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Abstract
Scavenger receptors belong to a large receptor family that primarily bind lipid-containing molecules. Until recently, their expression has been described on macrophages and endothelial cells where their principal role is internalisation of lipoproteins and bacteria. However, to date, there is little evidence of scavenger receptor expression in the oral mucosa, therefore, this study aimed to determine functional expression of Class B scavenger receptors by oral keratinocytes. To achieve this, a panel of normal, dysplastic or cancerous oral keratinocytes from various oral sites were tested for the expression of class B scavenger receptor by qPCR, flow cytometry and by immunohistochemistry in patient biopsies. Internalisation of oxidised (ox) or acetylated (ac) low density lipoprotein (LDL), the main ligands for Class B scavenger receptors, was measured by immunofluorescence microscopy and flow cytometry, and receptor activation by immunoblotting for several intracellular signalling molecules. The effects of ox/ac-LDL on cell adhesion, invasion and migration as well as markers for epithelial to mesenchymal transition (EMT) were also measured in vitro.  The results showed that class B scavenger receptor family members were expressed at the RNA and protein level by both normal and oral cancer cells with cancer cells expressing elevated levels. In addition, expression was markedly greater in oral cancer tissue than in normal oral mucosa. SCC4 cancer cells rapidly internalized ox/ac-LDL in a scavenger receptor-dependent manner that initiated phosphorylation of JNK. Stimulation with acLDL, and oxLDL in particular caused SCC4 cells to be less adherent, more invasive and display increased migration compared to controls. These cell functions were inhibited using fucoidan, a pan-class B scavenger receptor antagonist, or SP600125, a specific JNK inhibitor. In addition, oxLDL altered the expression of EMT markers driving oral cancer cells to a mesenchymal phenotype. These data suggest that class B scavenger receptors are up-regulated by oral cancer cells and that their activation by oxLDL pushes these cells to a more mesenchymal phenotype that significantly impacts on their ability to migrate, invade and therefore metastasise. These findings may have a significant impact on oral cancer biology.
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Chapter one
Introduction












[bookmark: _Toc488167511][bookmark: _Toc497199091][bookmark: _Hlk487292767][bookmark: _Toc477301883]Oral mucosa
The oral mucosa represents a protective barrier to the underlying tissues from microbial and mechanical damage (Nanci and Ten Cate, 2012). It is comprised of an epithelium and a lamina propria with these two layers separated by a basement membrane (Figure ‎1.1)(Presland and Jurevic, 2002). The epithelium of oral mucosa is a stratified squamous epithelium consisting of keratinocytes. The oral cavity is lined with two types of epithelium; keratinised epithelium (located on masticatory mucosa for example on the hard palate and gingiva), and non-keratinised epithelium (located on lining mucosa for example on cheeks) (Presland and Dale, 2000). Oral epithelium itself is comprised of four layers: the first layer is termed the stratum basale (basal layer) and consists of a single layer of epithelial cells that are in direct contact with the basement membrane. The second, stratum spinosum or prickle layer consists of several layers of large ovoid cells that are derived from the basal cells. The third layer known as the stratum granulosum (or granular layer) consists of one to several layers of flattened cells containing membrane-coating granules that give the epithelium its permeability barrier and keratohyaline granules that are important for the formation of the keratin layer in keratinised epithelium. The fourth layer (stratum corneum or keratinised layer) consists of extremely flattened anuclear cells (these are replaced by slightly flattened nucleated cells in non-keratinised epithelium) that form the superficial layer or stratum superficiale. 

The basement membrane or the basal lamina separates the epithelia from the underlying connective tissue. This is a thin layer of extracellular matrix (ECM) produced by both epithelium and connective tissue that is responsible for the attachment of the epithelium to the connective tissue, filtering molecules that pass between these two parts of the mucosa that participate in controlling cell maturation and differentiation.  The lamina propria (often called connective tissue) function is to support the oral epithelium and consists of blood vessels, nerves and cells (e.g. fibroblast and immune cells) contained within ECM. The lamina propria is divided into two parts that differs mainly by the arrangement and amount of the collagen fibres contained within each part; the papillary layer (close to epithelial ridges) and reticular layer (separating papillary layer and deeper structures) (Presland and Dale, 2000, Nanci and Ten Cate, 2012).

[image: ]
[bookmark: _Ref486365554][bookmark: _Toc488170777][bookmark: _Toc497199208]Figure ‎1.1 Schematic representation of keratinised oral mucosa
  Schematic diagram showing main tissue components of normal oral mucosa; epithelium (which is composed of the stratum basale, stratum spinosum, stratum granulosum, and stratum corneum) and lamina propria (composed of papillary and reticular layers). Lamina propria contains vascular structures, collagen fibres, elastin fibres and other contents of ECM, in addition to cellular populations including macrophages and fibroblasts

