al., 1993). Addition of 
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an anti-E-selectin mAb to rE-selectin prior to addition of TR146 cells reduced their 

binding in a dose-dependent manner, further confirming that TR146 cells bind E-

selectin. The reduction in the binding of TR146 cells to rE-selectin following pre-

incubation with 25 μg/ml anti-E-selectin mAb was less marked than that seen by 

Majuri et al (1992) who reported that the adherence of leukemia and colon tumour 

cells to rE-selectin could be decreased to background levels using an anti-E-selectin 

mAb diluted at 10 μg/ml. This variation could be due to differences in experimental 

conditions and/or in the specificity of the antibodies used in the two studies. The 

findings that TR146 cells express abundant sLeA and sLeX and bind to rE-selectin 

more than cells that lack expression of these molecules, and that anti-E-selectin 

antibodies reduce adhesion of TR146 cells to rE-selectin are suggestive but do not 

prove that sLeA/X mediate binding to E-selectin. Involvement of other molecules 

such as cutaneous lymphocyte associated antigen (CLA), which also shows a binding 

affinity to rE-selectin (Kieffer et al., 2001), might account for this binding.  

 Experimental data in Chapter 4 showed that treatment with neuraminidase 

could remove the sailyl motifs from cell surface carbohydrates on TR146 cells while 

fucosidase could not remove fucose from these structures. It could therefore be 

hypothesized that if TR146 cells specifically use sLeA and sLeX for binding to E-

selectin then their adhesiveness to this molecule should be dramatically reduced 

upon treatment with neuraminidase. These adhesion inhibition assays did indeed 

show that neuraminidase-treatment abrogated adhesion of TR146 cells to rE-selectin 

almost to basal levels whereas fucosidase-treated TR146 cells were not affected. 

However, as the used concentration level of fucosidase may not have been optimal, 

further investigation into the effect of this enzyme on TR146 cells’ expression of 

sLeA/X and on their binding to E-selectin is required. These findings are consistent 

with the results of other studies
 
showing that pre-treatment of tumour cells with 

neuraminidase resulted in an effective inhibition of tumour cell binding to E-selectin 

(Kłopocki et al., 1998; Martín-Satué et al., 1998; Izumi et al., 1995). Together, these 

data show that sialylated motifs are crucial for TR146 cell binding to E-selectin.  

 Flow cytometric data showed that TR146 cells express high levels of sLeA 

and sLeX, whereas HT29 cells express high sLeA but low sLeX levels. Despite this, 
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HT29 cells bound equally as well to rE-selectin as TR146 cells. These findings might 

indicate that for TR146 cells, sLeA may be the dominant E-selectin binding antigen. 

In fact, previous observations suggested that the adhesion of some tumour cells is 

mainly sLeA-mediated, which might be attributed to the slightly higher affinity of E-

selectin for sLeA
 
(Takada et al., 1993; Berg et al., 1991). Blocking antibodies 

specifically directed against sLeA and sLeX were used in an attempt to identify 

which sialyl species preferentially mediated TR146 cell binding to E-selectin. Data 

from these adhesion inhibition experiments showed that when used alone, antibodies 

against either sLeA or sLeX did reduce adhesion of TR146 cells to rE-selectin but 

only moderately. However, when these antibodies were combined, TR146 cell 

adhesion was markedly inhibited. This indicates that adhesion to E-selectin is 

mediated by sLeX when sLeA is blocked and vise versa, suggesting that TR146 cell 

adhesion can be mediated in part by both of these sialyl antigens. Adhesion of 

TR146 cells to rE-selectin was not completely prevented even when a combination 

of anti-sLeA/X antibodies was used. This may suggest that the used mAb 

concentration was inadequate to completely prevent cell binding and/or that these 

mAb only partially block ligand binding. Interestingly, the extent of reduction in the 

binding of TR146 cells to rE-selectin that was obtained following treatment of these 

cells with neuraminidase was similar to that observed following incubation of the 

cells with a combination of anti-sLeA and anti-sLeX mAbs. These findings together 

further demonstrate the requirement of sialylated glycoconjugates in the binding of 

TR146 cells to E-selectin.  

 Although FUT3 was detected as the main glycosyltransferase gene expressed 

by TR146 cells, knocking down of this gene in TR146 cells using FUT3 siRNA 

inhibited but did not significantly reduce TR146 cell binding to rE-selectin. Data 

presented in Chapter 4 showed that FUT3 knock-down TR146 cells lost the ability to 

express sLeX but not sLeA, which is therefore free to mediate binding of these cells 

to E-selectin and this may explain why only partial inhibition of TR146 cell adhesion 

to rE-selectin was observed. A simultaneous knock-down of both FUT3 and FUT5, 

which are currently the only known FUT capable of producing both sLeA and sLeX 

(Carvalho et al., 2010; Holgersson & Löfling, 2006), is warranted as it may lead to a 

more profound inhibition of TR146 cell binding to rE-selectin. 
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 Further evaluation of the role of sLeA and sLeX in TR146 cell adhesion to 

rE-selectin was investigated with the use of the E-selectin ligand peptide mimetic, 

IELLQAR
®
, chondroitin sulfate and swainsonine. The use of each one of these 

molecules inhibited TR146 cell binding to rE-selectin compared to untreated TR146 

cells, although the differences were not statistically significant. These findings are 

consistent with the results from previous studies investigating the effect of such 

treatment approaches on the adhesion of tumour cells to E-selectin. For example, 

IELLQAR
®
 has been previously shown to inhibit the E-selectin-dependent adhesion 

of lung tumour cells (Fukuda et al., 2000). In addition, chondroitin sulfate was 

reported to be a potential E-selectin ligand, although generally no inhibitory effect on 

the binding of tumour cells to E-selectin was detected for related structures such as 

fucosylated chondroitin sulfate; possibly due to the preferential affinity of 

chondroitin sulfate to L- and P-selectins (Borsig et al., 2007; Monzavi-Karbassi et 

al., 2007; Luo et al., 2001; Varki, 1994). Moreover, although the anti-metastatic 

effects of swainsonine have been attributed to its potential ability to reduce tumour 

cell adhesion, they may be largely caused by its anti-cancer properties as other 

studies found that complex N-glycans had no significant contribution to selectin 

ligand activities (Dimitroff et al., 2003; Gorelik et al., 2001; Dennis et al., 1999). 

Given their lack of specificity, it is not surprising that these molecules had little 

impact on the adhesion of TR146 cells to E-selectin.  

  

 The ability of TR146 cells to bind to rE-selectin in static adhesion assays is 

informative but this does not reflect the situation in vivo where tumour cells interact 

with E-selectin as well as other adhesion molecules expressed by the endothelium 

under conditions of flow that occur within blood vessels. In vivo, cell surface 

molecules on circulating cells interact with those of the endothelium only briefly and 

so static adhesion assays do not replicate this fleeting interaction. In order to confirm 

the adhesion events observed in static adhesion assays, TR146 and SCC4 cells were 

flowed across stimulated human microvascular endothelial cell monolayers at flow 

rates comparable to those found in post-capillary venules (Grubb et al., 2009). 

Similar to the trend observed under static adhesion conditions, TR146 cells bound in 

significantly greater numbers to HuDMEC cell monolayers than SCC4 cells. These 

results are in line with several previous observations indicating that the adhesion of 
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tumour cells to endothelial cells is dependent on the interaction between E-selectin 

and sialylated glycoconjugates (Dimitroff et al., 2004; Burdick et al., 2003; Wenzel 

et al., 1995). TR146 cells also bound to HuLEC in greater numbers than SCC4 cells, 

although this was not statistically significant. This may be due to the differential 

expression of adhesion molecules on the surface of lymphatic as compared to blood 

endothelial cells or the difference in flow rate between the two vessels; the flow rate 

in the lymphatics is less than that in blood circulation and so may allow additional 

time for other lower affinity adhesion molecules to become involved in the adhesion 

process. Additional experiments are required to optimise this assay in order to further 

examine adhesion of OSCC cells to the lymphatic endothelium under flow. 

Interestingly, THP-1 cells displayed higher ability to adhere to TNF-α-activated 

HuDMEC/HuLEC under conditions of flow than to bind to rE-selectin in the static 

adhesion assays, where they tended to adhere poorly. This is likely due to the more 

natural binding environment that flow conditions produce and additional binding 

ligands expressed by the endothelium, such as vascular cell adhesion molecule 

(VCAM) and integrins (Springer, 1994), rather than just rE-selectin alone. 

 Although neuraminidase treatment of TR146 cells markedly reduced the 

adhesion of TR146 cells to HuDMEC monolayers in flow adhesion assays, this did 

not reach statistical significance. The lack of a complete inhibitory effect of 

neuraminidase treatment on TR146 cell adhesion under flow conditions may also be 

attributed to the contribution of other adhesion molecules such as integrins and their 

ligands to the overall attachment process of these cells.  

 Taken together, the data presented in this chapter suggests that sLeA and 

sLeX are critical determinants in the adhesion of OSCC tumour cells that have the 

propensity and phenotype to metastasize. Attachment of sLeA and sLeX to E-

selectin is generally considered an early event in tumour cell adhesion and 

extravasation process (Reymond et al., 2013), and so inhibiting this interaction may 

significantly reduce tumour cell adhesion to the endothelium and therefore prevent 

the metastatic process. The next chapter will discuss the potential of using zebrafish 

as a model system to examine the contribution of sLeA/X in the metastatic process of 

oral cancer cells. 
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Chapter 6 : In vivo evaluation of sLeA/X 

functionality on OSCC cells using zebrafish (Danio 

rerio) 
 

6.1 Introduction 
 

To establish effective therapeutic measures against metastasis, which is still 

the main cause of mortality in cancer patients (Gupta & Massagué, 2006; Steeg, 

2006), a better understanding of the mechanisms regulating this multi-step process is 

urgently required. This crucial need, coupled with the increasing realisation that the 

pathways controlling the dynamic metastatic cascade may be better understood if 

metastasis is studied in real-time, has led to a growth in the number of techniques 

that employ recent advances in intravital microscopy and metastasis model systems 

to identify metastasis-driving mechanisms in vivo.  

 

Intravital videomicroscopy was first proposed by MacDonald et al. (1992) as 

a novel tool to better study metastatic events. To distinguish disseminating cancer 

cells from the non-cancerous surrounding tissue in vivo, the cytoplasmic fluorescent 

marker Calcein-AM and fluorescent nanospheres were originally used to label 

tumour cells prior to injection into animal models (Luzzi et al., 1998; MacDonald et 

al., 1992). However, the use of Calcein-AM and fluorescent nanospheres is limited 

by the fact that the former is not expressed for extended time periods by labelled 

cells and the latter are not heritable through cell division (Naumov et al., 1999). 

Therefore, Naumov et al. (1999) subsequently adopted the jellyfish-derived green 

fluorescent protein (Misteli & Spector, 1997; Prasher et al., 1992) as a stable 

cytoplasmic marker in order to track cells and observe sequential steps of metastasis 

for long term periods using intravital videomicroscopy. 

 

Although the above and similar initiatives have contributed significantly to 

current knowledge about the metastatic process, progress has been limited by the use 

of mice or chicken as cancer metastasis model systems as they are not fully amenable 

to high-resolution imaging of the dynamic metastatic events (Stoletov et al., 2007). 

Even recent advances in cell-labelling technology, such as the use of sensitive 
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luciferase reporter constructs, are still beyond current microscopy techniques to 

visualize individual cancer cells in these models. However, several studies have 

recently indicated that teleost zebrafish (Danio rerio), which originate in the streams 

of Southeast Asia and share a genetic background similarity to humans (Howe et al., 

2013; Chico et al., 2008; Lam et al., 2006), represent promising alternative 

metastasis model systems (He et al., 2012; Stoletov et al., 2010; Marques et al., 

2009; Stoletov et al., 2007). When compared with the use of other existing animal 

models, the adoption of zebrafish to study cancer progression provides a number of 

advantages including cost-effective maintenance, ease of handling and efficient drug 

screening (Mimeault & Batra, 2013; Haldi et al., 2006). Zebrafish embryos are also 

optically transparent and amenable to genetic manipulation, attributes that are of 

particular importance for studies investigating metastasis as they facilitate 

visualization of metastatic steps at a resolution that was previously difficult to 

achieve (Stoletov et al., 2007). The optical clarity of zebrafish embryos has 

prompted the use of fluorescent protein reporters for generating stable transgenic 

zebrafish lines (Stern & Zon, 2003). Of particular importance to metastasis research 

has been the fli1:EGFP zebrafish line that expresses enhanced green fluorescent 

protein within endothelial cells of the vascular system under the endogenous 

zebrafish fli1 promoter (homologous to the VEGFR1 promoter in humans) (Lawson 

& Weinstein, 2002). The use of such zebrafish in combination with the use of the 

recently available fluorescent protein variants such as DsRed protein as markers of 

tumour cells have significantly improved the ability to closely examine the 

metastatic process at its various stages due to the extreme spectral contrasts between 

particularly EGFP and DsRed proteins (Baird et al., 2000; Heim et al., 1995). 

 

 A number of publications have reported the usefulness of fli1:EGFP zebrafish 

to study the dissemination of different types of cancer cells (He et al., 2012; Stoletov 

et al., 2010; Marques et al., 2009; Stoletov et al., 2007). Moreover, zebrafish express 

a gene (sele) on their endothelium that is homologous to human E-selectin 

(http://zfin.org/action/marker/view/ZDB-GENE-041014-221). Therefore, it was 

considered advantageous to establish these animals as a model system to investigate 

the role that sLeA/X may play in oral cancer metastasis.  

 

http://zfin.org/action/marker/view/ZDB-GENE-041014-221


 175 

6.2 Methods 
 
For more details on the methods used in these studies, please refer to the following 

relevant Chapter 2 sections. 