[bookmark: _Toc488167512][bookmark: _Toc497199092]Head and neck cancer
The term head and neck cancer represents neoplasms affecting several regions of the oral cavity, salivary glands and pharyngeal regions, 90% of which are squamous cell carcinomas (Choi and Myers, 2008). In 2011, head and neck cancer was ranked the 12th most common cancer in the UK and 6th worldwide (Leemans et al., 2011). The majority of head and neck cancers arise in the oral cavity and are termed oral squamous cell carcinoma (OSCC). The aetiology of OSCC ranges from genetic predisposition and family history in addition to exposure to environmental risk factors including; tobacco and areca nut use, alcohol consumption (Walker et al., 2003), low socioeconomic status and human papilloma virus infection (HPV) (Mehrotra and Yadav, 2006). The development of oral cancer is a multi-stage process which is typified by accumulation of genetic defects leading to disruption of regulatory pathways controlling cellular functions, and ultimately tumour expansion and spread (Choi and Myers, 2008, Mehrotra and Yadav, 2006). These genetic changes primarily affect tumour suppressor gene inactivation and oncogene activation, ensuing dysregulated cell proliferation and apoptotic pathways. The main genetic alterations observed in OSCC include mutations in the p53 and p16 tumour suppressor pathway and gene amplification of oncogenes such as epidermal growth factor receptor (EGF) and cyclin D1 (Mehrotra et al., 2004). 

OSCC originates as abnormalities in the oral mucosa presenting clinically as pre-malignant lesions such as leukoplakia, speckled leukoplakia or erythroplakia. Histologically, this stage is termed dysplasia, where cells within the epithelium display cellular atypia (increase in nuclear to cytoplasmic ratio, cell size pleomorphism, increased mitosis beyond the basal epithelial layer, nuclear hyperchromatism) and alteration in epithelium organisation and maturation (rounded rete ridges, loss of cellular adhesion and abnormal patterns of keratinisation). Dysplasia increases in severity from mild, moderate to severe that is followed by carcinoma in situ, in which the lesion has all the histological properties of cancer, but is contained within the epithelium of oral mucosa and has not spread beyond the basement membrane. Once the lesion breaks through the basement membrane and into the underlying connective tissue, the term oral cancer is applied (Cawson and Odell, 2008, Neville, 2009) (Figure ‎1.2). 

OSCC invasion into the connective tissue may evolve as single tumour cells progressing as an invading front or most commonly as tumour islands pushing into the connective tissue. Metastasis most commonly occurs to the local head and neck lymph nodes, and lymph node involvement is frequent in OSCC, mainly via the lymphatic system, whereas haematogenous spread occurs at late stage disease (Osterkamp and Whitten, 1973, McGregor et al., 2002, Yedida et al., 2013, Spano et al., 2012, Varsha et al., 2015). The acquisition of an invasive phenotype enabling OSCC cells to achieve cancer spread through the lymphatic or circulation is governed by biochemical mechanisms (regulation of cellular motility and invasion, enhanced proliferation, decreased intercellular adhesion) that are controlled by the activation or repression of a number of key genes that control these processes. For example, increased expression of vimentin, alpha-smooth muscle actin (α-SMA), β-catenin, snail 1 and snail 2 as well as decreased expression of E-cadherin, zonula occludens-1 (ZO-1), cytokeratin, and laminin 1. These changes in gene expression induce cell changes whereby epithelial cells transform to a more mesenchymal phenotype, a process now known as epithelial to mesenchymal transition (EMT) (Thiery, 2002, Hirshberg et al., 2008). Cancer cells that have undergone EMT display reduced cell-to-cell adhesion, increased motility and invasiveness into connective tissue, and are the cell sources of metastatic spread (Thiery, 2002, Hirshberg et al., 2008).
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[bookmark: _Ref486871896][bookmark: _Toc488170778][bookmark: _Toc497199209]Figure ‎1.2 Oral squamous cell carcinoma.
 A haematoxylin and eosin stained histological section showing invasive oral squamous cell carcinoma. The normal structure of the oral mucosa (left hand side of the image) gives way to altered epithelium (right hand side of the image) where cancer cells have invaded and passed through the basement membrane and into the connective tissue. Here the OSCC invades the connective tissue as tumour islands, some containing differentiated epithelium in the form of keratin pearls. The connective tissue surrounding the invasive OSCC contains and intense inflammatory infiltrate that is associated with OSCC progression (photograph is courtesy of Dr. Adam Jones, School of Clinical Dentistry, University of Sheffield) 

[bookmark: _Toc488167513][bookmark: _Toc497199093]Cell surface receptors and cell biology
The description of receptors and their activity can be traced back to 1878 when J. N. Langley described that for a drug to have an effect on a tissue, there must be some sort of interaction between that tissue and that drug (Langley, 1878). Later in 1905, Langley wrote about what he called “receptive substance” to describe the effect of poisons on nerve endings (Langley, 1905). Following this report, the term “receptor” started to be used to describe Langley’s concept.

One of the critical processes of cell biology is the ability of a cell to adapt and interact with its surrounding environment. This process is accomplished mainly through the expression of specific cell surface receptors that are responsive to the composition of molecules in the environment. The motifs that elicit these receptors may be in the form of soluble factors (proteins, chemicals, lipids, etc.), ligands bound to other cells, or the ECM itself. The functional response of cells to their environment may be the result of activation of intracellular signal transduction pathways that occur when external signals activate plasma membrane receptors or via uptake of bio-active molecules directly into the cell via cell membrane gated channels (Uings and Farrow, 2000). It is the specific functional response of cells to such external stimuli that allow the cells to adapt to their environment and thrive (Acton et al., 1994).