 

General cell culture (section 2.6.1, page 80) 

Tumour cell lines and their culture conditions (section 2.6.4, page 84) 

Culturing and freezing tumour cell lines (section 2.6.5, page 85) 

In vivo assays (section 2.14, page 100) 

Statistical analysis (section 2.15, page 106) 

 

6.3 Results 
 

6.3.1 Adhesion of OSCC cells to the vasculature of zebrafish 

embryos  
 

Previous studies have shown that direct injection of tumour cells into the 

vascular system of zebrafish embryos could successfully model the late phases of the 

metastatic process such as tumour cell adhesion to the endothelium (He et al., 2012; 

Stoletov et al., 2010). sLeA and sLeX are involved in the initial binding events of 

metastatic cancer cells to the endothelium. Therefore, injection of DsRed2-labelled 

OSCC cells was chosen to be performed directly into the blood circulation of 

fli1:EGFP zebrafish embryos through the common cardinal vein as described 

previously (section 2.14.3) (figure 6.1).  
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Figure  6.1 Injection site of DsRed2-labelled OSCC cells into 48 hours post-fertilization 

(hpf) fli1:EGFP zebrafish embryos. A fluorescence image indicating the injection site 

(asterisk) of dsRed2-labelled OSCC cells through the common cardinal vein/duct of Cuvier 

(CCV/DC, arrow-white lines) of a 48 hpf fli1:EGFP zebrafish embryo. Scale bar=100 μm. 

 

In addition, previous studies have demonstrated that measurements of the 

distance between tumour cells and vessel walls could enable the assessment of 

tumour cell adhesion inside zebrafish vasculature (Stoletov et al., 2010). For a 

similar approach to be applied, it was important to consider only those cells that 

appeared to demonstrate active adhesion in order to better evaluate the potential 

contribution of sLeA and sLeX to the attachment of OSCC cells to the vascular 

endothelium in vivo. Indeed, signs of active attachment of individual OSCC cells to 

the vascular endothelium of zebrafish embryos were seen in this study within 1 hour 

post-injection (hpi) for both SCC4 (figure 6.2A) and TR146 cells (figure 6.2B). 

Although the arrest of these cells was not due to size restriction as the vessel lumen 

was larger than the cell size and normal blood flow in the same vessel was not 

disturbed (supplementary material movies 1 and 2), the frequency of such adhesion 

events was insufficient to perform a valid statistical comparison between the in vivo 

adhesion potential of the two cell lines. Since the ability to perform such comparison 

is pivotal to examine the role of sLeA/X in the binding of OSCC cells to endothelial 

cells in vivo, additional investigation into this area is required.   
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Figure  6.2 Active attachment of OSCC cells to the endothelium of the dorsal aorta 

within 1 hpi of their intravascular injection into 48 hpf zebrafish embryos. A) A 

fluorescence image of a fli1:EGFP zebrafish embryo at 1 hpi showing the adhesion of 

dsRed2-labelled SCC4 cells (asterisks) to the endothelial lining of the dorsal aorta (DA), a 

part of which is indicated by an arrow and a dashed rectangle. Scale bar=50 μm. 

Supplementary material movie 1 shows the undisrupted blood flow through the DA. 

Orientation of supplementary material movie 1: the same orientation of the zebrafish embryo 

shown in (A), the embryo head is on the left and the yolk sac is towards the bottom. (B) A 

fluorescence image of a fli1:EGFP zebrafish embryo at 1 hpi showing the adhesion of 

dsRed2-labelled TR146 cells (asterisks) to the endothelial lining of the DA, a part of which 

is indicated by an arrow and a dotted rectangle. (Inset) a magnification of boxed area 

showing the attached TR146 cells. Scale bar=100 μm. Supplementary material movie 2 

shows the undisrupted blood flow through the DA. Orientation of supplementary material 

movie 2: the embryo head is on the right and the yolk sac is towards the top. 

 

6.3.2 Extravasation of OSCC cells through the vasculature of 

zebrafish embryos  
 

Several studies have shown that attachment of tumour cells to the 

endothelium is a prerequisite step for their successful extravasation (Steeg, 2006; 

Meyer & Hart, 1998). Therefore, comparison of the in vivo extravasation potential of 

low- (SCC4) and high- (TR146) sLeA/X expressing OSCC cells was considered as 

an alternative method to assess the contribution of sLeA and sLeX to the vascular 

adhesion and extravasation of OSCC cells in vivo. In addition, previous studies have 

indicated that extravasation of tumour cells injected directly into the circulation of 

zebrafish embryos was detectable within 24 hpi (He et al., 2012; Stoletov et al., 

2010). Therefore, the extravasation potential of OSCC cells in this study was first 

assessed at 24 hpi.  
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Stoletov et al. (2010) reported earlier that the extravasation of tumour cells 

through the vascular system of zebrafish embryos may be best evaluated in the 

intersegmental vessels as Blum et al. (2008) showed that the cellular structure of 

these vessels is well characterized and thus allow detailed interactions between 

tumour cells and the endothelium to be observed using confocal microscopy. 

However, it was noticed from the preliminary experimental metastasis assays 

performed in this study that the majority of injected OSCC cells lodged in the caudal 

aorta (CA) or the dorsal aorta (DA) within 1 hpi (figure 6.3, supplementary material 

movie 3 and figure 6.4), although singular tumour cells were occasionally detected in 

other blood vessels such as intersegmental vessels posteriorly (figure 6.4) as well as 

central and basilar arteries anteriorly (figure 6.5). It was also observed during these 

preliminary experiments that fixation of zebrafish embryos with 10% formalin at 24 

and 72 hpi, which was performed to facilitate the subsequent quantitation of 

extravasated cells, resulted in the loss of the vascular system architecture of all fixed 

zebrafish embryos (figure 6.6), an observation that is consistent with a previous 

report of fixation-induced deformations in zebrafish (Ronneberger et al., 2012). 

Based on these observations and for economical and practical considerations, 

conventional fluorescence but not confocal microscopy imaging of live zebrafish 

embryos was adopted for most subsequent assays to evaluate the extravasation 

potential of injected OSCC cells. 
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Figure  6.3 Entrapment of most tumour cells in the caudal aorta within 1 hpi into 48 hpf 

zebrafish embryos. A) A fluorescence image of a fli1:EGFP zebrafish embryo at 1 hpi with 

dsRed2-labelled TR146 cells. B) A magnification of boxed area in (A) showing the 

accumulation of TR146 cells in the caudal aorta (CA), a part of which is indicated by an 

arrow and a dotted rectangle. C) A confocal fluorescence image of a fli1:EGFP zebrafish 

embryo at 1 hpi with dsRed2-labelled SCC4 cells. D) Magnification of boxed area in (C) 

showing the accumulation of SCC4 cells in the CA, a part of which is indicated by an arrow 

and a dotted rectangle. Scale bars=100 μm. Supplementary material movie 3 shows the 

disrupted blood flow through the CA of the zebrafish embryo shown in (A). Orientation of 

supplementary material movie 3: the same orientation of the zebrafish embryo shown in (A), 

the embryo head is on the left and the yolk sac is towards the bottom. 
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Figure  6.4 Entrapment of tumour cells in the caudal aorta and intersegmental vessels 

within 1 hpi into 48 hpf zebrafish embryos. A fluorescence image showing the 

accumulation of most of dsRed2-labelled SCC4 cells at 1 hpi in the 48 hpf fli1:EGFP 

zebrafish’s caudal aorta (CA), a part of which is indicated by an arrow and a dotted 

rectangle. A few dsRed2-labelled SCC4 cells (asterisks) could also been seen inside the 

intersegmental vessels (Se), one of which is indicated by an arrow. Scale bar=100 μm. 

 

 

Figure  6.5 Entrapment of some tumour cells in anterior vessels within 1 hpi of their 

intravascular injection into 48 hpf zebrafish embryos. A) A fluorescence image of a 

fli1:EGFP zebrafish embryo showing entrapment of the intravascularly injected dsRed2-

labelled SCC4 cells in anterior vessels including central (CtA) and basilar (BA) arteries, 

which are indicated by arrows. B) A magnification of boxed area in (A) showing the 

accumulation of SCC4 cells in the BA. Scale bar=100 μm. 
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Figure  6.6 Loss of the vascular system architecture of zebrafish embryos fixed with 

10% formalin at 72 hpi with dsRed2-labelled TR146 cells. A) A representative 

fluorescence image of a fli1:EGFP zebrafish embryo fixed with 10% formalin at 72 hpi with 

dsRed2-labelled TR146 cells demonstrating the loss of the zebrafish’s vascular system 

architecture. B) A magnification of boxed area in (A) showing a cell mass formed by TR146 

cells in the tail region. Scale bar=100 μm. 

Quantitative analysis of the extravasation potential of tumour cells using 

zebrafish embryos has been previously described by Stoletov et al. (2010) who 

included in their analysis only zebrafish with a minimum of 5 intersegmental vessels-

arrested tumour cells and considered a particular cell extravasated only if at least half 

of its body was outside the lumen of the vessel when analysed using confocal optical 

sections. However, a similar analysis approach was not possible in this study due to 

the entrapment of most tumour cells in the caudal aorta or vein within 1 hpi of their 

intravascular injection as mentioned above. Therefore, preliminary assessment of the 

extravasation potential of OSCC cells was based on the total number of zebrafish 

embryos exhibiting evidence of extravasation of most injected tumour cells, which 

was observed upon live imaging in the form of the co-existence of perivascular 

tumour cells and normal circulation through blood vessels that were formerly 

blocked by these tumour cells during the pre-extravasation stage. Accumulation of 

non-disseminated dsRed2-labelled OSCC cells close to the injection site was 

occasionally observed at 24 hpi (figure 6.7). This is a phenomenon frequently 

observed upon injection of molecules or cells into zebrafish and is a result of 

entrapment of cells in transiently damaged tissue at the injection site. Such zebrafish 

embryos showed neither existence of perivascular tumour cells nor entrapment of 

tumour cells inside blood vessels and were excluded from the final statistical 

analysis.  
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Figure  6.7 Accumulation of injected dsRed2-labelled TR146 tumour cells close to the 

duct of Cuvier (injection site) of zebrafish embryos at 24 hpi. A fluorescence image of a 

fli1:EGFP zebrafish embryo showing the accumulation of non-disseminated dsRed2-labelled 

TR146 cells close to the duct of Cuvier (injection site) at 24 hpi. Scale bar=100 μm. 

 

As the contribution of sLeA and sLeX to the intravascular attachment, and 

consequently extravasation, of OSCC cells in zebrafish embryos was to be examined, 

it was important to study zebrafish embryos whose endothelial cells had been 

activated to up-regulate expression of the sLeA and sLeX receptor E-selectin. A 

previous study has shown that incubation of zebrafish embryos in water containing 1 

μg/ml E.coli lipopolysaccharides (LPS) for 4 hours significantly increased neutrophil 

recruitment to a wound area (Taylor, 2010). Although it was not investigated 

whether the observed increase in neutrophils recruitment was due to up-regulation of 

expression of E-selectin expression (there are currently no analytical tools to do this 

for zebrafish), it is known that this adhesion molecule is transcriptionally regulated 

by a number of factors including LPS (Collins et al., 1995). Therefore, 48 hpf 

zebrafish embryos were first treated with 1 μg/ml LPS for 4 hours (the time 

previously determined for up-regulation of human E-selectin) or left untreated prior 

to their injection with dsRed2-labelled SCC4 or TR146 cells.  
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Figure  6.8 Accumulation of SCC4 cells in the dorsal aorta at 24 hpi into LPS-untreated 

zebrafish embryos. A) A fluorescence image of an LPS-untreated fli1:EGFP zebrafish 

embryo at 24 hpi with dsRed2-labelled SCC4 cells. B) A magnification of boxed area in (A) 

showing the accumulation of SCC4 cells in the dorsal aorta (DA), a part of which is 

indicated by an arrow and a dotted rectangle. Scale bar=100 μm. Supplementary material 

movie 4 shows the disrupted blood flow through the DA. Orientation of supplementary 

material movie 4: the embryo head is on the right and the yolk sac is towards the top. 

 

 

Figure  6.9 Extravasation of SCC4 cells out of the dorsal aorta at 72 hpi into LPS-

untreated zebrafish embryos. A fluorescence image of an LPS-untreated fli1:EGFP 

zebrafish embryo at 72 hpi with dsRed2-labelled SCC4 cells showing the perivascular 

localization of SCC4 cells around the dorsal aorta (DA), a part of which is indicated by an 

arrow and a dotted rectangle. Scale bar=100 μm. Supplementary material movie 5 shows the 

undisrupted blood flow through the DA. Orientation of supplementary material movie 5: the 

same orientation of the zebrafish embryo shown in this figure, the embryo head is on the left 

and the yolk sac is towards the bottom. 
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Preliminary data of the relationship between the in vivo 24 and 72 hpi 

extravasation potential and OSCC cell type is summarized in tables 6.1 and 6.2, 

respectively. At 24 hpi, none of the total number of the LPS-untreated zebrafish 

embryos that were injected with SCC4 cells displayed evidence of extravasation 

(table 6.1, figure 6.8 and supplementary material movie 4), whereas extravasation of 

the majority of injected SCC4 cells was observed in more than 67% of these embryos 

at 72 hpi (table 6.2, figure 6.9 and supplementary material movie 5). On the other 

hand, extravasation of the majority of injected TR146 cells was observed in 36% and 

100% of the LPS-untreated zebrafish embryos at 24 hpi (table 6.1, figure 6.10 and 

supplementary material movie 6) and 72 hpi (table 6.2, figure 6.11 and 

supplementary material movie 7), respectively.  

 

Figure  6.10 Extravasation of TR146 cells out of the dorsal aorta at 24 hpi into LPS-

untreated zebrafish embryos. A fluorescence image of an LPS-untreated fli1:EGFP 

zebrafish embryo at 24 hpi with dsRed2-labelled TR146 cells showing the perivascular 

localization of TR146 cells around the dorsal aorta (DA), a part of which is indicated by an 

arrow and a dotted rectangle. Scale bar=100 μm. Supplementary material movie 6 shows the 

undisrupted blood flow through the DA. Orientation of supplementary material movie 6: the 

embryo head is on the right and the yolk sac is towards the top. 
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Figure  6.11 Extravasation of TR146 cells out of the dorsal aorta at 72 hpi into LPS-

untreated zebrafish embryos. A fluorescence image of an LPS-untreated fli1:EGFP 

zebrafish embryo at 72 hpi with dsRed2-labelled TR146 cells showing the perivascular 

localization of TR146 cells (asterisk) around the dorsal aorta (DA), a part of which is 

indicated by an arrow and a dotted rectangle. Scale bar=100 μm. Supplementary material 

movie 7 shows the undisrupted blood flow through the DA. Orientation of supplementary 

material movie 7: the same orientation of the zebrafish embryo shown in this figure, the 

embryo head is on the left and the yolk sac is towards the bottom. 