Cellular receptors can be either anchored to the cell plasma membrane (cell surface receptor), or found as cytoplasmic proteins or anchored to the membranes of intracellular organelles (intracellular receptors) (Hymel and Peterson, 2012). Cell membrane receptors range from large molecular weight proteins that may span the plasma membrane several times, to small glycolipids attached to the outer or inner leaflet of the plasma membrane (Manes et al., 2003).

[bookmark: _Toc477301884][bookmark: _Toc488167514][bookmark: _Toc497199094]Scavenger receptors
Brown and Goldstein were the first to present the concept of the scavenger receptor in 1979 when they were investigating lipid-laden foam cell formation in the development of atherosclerotic plaques (Goldstein et al., 1979). They suggested that low-density lipoproteins (LDL) first enter the arterial wall before undergoing chemical modification (e.g. oxidation (oxLDL) or acetylation (acLDL)). The modified LDL was subsequently found to bind to scavenger receptors expressed on the cell surface of macrophages where it is internalised via endocytosis before lysosomal degradation. Unlike LDL receptors, scavenger receptor activity does not rely substantially on intracellular cholesterol pools. For this reason, macrophage scavenger receptors are able to mediate extensive accumulation of cholesterol esters and cholesterol causing the conversion of macrophages into lipid laden foam cells. It was found that the incubation of foam cells with acceptors such as high-density lipoproteins (HDL) or serum (acceptor molecule) resulted in the efflux of cellular cholesterol to the acceptor (Brown et al., 1979). Brown and Goldstein functionally defined scavenger receptors by their ability to bind or “scavenge” modified but not native LDL (Brännström et al., 2002). Scavenger receptors bind a diverse array of lipid and lipoprotein-based ligands (Murphy et al., 2005) as well as many other host molecules (Table ‎1.1), including molecular chaperones and extracellular matrix proteins (Elomaa et al., 1995).

[bookmark: _Toc488167515][bookmark: _Toc497199095]Low density lipoprotein modification
Modification of LDL results in their recognition by scavenger receptors rather than LDL receptors (Goldstein et al., 1979, Nicholson et al., 1995). The “average” lipid particle has been calculated to be composed of 600 free cholesterol molecules, 700 phospholipid molecules, 183 triacylglycerol molecules, 1600 cholesteryl ester molecules and one apolipoprotein B molecule (Jessup et al., 2004). It also contains varying levels of antioxidants including tocopherols and carotenoids (Siess, 2006, Jessup et al., 2004, Esterbauer et al., 1992). LDL contains 3000 fatty acids with approximately 50% of these polyunsaturated (Esterbauer et al., 1992). The first characterisation of scavenger receptors was carried out using acetylation modification of LDLs (Goldstein et al., 1979). However, this type of modification is not observed in normal physiologic circumstances (Goldstein et al., 1979, Devaraj et al., 2001, Sánchez-Quesada and Villegas, 2012). 

OxLDL is another ligand of scavenger receptors that has been studied extensively due its strong links with atherosclerosis (Parthasarathy et al., 1986, Palinski et al., 1989). The oxidation of LDLs was described to occur in three major steps. The first phase is the lag-phase, where the LDL particle loses antioxidants accompanied by very mild decomposition of polyunsaturated fatty acids. The loss of antioxidants results in the initiation of the second phase, also known as the propagation phase, where polyunsaturated fatty acids are transformed into lipid hydroperoxides by oxidation. Further degradation of the lipid hydroperoxides results in the formation of aldehydic products (decomposition phase). For maximum binding and uptake of oxLDL by scavenger receptors the aldehydes become bound to ApoB in what is described as the late decomposition phase (Esterbauer et al., 1992). 

The forms of oxLDL, either lab-based or isolated from plasma, are very heterogeneous, and generally are described in the literature as mildly (minimally) or heavily (extensively) oxidised (Yancey and Jerome, 2001, Schmitz and Grandl, 2009, Sheedy et al., 2013, Moore and Freeman, 2006, Ling et al., 1997, Han and Pak, 1999). Mildly modified oxLDLs are characterised by a chemical structure that is sufficiently modified to be different from LDLs, but still recognised by LDL receptors and not by the majority of the members of the scavenger receptor family. When the level of oxidative modification of LDL prevents the recognition of these molecules by LDL receptors, and they are recognised by more members of the scavenger receptor family, these molecules are described as heavily, extensively, or fully oxidized LDLs (Levitan et al., 2010), and will be referred to here as oxLDL. 

The level of oxidation in modified LDLs can be detected by a thiobarbituric acid-reactive substances assay (TBARS), where lipid peroxidation end product, malondialdehyde, is measured by the detection of emitted light produced by the reaction of malondialdehyde with thiobarbituric acid (Buege and Aust, 1978, Chen and Khismatullin, 2015). Minimally oxLDL has been suggested to contain 0.2–12 nM of TBARS/mg protein (Freeman et al., 1991, Jerome et al., 1998, Rios et al., 2013), while heavily oxLDL can contain ≥ 30 nM of TBARS/mg protein (Puente Navazo et al., 1996, Rios et al., 2013, Malaud et al., 2002). 

Modification of LDL by oxidation can occur under normal physiologic conditions (Palinski et al., 1989, Yoshida and Kisugi, 2010) mostly in sub-endothelial spaces in blood vessels (Figure ‎1.3) (Yoshida and Kisugi, 2010). This modification probably does not occur in the circulation due to the availability of high levels of antioxidants, like serum albumin, ascorbate and tocopherol (Itabe, 2009). LDL can also undergo oxidation intracellularly in macrophages, mostly in their lysosomal compartments (Levitan et al., 2010). These types of LDL oxidation are known to be an important mechanism in endothelial dysfunction and the development of atherosclerosis (Chen and Khismatullin, 2015). OxLDL can enhance adherence and penetration of circulating monocytes to the endothelium, partly through inducing the release of monocyte chemoattractant protein-1 (CCL2) by arterial wall endothelial cells (Cushing et al., 1990, Linton et al., 2000). Additionally, oxLDL can directly act as a chemoattractant to monocytes, as well as inducing the release of macrophage colony-stimulating factor that results in the differentiation of blood monocytes into tissue macrophages. These macrophages display elevated expression of SR-A (Rajavashisth et al., 1990, Gordon and Pluddemann, 2017), which bind oxLDL as its major ligand and contribute to formation of foam cells that play a crucial role in the development of atherogenesis (Figure 1.3) (Dejager et al., 1993, Yu et al., 2013). 

Inflammation sites are another potential environment for oxLDL formation, probably due to the availability of high levels of LDLs because of increased vascular permeability, and the elevated production of reactive oxygen species (ROS) resulting in oxidative modification of these LDLs (Bochkov and Leitinger, 2003, Scaccini and Jialal, 1994, Levitan et al., 2010). Free radicals generated by cells of the arterial wall such as superoxide, nitric oxide and hydroxy radicals, can play a role in LDL modification (Morel et al., 1983). These modified LDLs can be scavenged and internalised by tissue macrophages, reducing tissue levels of free radicals that are known to cause tissue injury (Freeman and Crapo, 1982). However, oxidation by free radicals tend to change receptor recognition by affecting polyunsaturated fatty acids in these molecules (Levitan et al., 2010). 

In vitro modification of LDLs has been achieved using several different methods including the use of acetic anhydride/sodium acetate to produce acLDL (Basu et al., 1976) and the use of  copper ions for the production of oxLDL (Parthasarathy et al., 1986, Parthasarathy et al., 1987). Oxidation of LDL by ionizing radiation has been also described in the literature. This modification produced oxLDL that have low levels of hydroperoxide decomposition when compared to those achieved by copper oxidation, resulting in these not being recognised by scavenger receptors (Babiy and Gebicki, 1999). The level of in vitro oxidative modification relies on a number of critical technical steps to produce the end product, which eventually will have different impact on the way modified LDLs interact with cellular receptors. 

According to the level of oxidation and type of receptor engaged, there are three levels of in vitro produced oxLDL modifications. The first is the minimally oxLDLs, which can be produced by two hours of 5 µM Cu2+ oxidation of LDL (Sheedy et al., 2013). The second is the mildly oxLDLs that can be produced by four to ten hours of 5 µM Cu2+ oxidation (Endemann et al., 1993). The third type is the extensively oxLDL that are the result of twenty or more hours Cu2+ oxidation (Nihei et al., 2005, Sun et al., 2007). The binding and uptake of extensively oxLDL was shown to be mediated through members of both class A and class B scavenger receptors (Moore and Freeman, 2006, Brown and Goldstein, 1983, Endemann et al., 1993). Minimally oxLDL are not generally recognised by scavenger receptors (Terpstra et al., 1998) and moderately oxLDL bind with a higher affinity to scavenger receptor B2 (SR-B2) compared to scavenger receptor A1 (SR-A1) (Endemann et al., 1993). This suggests that the method and level of modification used to produce these modified LDLs has an impact on their binding and uptake by scavenger receptors.
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[bookmark: _Ref483845695][bookmark: _Toc488170779][bookmark: _Toc497199210]Figure ‎1.3 Mechanism of LDL oxidation.
 Schematic representation of LDL oxidation in the sub-endothelial space. When LDL molecules enter the sub-endothelial space of an artery they can be oxidised by macrophages, smooth muscle cells or endothelial cells (vascular cells), via oxidising enzymes (for example myeloperoxidase in the presence or absence of metal ions). Nitric oxide alone can act as an antioxidant and inhibit the process, whereas superoxide anion generated by vascular cells enhance it thereby acting as a pro-oxidant.  Minimally modified oxLDL (MM-oxLDL) can re-enter the blood circulation due to its low binding affinity to macrophage-expressed scavenger receptors. Extensively oxLDL have high affinity for scavenger receptors expressed by macrophages and so can be readily taken up by these cells, ultimately transforming these cells into lipid-laden macrophages. 