 

Treatment of zebrafish embryos with 1 μg/ml LPS for 4 hours resulted in no 

apparent effect on the extravasation potential of the two cell lines at 24 or 72 hpi. 

Similar to un-treated zebrafish, all LPS-treated zebrafish embryos that were injected 

with SCC4 cells showed no evidence of extravasation of injected tumour cells at 24 

hpi (table 6.1 and figure 6.12). However, extravasation of the majority of injected 

SCC4 cells was observed in 100% of these zebrafish embryos at 72 hpi (table 6.2 and 

figure 6.13), 33% more than that observed for LPS-untreated zebrafish, although this 

was not statistically significant. 
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Figure  6.12 Accumulation of SCC4 cells in the dorsal aorta at 24 hpi into LPS-treated 

zebrafish embryos. A) A fluorescence image of an LPS-treated fli1:EGFP zebrafish embryo 

at 24 hpi with dsRed2-labelled SCC4 cells. B) A magnification of boxed area in (A) showing 

the accumulation of SCC4 cells in the dorsal aorta (DA), a part of which is indicated by an 

arrow and a dotted rectangle. Scale bar=100 μm. 

 

Figure  6.13 Extravasation of SCC4 cells out of the dorsal aorta at 72 hpi into LPS-

treated zebrafish embryos. A fluorescence image of an LPS-treated fli1:EGFP zebrafish 

embryo at 72 hpi with dsRed2-labelled SCC4 cells showing the perivascular localization of 

SCC4 cells around the dorsal aorta (DA), a part of which is indicated by an arrow and a 

dotted rectangle. Scale bar=100 μm.  
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Figure  6.14 Extravasation of TR146 cells out of the dorsal aorta at 24 hpi into LPS-

treated zebrafish embryos. A fluorescence image of an LPS-treated fli1:EGFP zebrafish 

embryo at 24 hpi with dsRed2-labelled TR146 cells showing the perivascular localization of 

TR146 cells around the dorsal aorta (DA), a part of which is indicated by an arrow and a 

dotted rectangle. Scale bar=100 μm. Supplementary material movie 8 shows the undisrupted 

blood flow through the DA. Orientation of supplementary material movie 8: the embryo 

head is on the right and the yolk sac is towards the bottom. 

 

Figure  6.15 Extravasation of TR146 cells out of the dorsal aorta at 72 hpi into LPS-

treated zebrafish embryos. A fluorescence image of an LPS-treated fli1:EGFP zebrafish 

embryo at 72 hpi with dsRed2-labelled TR146 cells showing the perivascular localization of 

TR146 cells around the dorsal aorta (DA), a part of which is indicated by an arrow and a 

dotted rectangle. Scale bar=100 μm. Supplementary material movie 9 shows the undisrupted 

blood flow through the DA. Orientation of supplementary material movie 9: the embryo 

head is on the left and the yolk sac is towards the top. 
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In contrast, the majority of injected TR146 cells extravasated in 22% and 

87.5% of the LPS-treated zebrafish embryos at 24 hpi (table 6.1, figure 6.14 and 

supplementary material movie 8) and 72 hpi (table 6.2, figure 6.15 and 

supplementary material movie 9), respectively. Statistical analysis on this 

preliminary data showed that there was a statistically significant (P=0.037) 

difference in the extravasation potential between SCC4 and TR146 cells at 24 hpi in 

the LPS-untreated but not LPS-treated group (P=1.000) of zebrafish embryos. 

However, there was no statistically significant difference in the extravasation 

potential between SCC4 and TR146 cells at 72 hpi in the LPS-untreated (P=0.104) or 

-treated groups of zebrafish embryos (P=1.000).  

 

Table  6.1 Relationship between the in vivo 24 hpi extravasation potential and OSCC 

cell type. 

 

LPS-untreated
a
 

Extravasation 

    Total 

Not 

Extravasated 

(%) 

Extravasated 

(%) 

 

 

 

 

LPS-Treated
b
 

 SCC4 n=12 12/12 (100) 0/12  (0) 12/12  (100) 

TR146 n=11 7/11  (64) 4/11  (36) 11/11  (100) 

  SCC4 n=4 4/4 (100) 0/4 (0) 4/4 (100) 

TR146 n=9 7/9 (78) 2/9 (22) 9/9 (100) 

    

a
 Fisher’s Exact test, P=0.037 

b
 Fisher’s Exact test, P=1.000 
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Table  6.2 Relationship between the in vivo 72 hpi extravasation potential and OSCC 

cell type. 

 

LPS-untreated
a
 

Extravasation 

Total 

Not 

extravasated Extravasated 

  SCC4 n=12  4/12 (33) 8/12 (67) 12/12 

(100) 

  

  TR146 n=9 0/9 (0) 9/9 (100) 9/9 (100) 

 

LPS-Treated
b
   

  SCC4 n=4 0/4 (0) 4/4 (100) 4/4 (100) 

 

TR146 n=8  1/8 (12.5) 7/8 (87.5) 8/8 (100) 

    

a
 Fisher’s Exact test, P=0.104 

b
 Fisher’s Exact test, P=1.000 

 

6.4 Discussion 
 

Most of current understanding of the metastatic cascade in vivo is based on 

techniques such as histochemistry that only provide a snapshot view of the different 

metastatic steps. In addition, employment of mice and chicken as cancer metastasis 

model systems is limited by their low amenability to high-resolution imaging of the 

metastatic events (Stoletov et al., 2007). Although these techniques have provided 

important insights, they compromise interpretation of the dynamic metastatic process 

of individual tumour cells and thus may have also contributed to the fact that the 

precise mechanisms regulating metastasis remain as yet not fully understood 

(Beerling et al., 2011; Pantel & Brakenhoff, 2004). However, recent advances in 

intravital microscopy methods combined with the increasing use of optically 

transparent zebrafish as a model system to study cancer progression have made it 

possible to achieve real-time visualization of the different metastatic steps at an 

unprecedented subcellular resolution (Beerling et al., 2011; Stoletov et al., 2010). 
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A number of investigators of the zebrafish research community have 

demonstrated that specific zebrafish such as those of the fli1:EGFP line are uniquely 

suited for investigating in detail the steps of the metastatic process of human tumour 

cells (He et al., 2012; Stoletov et al., 2010; Marques et al., 2009; Stoletov et al., 

2007). For example, using fli1:EGFP zebrafish, Stoletov et al. (2007) have 

previously implicated the metastatic RhoC gene in inducing the formation of cell 

membrane protrusions and thus facilitating tumour cell intravsation. In addition, the 

extravasation step of the metastatic cascade has been recently examined using the 

same model system (Stoletov et al., 2010). Signs of micrometastasis and fully 

functional neovasculature formation within fli1:EGFP zebrafish xenograft models 

were detectable by 6 and 4 days post-injection (dpi), respectively (He et al., 2012).  