[bookmark: _Toc477301885][bookmark: _Toc488167516][bookmark: _Ref495307436][bookmark: _Toc497199096]Cholesterol and its role in cancer biology
The role of elevated levels of cholesterol in cancer cell transformation was first reviewed in the literature in the beginning of twentieth century (Robertson and Burnett, 1913, Warburg et al., 1927). The biosynthesis of cholesterol involves several sequential enzymatic reactions resulting in the conversion of 2-carbon acetyl-coenzyme A (acetyl-CoA) into cholesterol that contains 27 carbon atoms (Sato and Takano, 1995). In mammalian cells, acetyl-CoA is produced in mitochondria from pyruvate via the pyruvate dehydrogenase complex. Pyruvate is a product of glycolysis, where a glucose molecule (containing six carbon atoms) is converted into two molecules of pyruvate (each containing three carbon atoms). This process involves 10 separate sequential reactions, each of these reactions produces a different sugar intermediate and a different enzyme catalyses each these reactions (Wellen et al., 2009). 

As well as being derived from pyruvate, acetyl-CoA can also be derived from citrate, a product of the tricarboxylic acid cycle. Here citrate is converted to acetyl-CoA via ATP citrate lyase. Another cytosolic pathway of acetyl-CoA synthesis is from acetate via acetyl-CoA synthetase (Wellen et al., 2009, Choudhary et al., 2014).

The process of cholesterol synthesis has five major steps Figure ‎1.4:
1. Conversion of acetyl-CoA to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
2. Conversion of HMG-CoA to mevalonate
3. Conversion of mevalonate to isopentenyl pyrophosphate (IPP)
4. Conversion of IPP to squalene
5. Conversion of squalene to cholesterol.

Acetyl-CoA is converted to HMG-CoA in the cytoplasm. Two molecules of acetyl-CoA are utilized by acetoacetyl-CoA thiolase to form acetoacetyl-CoA. A third molecule of acetyl-CoA is then added to acetoacetyl-CoA by HMG-CoA synthase
to produce HMG-CoA (Figure 1.4). 

Next HMG-CoA is converted to mevalonate by HMG-CoA reductase (HMGR); this endoplasmic reticulum bound enzyme requires two moles of NADPH during the conversion of HMG-CoA to mevalonate. HMGR is the rate-limiting enzyme of cholesterol biosynthesis and is highly regulated by cholesterol supply. Mevalonate undergoes three sequential phosphorylations by firstly mevalonate kinase and then phosphomevalonate kinase to eventually produce mevalonate-5-pyrophosphate. The newly synthesized mevalonate-5-pyrophosphate undergoes an ATP-dependent decarboxylation producing the activated isoprenoid molecule, isopentenyl pyrophosphate (IPP). IPP is in equilibrium with its isomer dimethylallyl pyrophosphate via isopentenyl pyrophosphate isomerase. One molecule of IPP and one molecule of DMPP are condensed to form geranyl pyrophosphate (GPP). A second molecule of IPP is further condensed with GPP to generate farnesyl pyrophosphate (FPP) via farnesyl pyrophosphate synthase. 

Condensation of two molecules of FPP by the endoplasmic reticulum-associated enzyme squalene synthase catalyses (Tansey and Shechter, 2000) the production of squalene. This is followed by a two-step enzymatic cyclisation of squalene to yield lanosterol, the first sterol intermediate. The first step in this reaction is via sequalene mono oxygenase that converts squalene to squalene 2, 3 epoxide. This reaction is NADPH-dependent and also requires supernatant protein factor (SPF) to introduce oxygen at positions 2, 3. The second step is the conversion of squalene 2, 3 epoxide to lanosterol by sequalene 2, 3 epoxidase (Van Tamelen et al., 1967). 

The conversion of lanosterol to cholesterol is a process consisting of 19 sequential steps of enzymatic reactions that are endoplasmic reticulum-associated, resulting in the carbon chain shortening from 30 to 27 carbons, where two methyl groups are removed at carbon position 4. Migration of the double bond from carbon position 8 to carbon position 5, as well as the reduction of the double bond found between carbon position 24 and carbon position 25 also occurs in these reactions (Gaylor, 2002, Cerqueira et al., 2016).
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[bookmark: _Ref494127978][bookmark: _Toc497199211]Figure ‎1.4 Pathway of cholesterol biosynthesis
 Diagrammatic representation of the cholesterol biosynthesis highlighting major intermediates and enzymes involved in the pathway. HMG; hydroxymethylglutaryl.




Cholesterol has been known to be an important component of mammalian cells but despite numerous studies, the role cholesterol plays in the biology of mammalian cells has remained poorly understood. Mammalian cells are not able to undergo normal growth without cholesterol and as a result cholesterol is synthesised by cellular pathways (Yeagle, 1991).