Evaluation of these parameters was not carried out in this study as it was beyond the 

scope of the project and strict UK Home Office regulations are applied for in vivo 

assays using zebrafish older than 5.2 days post-fertilization (dpf). However, an 

attempt was made to establish fli1:EGFP zebrafish embryos as a model system to 

determine the contribution of sLeA and sLeX to the metastatic potential of OSCC 

cells, although these in vivo studies were hindered by a number of factors.  

Firstly, the majority of injected OSCC cells lodged in the small capillary 

network in the tail region within the initial hours of intravascular injection and 

solitary cells were only occasionally detected in the larger intersegmental vessels, the 

part of the zebrafish vascular system where it is recommended to evaluate tumour 

cell extravasation (Stoletov et al., 2010). This is because the vessels in the tail region 

in zebrafish are smaller in diameter than the tumour cells, which then become 

trapped at the tail blocking the circulation in this part of the fish (Chico et al., 2008). 

Zebrafish erythrocytes and tumour cells then by-pass the blockage using the 

remaining larger vessels and it is these tumour cells that can be observed binding to 

and extravasating the larger vessels of the fish. The potential lack of single cell 

suspensions prior to injection and incubation of OSCC xenotransplant zebrafish at 28 

to 30°C, which is the standard incubation temperature range for developing zebrafish 

but not human cell cultures (Haldi et al., 2006), could have contributed to tumour 

cell entrapment. A similar observation of tumour cell entrapment in these areas was 

reported previously by He et al. (2012), although its extent was apparently not as 



 191 

high as that encountered in this study. Such variation in the trapping level of cancer 

cells has made it possible for He et al. (2012) to detect multiple tumour cells 

extravasating from smaller vessels such as the intersegmental and dorsal longitudinal 

anastomotic vessels at 24 hpi but this was not evident in this study at this time point. 

In addition, the high rate of physical lodging of OSCC cells in zebrafish embryos 

may have influenced the dissemination pattern seen in this study where some tumour 

cells seemed to have initiated intraluminal microcolonies prior to exiting blood 

vessels as a group of cells, an observation that has been previously documented in 

mouse and rat lungs (Al-Mehdi et al., 1999).  

Secondly, a total of 31 OSCC xenotransplant zebrafish embryos that were 

subjected to intravital microscopy showed at 24 hpi neither existence of perivascular 

tumour cells nor entrapment of tumour cells inside blood vessels. Since the presence 

of tumour cells in the circulation system of zebrafish was confirmed by microscopic 

inspection following cell microinjection, it is not clear why some tumour cells 

became no longer visible at 24 hpi. One possibility that could explain this is the 

disappearance of fluorescent signals due to the death (necrosis) of tumour cells 

following extravasation, an observation that has been documented previously 

(Drabsch et al., 2013; He et al., 2012). However, it was not feasible in this study to 

confirm whether death of tumour cells only occurred after but not prior to the 

extravasation process; high resolution time-lapse video-microcoscopy could have 

been used to determine if this occurred. Removal of tumour cells by the adaptive 

immune system is very unlikely to have occurred as zebrafish younger than 4 weeks 

post-fertilization lack functional B and T lymphocytes (White et al., 2013; Lam et 

al., 2004).  However, it is more likely that the injected ‘foreign’ tumour cells have 

been recognized and destroyed by such innate immune cells as neutrophils and 

macrophages that are fully functional 24-48 hpf (Trede et al., 2004). Mechanical 

hemodynamic forces within the zebrafish blood vessels may also have had a negative 

impact on the viability of transplanted OSCC cells leading to clearance and removal 

of the fluorescent signal. 

Thirdly, investigations into whether treatment of zebrafish embryos with 1 

μg/ml LPS for 4 hours had indeed stimulated E-selectin expression on endothelial 
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cells could not be carried out due to the current lack of analytical tools (there are no 

antibodies for zebrafish E-selectin). A BLAST search shows that human and the 

predicted zebrafish E-selectin gene sele share a homology of up to 46% and the five 

known functional E-selectin domains (a short cytoplasmic tail at the carboxyl 

terminus, a single transmembrane domain, consensus repeats, an EGF-like domain 

and a C-type lectin-like domain at the NH2-terminus) appear to be highly conserved 

among the two species, suggesting that these two molecules are likely to bind similar 

ligands by a common mechanism. In addition, Taylor (2010) has previously shown 

that LPS-treated zebrafish embryos displayed increased neutrophil recruitment to a 

wound area, suggesting that up-regulation of adhesion molecules including 

presumably E-selectin and sLeA/X is mediating this process. However, it is not yet 

definitively known that human sLeA/X can bind to zebrafish E-selectin and 

determination of these characteritics in the future will be important to facilitate the in 

vivo study of the potential role of sLeA/X in the metastatic process of human OSCC 

cells. 

In this study, evidence of extravasation of tumour cells at 24 hpi was 

observed in both LPS-treated and -untreated zebrafish embryos that were injected 

with TR146 but not SCC4 cells. However, the percentage of LPS-treated zebrafish 

embryos that exhibited extravasation of injected TR146 cells at 24 hpi was less than 

that of LPS-untreated zebrafish embryos. In the majority of both LPS-treated and -

untreated zebrafish embryos, both TR146 and SCC4 cells were perivascularly 

located at 72 hpi. In addition, the percentage of LPS-treated zebrafish embryos that 

displayed extravasation of injected TR146 cells at 72 hpi was also less than that of 

LPS-untreated zebrafish embryos. These preliminary results suggest that TR146 cells 

bind to the endothelium and extravasate much quicker than SCC4 cells. However, by 

72 hpi both TR146 and SCC4 cells have extravasated, indicating that SCC4 cells can 

extravasate into zebrafish tissue, presumably in a sLeA/X-independent mechanism, 

albeit at a slower rate. Interestingly, it appears that pre-stimulation with LPS does not 

enhance extravasation and indeed may inhibit the process. It is possible that 

stimulation with LPS for 4 hours was not sufficient enough to stimulate elevated E-

selectin expression on endothelial cells or that zebrafish E-selectin has a different 

temporal gene regulation profile than human E-selectin in response to LPS so that 
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the maximal E-selectin-mediated binding capacity for sLeA/X was missed.   

In light of the above limitations and the fact that non-adhering microspheres 

were not used as reference controls to more accurately evaluate tumour cell 

extravasation, it is evident that the in vivo experimental metastasis assay performed 

in this study requires further optimization to better validate the preliminary results 

obtained.  To this end, the importance of being able to monitor enough numbers of 

solitary tumour cells extravasating from well-characterized vasculature of a large 

cohort of zebrafish embryos whose endothelial cells are confirmed to be actively 

expressing E-selectin can not be overemphasized. It would subsequently be 

advantageous to include E-selectin knock-out zebrafish in the study design, although 

it should be taken into consideration that zebrafish have undergone an evolutionary 

teleost specific genome duplication event that may complicate knock-out studies 

(White et al., 2013; Meyer & Schartl, 1999). In addition, since the lymphatic 

vascular system of zebrafish has been shown to be structurally and functionally 

similar to that of higher vertebrates (Küchler et al., 2006; Yaniv et al., 2006), it 

would be interesting to see whether zebrafish can also serve as a window through 

which lymphatic metastasis of OSCC cells can be more closely examined. The use of 

zebrafish that have been genetically engineered to express a fluorescent protein 

reporter under the promoter of the lymphatic endothelial-specific vascular 

endothelial growth factor receptor 3 (Vegfr3) as an alternative system to the existing 

Vegfr3
EGFPLuc

 mouse model (Martínez-Corral et al., 2012) is likely to be valuable.  