In cancer patients, low cholesterol serum levels suggest that cholesterol may accumulate in the tumour tissue (Benn et al., 2011, Strasak et al., 2009). Moreover, the activities of various pathways are increased that then accumulate intracellular cholesterol in cancer cells. These include the loss of feedback inhibition of 3-hydroxy-3 methylglutaryl coenzyme A reductase (HMG-CoAR; a cholesterol biosynthetic pathway rate limiting enzyme) (Gregg et al., 1986), up-regulation of HMG-CoAR activity (Notarnicola et al., 2004), elevated extracellular cholesterol uptake mediated by LDL receptors (Tatidis et al., 2002) and decreased levels of ATP binding cassette transporter A1 (ABCA1;  a cholesterol exporter), all of which have been reported in cancer tissues (Moustafa et al., 2004). There are two pathways/mechanisms by which cancer cells can increase cholesterol uptake (Goldstein and Brown, 1974). These are either the increased uptake of LDL by up-regulation of the human plasma primary cholesterol carrier, or by endogenous synthesis of cholesterol (Goldstein and Brown, 1990). 

The use of various pharmacological approaches to inhibit cholesterol synthesis, have led to the reduction of tumour growth in an in vivo xenograft model (Huang et al., 2010a), and lowered doxorubicin resistance in a xenograft liver cancer model, supports the role of cholesterol in cancer promotion (Montero et al., 2008). Cancer cells appear to require an elevated cholesterol concentration and cholesterol precursors and fulfilment of such a requirement may be met by increased HMG-CoAR activity or enhanced LDL receptor activity, or both (Rudling et al., 1990).There is a direct relationship between anti-cancer drug resistance and intracellular cholesterol deposition (Tatidis et al., 2002). Similarly, elevated LDL receptor expression has been linked to decreased survival rates in cancers patients (Rudling et al., 1990). The absence of these receptors encourages tumour cells to rely on endogenous cholesterol synthesis required for proliferation, resulting in elevation of HMG-CoA reductase activity inside the cancer cell (Notarnicola et al., 2004)    Furthermore, HDL is considered an important mediator of cholesterol homeostasis and provides a number of protective functions including anti-microbial, anti-inflammatory, anti-oxidant and modulating innate immunity cellular responses (Navab et al., 2009). Reports suggest that there is an inverse association between HDL cholesterol and cancer incidence, which is independent of LDL cholesterol (Jafri et al., 2009).

HDL is a mixture of heterogeneous lipoprotein particles with variable sizes and compositions (James et al., 1988).  HDL was first described to take part in the excretion of cholesterol from bile by removing it from the peripheral tissues and delivering it to the liver, a process termed reverse cholesterol transport (Glomset, 1968). The role of HDL in the stimulation of cholesterol efflux from cells is likely via two distinct mechanisms. The first mechanism is by desorption/diffusion of cholesterol to the HDL particle (acceptor particle) from the plasma membrane and does not rely on cellular binding. The second mechanism is mediated by the interaction of apolipoprotein with cell surface binding sites. Apolipoprotein then initiates the removal of cholesterol from the plasma membrane (Bielicki et al., 1992) and translocation of intracellular cholesterol to the membrane for subsequent efflux (Rogler et al., 1995).

[bookmark: _Toc477301886][bookmark: _Toc488167517][bookmark: _Ref495133840][bookmark: _Toc497199097]Scavenger receptor definition and nomenclature
Scavenger receptors are structurally very heterogeneous. They are divided into different classes and despite members of each class sharing some structural features, there is very little or no similarities among these various classes on a structural basis. The incorporation of scavenger receptors into one superfamily is due to the fact that they share some functional properties (Canton et al., 2013).  In 1997, Krieger proposed that scavenger receptors can be classified into six major classes (designated A to F) based on their sequence alignments and the architecture of their protein domain (Krieger, 1997).  

As the knowledge about the functional characteristics of scavenger receptors expanded, it was realised that these receptors can also participate in pathogen recognition, binding and clearance. This new finding made it necessary to expand Krieger’s classification (Van Gorp et al., 2010). The first expansion to the classification was made in 2005, where two further classes (G and H) were incorporated into the scavenger receptor superfamily (Murphy et al., 2005). The continued expansion of the scavenger receptors family is due to the discovery of new members of this family and also due to the presence of already characterized proteins that recently have been shown to be capable of scavenging activity, and were not originally included in this family (Shibata et al., 2004, Gu et al., 2011). All these factors lead to the need of developing a standardised scavenger receptor nomenclature to accommodate for future expansion, to decrease verbosity and to support good collaboration and communication among investigators within the field. For this purpose a workshop, attended by fifteen investigators from five countries, called for and led by the United States National Institute of Allergy and Infectious Diseases, National Institutes of Health, was established in order to define nomenclature system of scavenger receptors (PrabhuDas et al., 2014). 

The working definition for scavenger receptors agreed upon by the group was “Scavenger receptors are cell surface receptors that typically bind multiple ligands and promote the removal of non-self or altered self-targets. They often function by mechanisms that include endocytosis, phagocytosis, adhesion, and signalling that ultimately lead to the elimination of degraded or harmful substances” (PrabhuDas et al., 2014). The group agreed to a standardised nomenclature formula that is composed of two initial letters; SR, which stands for scavenger receptor, followed by a hyphen and then a capital letter indicating the scavenger receptor class. This is followed by the type of molecule (class member) within the class, which is designated by an Arabic number (e.g. SR-B1). If the class member has an alternate splice form, then the type of molecule is followed by a dot and an Arabic number (e.g., SR-B1.1). The order in which the scavenger receptor molecules were discovered would be the basis for the numbering followed in this formula. Based on that nomenclature system, the group proposed changes to current mouse and human scavenger receptor nomenclature. 

[bookmark: _Toc477301887][bookmark: _Toc488167518][bookmark: _Toc497199098]Classes of human scavenger receptors
Currently the family of human scavenger receptors consists of nine classes (A-J), excluding scavenger receptor class C (SR-C) which is expressed only in Drosophila melanogaster (Krieger, 1997). Table ‎1.1 shows a summary of human scavenger receptors based on nomenclature system proposed by PrabhuDas (PrabhuDas et al., 2014). Several scavenger receptor classes shown in the table are composed of more than one member, which in turn might have one or more isoforms. The main focus of the literature review in this thesis will be on the human class A and class B scavenger receptors (SR-A and SR-B) that are the most extensively studied scavenger receptors. PrabhuDas et al. also describe the presence of other potential scavenger receptors, such as SRCLII that represent molecules having scavenger activity but, as yet, are not listed in the current scavenger receptor classification table. Inclusion of these receptors as members of scavenger receptor family requires further information and input from the wider scientific community (PrabhuDas et al., 2014) and so they are not described in detail in this introduction chapter. 
 
[bookmark: _Ref494286192][bookmark: _Ref488683811][bookmark: _Toc497199270]Table ‎1.1 Summary of human scavenger receptors
	SR Nomenclature to be used
	Current NCBI Gene Name
	Alternative Names
	Ligand

	Class
	Class Members
	
	
	

	SR-A
	SR-A1
	MSR1
	SR-AI, SCARA1
	modified LDL, polynucleic acids, β-amyloid fibrils, type I and type III modified collagen, apoptotic cells, Gram negative and positive bacteria, LPS

	
	SR-A1.1
	
	SR-AII
	

	
	SR-A1.2
	
	SR-AIII
	

	
	SR-A3
	SCARA3
	MSRL1, APC7
	Reactive oxygen species

	
	SR-A4
	COLEC12
	SCARA4, SRCL, CLP-1
	oxLDL, Gram negative and Gram-positive bacteria, β-amyloid fibrils, Lewis-X trisaccharides

	
	N/A
	SRCL-II
	hSRCL type II
	Gram-negative and Gram-positive bacteria, β-amyloid fibrils

	
	SR-A5
	SCARA5
	RESR, NET33
	Gram negative and Gram-positive bacteria, haptoglobin/hemoglobin

	
	SR-A6
	SCARA2
	MARCO
	modified LDL, LPS, Gram-negative and Gram-positive bacteria, uteroglobin-related protein-1

	SR-B
	SR-B1
	SCARBI
	SR-BI, CD36L1, CLA1
	modified LDL, PPARα, PPARγ, LPS, anionic phospholipids, HDL, Gram negative and Gram-positive bacteria

	
	SR-B1.1
	SCARB2
	SR-BII, LIMP2, CD36L2, LGP85
	Enteroviruses, β-glucocerebrosidase

	
	SR-B2
	CD36
	SCARB3, FAT, GPIV, PAS4
	modified LDL, TGF-β1, TGF-β2, IFN-γ, Interleukin-4, M-CSF, phorbol esters, HDL, LPS, S. aureus, Candida albicans, apoptotic cells, collagen, thrombospondin-1

	SR-D
	SR-D1
	CD68
	Gp110, SCARD1, LAMP4
	apoptotic cells, oxidized lipoproteins, ICAM-L (Leishmania surface protein)

	SR-E
	SR-E1
	OLR1
	LOX-1, SCARE1, CLEC8A
	oxLDL, acLDL, apoptotic cells, Gram negative and Gram-positive bacteria, β-amyloid, TNF-α, phorbol ester, fibronctin, endothelin-1

	
	SR-E2
	Dectin1
	CLEC7A
	plant, fungal and bacterial carbohydrates, intact parasites and fungi

	SR-F
	SR-F1
	SCARF1
	SREC-I
	modified LDL, heat shock proteins, calreticulin, advillin, polyinosinic acid, pathogenic yeasts Cryptococcus neoformans and C. albicans

	
	SR-F2
	SCARF2
	SREC-II
	modified LDL

	
	SR-F3
	MEGF10
	EMARDD
	β-amyloid

	SR-G
	SR-G1
	CXCL16
	SR-PSOX
	Gram-negative and Gram-positive bacteria, OxLDL, CXCR6, phosphatidylserine

	SR-H
	SR-H1
	STAB1
	FEEL-1
	Gram-negative and Gram-positive bacteria, AGE, acLDL, phosphatidylserine, placental lactogen, growth differentiation factor 15, heparin