Despite the limitations of the in vivo assay described here, it is clear that TR146 

metastatic OSCC cells that express high levels of sLeA and sLeX have enhanced 

extravasation properties compared to SCC4 cells that do not express these antigens, 

albeit after a short time point. However, these preliminary data give no intimation as 

to the role of sialylated antigens in this process. If time had permitted, adhesion 

assays carried out using E-selectin knock-out and wild type zebrafish injected with 

untreated and neuraminidase-treated TR146 cells would have provided further 

evidence of the role of sLeA and/or sLeX in the metastatic process of OSCC cells. In 

this way, the contribution of sLeA/X to the intravascular attachment and subsequent 

extravasation of OSCC cells could be more precisely assessed, particularly if data 

were interpreted using not only generic but also zebrafish-oriented image analysis 
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software (Mikut et al., 2013) such as ZFIQ (Liu et al., 2008) and the recently 

available MATLAB tool, ZebIAT (Annila et al., 2013). Nevertheless, it is evident 

that the use of zebrafish as an in vivo model to assess tumour cell metastasis at the 

cell-to-cell level will prove of great benefit to the academic community and beyond.  
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Chapter 7 : General Discussion  
 

  

Metastasis is the leading determinant of mortality from cancer (Gupta & 

Massagué, 2006; Steeg, 2006). Patients with distant metastases from head and neck 

squamous cell carcinoma generally have a survival expectancy of months (Haigentz 

et al., 2012). Although these clinical facts have long been appreciated, only recently 

has the understanding of the molecular underpinnings of metastasis become less 

blurred. For example, important insights have been recently gained about the 

mechanisms underlying metastatic dormancy and reactivation (Giancotti, 2013). 

However, significant uncertainties still remain with respect to specific events of the 

metastatic process. It is still debatable whether the organ-specificity exhibited by 

metastases from certain tumour types is a passive process of tumour cell arrest in 

microvessels or reflects active ligand-receptor interactions between cancer cells and 

the vasculature of the target tissue. Mechanical trapping of tumour cells in narrow 

blood vessels can indeed occur, with the entrapment of colorectal carcinoma cells in 

the hepatic microvasculature being the most often cited example (Valastyan & 

Weinberg, 2011). However, evidence also indicates that organotropism of metastasis 

may be molecularly driven (Auguste et al., 2007; Schlüter et al., 2006; Brown & 

Ruoslahti, 2004;  Wang et al., 2004). Among the molecules implicated in such 

organ-specific infiltration of disseminating tumour cells are the carbohydrate 

epitopes sLeA and its isomer sLeX (Julien et al., 2011; Kannagi et al., 2004). 

 

To investigate the potential contribution of the sLeA and sLeX to oral cancer 

metastasis more fully, application of immunohistochemistry on clinical specimens 

besides in vitro and in vivo bioassays was undertaken. Most of the few previous 

studies on the role of sLeA/X in head and neck cancer progression were either 

largely or solely immunohistochemically-based (Kurahara et al., 1999; Renkonen et 

al., 1999; Farmer et al., 1998). While immunohistochemistry studies have generally 

fostered the understanding of metastasis, the dynamic nature of this process dictates 

that a variety of experimental approaches should be implemented for it to be more 

accurately characterized (Beerling et al., 2011; Pantel & Brakenhoff, 2004). 
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Immunohistochemical analysis in this study suggests that sLeX but not sLeA 

may be of clinical significance in OSCC patients. These results are in agreement with 

those of Gunawardena et al. (2013) but not Kurahara et al. (1999) and Croce et al. 

(2001). Such apparent inconsistency may be due to differences between studies in 

terms of methodological approaches including immunohistochemical scoring and 

statistical analysis. Nonetheless, a significant correlation between sLeX but not sLeA 

expression and metastasis has been observed in different types of cancers and the 

present findings indicate that a similar relationship exists in oral cancer (Yu et al., 

2005; Sumikura et al., 2003). Since clinical data such as disease stage and disease-

free survival were not available for the cohort of patients examined in this study, 

inclusion of such parameters in future studies would allow the prognostic 

significance of sLeA/X expression in oral cancer to be further characterized. If 

complemented with analysis of a wider set of samples, these studies may prove to be 

of clinical value for oral cancer management.  

 

In parallel with immunohistochemistry results, data from in vitro cell-based 

assays of this study show that only TR146 metastatic OSCC cells displayed elevated 

levels of both sLeA and sLeX. In addition, the results of these assays demonstrate 

that the biosynthesis of sLeX in TR146 appears to be critically regulated by FUT3, 

whereas expression of sLeX in leukocytes (THP-1 cells) is regulated by other FUT. 

Several studies have previously shown that sLeA/X over-expression bestows 

increased metastatic capacities upon tumour cells including those from an oral origin 

(Tozawa et al., 2005; Kurahara et al., 1999; Izumi et al., 1995). High transcript 

levels of FUT3 were also detected previously in different types of metastatic cancer 

cells (Barthel et al., 2009; Martín-Satué et al., 1998), although the expression of this 

gene in metastatic OSCC cells has not been documented in the literature thus far. 

Together, these findings indicate that FUT3 may be a potential therapeutic target for 

preventing sLeX-mediated adhesion of OSCC cells to the endothelium without 

compromising the normal physiologic functions of leukocytes.  

 

The findings of the static adhesion assays of this study suggest that sLeA and 

sLeX are involved in the interactions of OSCC cells with E-selectin. A critical role 
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for sLeA in such binding events was revealed when knocking-down of FUT3 did not 

result in a significant reduction in TR146 metastatic OSCC cells adhesion to rE-

selectin. Although previous studies indicated that sLeA might be more essential than 

sLeX for endothelial cell-specific cancer cell interactions
 
(Takada et al., 1993; Berg 

et al., 1991), data from experiments of this study using anti-sLeA/X antibodies 

demonstrate that sLeX appears to be equally important for the selectin-mediated 

attachment of TR146 metastatic OSCC cells, which is in line with the 

immunohistochemical results of this study and earlier findings by Wenzel et al. 

(1995). In addition, the results of adhesion-blocking assays of this study show that 

sialic acid is crucial for the adhesion of TR146 cells to E-selectin and that the 

majority of sLeA/X on metastatic TR146 OSCC cells may be O-glycan associated. 

However, further investigation into these areas is warranted.  

 

Data from flow adhesion assays of this study complement those of 

experiments performed under static conditions and exhibit consistency with previous 

studies on sLeA/X-dependent interactions between cancer cells and the vasculature 

endothelium (Dimitroff et al., 2004; Burdick et al., 2003; Wenzel et al., 1995). 

Although the results of these assays highlight that selectin-selectin ligand 

interactions may constitute part of a more complex molecular dynamics involved in 

the attachment of metastatic TR146 OSCC cells to HuDMEC, they might prove to be 

of clinical significance. In addition, the findings from these flow adhesion assays 

demonstrate that sLeA/X appear to also participate in the binding of TR146 

metastatic OSCC cells to HuLEC, although such contribution was less evident than 

that exerted in HuDMEC-based assays. Nonetheless, to our best knowledge, no prior 

work has shown similar involvement of these sialylated antigens in the adhesion of 

metastatic OSCC cells to the lymphatic endothelium. This is particularly important 

because lymph node metastasis is an extremely frequent occurrence in patients with 

oral cancer and the most likely mode of action is tumour cell spread via the 

lymphatic vasculature. Preventing this spread would be a major breakthrough for oral 

cancer patients as nodal disease is strongly associated with poor outcome. More 

research is required into the precise adhesive interactions between oral cancer cells 
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and the lymphatic endothelium with particular emphasis on experiments carried out 

under flow conditions and in 3D environments that replicate the in vivo situation. 

 

Preliminary results from in vivo experimental metastasis assays of this study 

demonstrate that sLeA/X-positive metastatic OSCC cells appear to possess increased 

extravasation potential compared to non-metastatic OSCC cells devoid of these 

antigens. However, although these observations are in parallel with earlier zebrafish 

studies showing that tumour cell extravasation generally displays correlation with 

metastatic potential (Stoletov et al., 2010), they were only seen at 24 hpi in the LPS-

untreated but not LPS-treated group of zebrafish embryos. Therefore, it is possible 

that the different metastatic potential of the examined OSCC cells is not attributable 

to their different extravasation capacities and/or sLeA/X expression but to 

differences in other yet uncharacterized features. Nevertheless, unless active E-

selectin expression on endothelium of zebrafish vasculature can be established, 

conclusive statements on the involvement of sLeA/X in the extravasation of OSCC 

cells in zebrafish will remain difficult to make. To this respect, further structural 

characterization of zebrafish E-selectin and generation of antibodies against this cell 

surface protein will be important steps forward.  

 

Taken together, the findings of this study indicate that the carbohydrate 

moieties sLeA/X are involved in the selectin-mediated adhesion of metastatic OSCC 

cells and thus may serve as drivers for oral cancer metastasis. Specifically, clinical 

data of this study complement previously published literature proposing the clinical 

significance of sLeX in oral cancer progression. Since the results of gene knock-

down studies of this study suggest that FUT3 is a rate-limiting gene for sLeX 

biosynthesis in oral cancer cells but not those of haematopoietic origin, it might be 

advantageous to therapeutically target FUT3 to inhibit sLeX-mediated binding of 

metastatic OSCC cells to the endothelium with minimal off-target side effects. 

However, as sLeA appears to be equally essential for the selectin-mediated 

attachment of metastatic OSCC cells and the adhesion of these cells to the 

endothelium most likely requires additional molecular interactions beside those that 

are selectin-mediated, this therapeutic strategy may be more effective if implemented 
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as an adjunct to other modalities targeting other stages of metastatic formation in oral 

cancer patients.  

 

As metastasis is likely to remain the most deadly side of any type of cancer 

for the foreseeable future, further characterization of the machinery governing this 

process is required. To achieve this and more validate the findings of this study, it 

will be important to further define the clinical relevance of sLeA/X profiles in oral 

cancer progression using a large cohort of paired samples of primary oral cancer 

lesions and their nodal and distant metastases taken from patients whose relevant 

clinical parameters are known. Information gleaned from such studies can be 

supplemented with data from investigations on the role of sLeA/X on circulating 

tumour cells isolated from oral cancer patients with and without metastasis. In 

addition, investigations elucidating sLeA/X levels and mechanisms of expression on 

more metastatic oral cell lines will be vital to perform, specially if distant metastatic 

oral cell lines, such as the HN cell line (Erdem et al., 2007), can also be examined. It 

would also be of interest to use techniques such as nano-LC-MALDI-TOF mass 

spectrometry and in situ proximity ligation to identify the exact molecule(s) 

displaying sLeA/X on the surface of oral cancer cells. In parallel, in vitro migration 

assays may shed some light on whether sLeA/X expression on metastatic oral cancer 

cells modulates not only the selectin-mediated adhesion of these cells but also their 

transendothelial migration upon downstream signalling. Present insights gained from 

using zebrafish as a model to examine the potential involvement of sLeA/X in oral 

cancer metastasis in vivo are very promising, although several experimental 

optimizations are warranted. Based on the significance of the results obtained from 

all these investigations, a determination can then be made on the value of developing 

pre-clinical models to evaluate therapeutics targeting the selectin-selectin ligand axis 

to prevent oral cancer metastasis. Collectively, these concerted efforts may 

eventually lead to an improved prognosis of cancer patients, including those with 

oral cancer, as they may open new avenues for approaches devoted to decipher and 

conquer the complex metastatic paradigm.  
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Appendix 

A.1 Generation of cancer cells stably expressing EGFP or 

DsRed2 
 

To generate EGFP- or DsRed- stably transfected cancer cells, transformation 

of Escherichia coli (E. coli) with pEGFP-C2 (figure A.1) or pDsRed2-C1 (figure 

A.2) plasmid vectors was first performed. This was then followed by small-scale 

plasmid DNA isolation from E.coli clones, restriction enzyme digestion and agarose 

gel electrophoresis, large-scale plasmid DNA isolation from E.coli clones, further 

restriction enzyme digestion and agarose gel electrophoresis, transfection of cancer 

cells with pEGFP-C2 or pDsRed2-C1 plasmids, and cell sorting by FACS. These 

steps are discussed in detail in Chapter 2 (sections 2.14.1.1 to 2.14.1.3) and are 

summarized in figure A.3, which shows the process of generating pDsRed2-stably 

transfected SCC4 cells.   

 

 

Figure A.1 Restriction map and features of pEGFP-C2. pEGFP-C2 (GenBank Accession 

#: U57606) plasmid map is shown in a circular configuration, coloured by feature type (red: 

generic features and genes; gray: gene enhancers and origins; green: gene promoters, 

transcription terminators and gene primers; cyan: open reading frames; blue: restriction 

enzymes and sites). The plasmid map was produced through the plasmid repository 

(https://www.addgene.org). 

 

https://www.addgene.org/
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Figure A.2 Restriction map and features of pDsRed2-C1. pDsRed2-C1 plasmid map is 

shown in a circular configuration, coloured by feature type (red: generic features and genes; 

gray: gene enhancers and origins; green: gene promoters, transcription terminators and gene 

primers; cyan: open reading frames; blue: restriction enzymes and sites). The plasmid map 

was produced through the plasmid repository (https://www.addgene.org).  

 

Figure A.3 The main steps of generating pDsRed2-stably transfected cancer cells.  The 

generation of DsRed2-stably transfected SCC4 cells involved transformation of E. coli with 

pDsRed2-C1 vectors, small-scale plasmid DNA isolation from E.coli clones, Ndel-Xhol 

restriction enzyme digestion and agarose gel electrophoresis, large-scale plasmid DNA 

isolation from E.coli clones, further Ndel-Xhol restriction enzyme digestion and agarose gel 

electrophoresis, transfection of SCC4 cells with pDsRed2-C1 plasmids, and SCC4 cell 

sorting by FACS. 

https://www.addgene.org/
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