	
	SR-H2
	STAB2
	FEEL-2
	

	SR-I
	SR-I1
	CD163
	M130
	haptoglobin/hemoglobin, Gram-negative and Gram-positive bacteria

	
	SRI2
	CD163L1
	M160, CD163B
	

	SR-J
	SR-J1
	RAGE (membrane form)
	AGER
	AGE (advanced glycation endproducts)

	
	SRJ1.1
	RAGE (slouble form)
	AGER
	



[bookmark: _Toc477301888][bookmark: _Toc488167519][bookmark: _Toc497199099]Class A scavenger receptors
SR-A1 was the first scavenger receptor to be cloned (Gough et al., 1998). Previously, SR-A receptors were designated as macrophage scavenger receptors (MSR) (Brown and Goldstein, 1983). Brown and Goldstein described this receptor on macrophages as a trimeric glycoprotein that is able to bind modified LDL causing these cells to play a role in atherogenesis by contributing in the pathologic deposition of cholesterol. They are also involved in the host defence against pathogenic organisms through the recognition of endotoxin precursors of bacteria (Brown and Goldstein, 1983). Bowdish and Gordon defined SR class A as “receptors expressed on the plasma membrane, that contain SRCR (scavenger receptor cysteine-rich) and collagenous domains, that are predicted to be phagocytic, and that recognize negatively charged and other ligands with lipid moieties such as lipoproteins and lipopolysaccharides” (Bowdish and Gordon, 2009).

[bookmark: _Toc477301889]Genetics
The human gene that encodes for SR-A1 and its spliced forms SR-A1.1 and SR-A1.2 is located at band p22 on chromosome 8 and is currently referred to as MSR1 gene (Emi et al., 1993, Resnick et al., 1994). The three splice variants contain the same coding exons 2-8 (Figure ‎1.5). The cytoplasmic domain of theses receptors is coded by exon 2, transmembrane domain is coded by exon 3, the helical coiled coil domain is coded by exon 4 and 5, and the collagenous domain is coded by exons 6-8. SR-A1 contains exon 10 and 11 coding the 110aa C-terminal region (scavenger receptor cysteine-rich domain; SRCR). SRCR domain has two regions. The N-terminal region contains two conserved cysteines, coded by exon 10. While the C-terminal half contains 4 cysteine amino acids and is coded by exon 11 (Emi et al., 1993). 

SR-A1.1 is spliced from exon 8 directly to the receptor specific exon 9, which codes for the extracellular C-terminal region (Emi et al., 1993) where the SRCR domain is very short (Peiser et al., 2000)(Figure ‎1.6) and contains four of the six cysteine residues found in SRCR (Martínez et al., 2011). SR-A1.2, has exon 8 spliced onto exon 11 (Figure ‎1.5). This results in a truncated C-terminal domain (47 amino acids) containing only four cysteines (Gough et al., 1998, Emi et al., 1993).

The gene encoding SR-A3 is located on chromosome 8p21 (Han et al., 1998) while the gene encoding SR-A5 (SCARA5) is located at chromosome 8p21.1 (Huang et al., 2010b). SCARA3 contains 6 exons and can bind p53 at its noncoding 5′ region (Han et al., 1998). The human SR-A4 encoding gene or SCARA4 is located on chromosome 18 and can be alternatively spliced to generate at least two different isoforms (Resnick et al., 1994). SR-A6 gene (SCARA6), currently known as MARCO, encodes a larger polypeptide and is located on human chromosome 2V (Resnick et al., 1994). The two latter genes, as well as SCARA1, share a common collagen-like domain suggesting that they arose from a primordial ancestral gene that underwent duplication and dispersal through the human genome during evolution (Resnick et al., 1994).
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[bookmark: _Ref494271047][bookmark: _Toc497199212]Figure ‎1.5 Gene structure of SR-A1 and its splice variants: 
 Diagrammatic representation of the gene structure of SR A1 and its splice variants (SR-A1.1 and SR-A1.2) showing coding exons (numbered boxes) of these genes. All three variants contain exons 2–8 (green boxes). SR-A1 contains exons 10 and 11, SR-A1.1 contains exon 9, and SR-A1.2 contains exon 11 (orange boxes).

[bookmark: _Toc477301890]Protein structure
Class SR-A consist of homotrimeric type II transmembrane glycoproteins (Gough et al., 1998) that are composed of a cysteine-linked dimer and a non-covalently bound monomer (Penman et al., 1991) (Figure ‎1.6). All members in this class have a similar structure. Based on its primary amino acid sequence, SR-A1 is predicted to have six regions or domains that are each comprised of a relatively short 50 amino acid (aa) distinct cytoplasmic N-terminus, a transmembrane domain (25-aa), a spacer region (75-aa) that may be N-glycosylated, a helical coiled coil (121-aa), a collagenous domain (69-aa), and an extracellular C-terminal cysteine-rich domain (110-aa) (Kodama et al., 1990, Acton et al., 1993, Krieger, 1997, Gough et al., 1998, Dhaliwal and Steinbrecher, 1999). The C-terminal cysteine-rich (termed scavenger receptor cysteine-rich (SRCR)) domain contains three intra-domain disulphide bonds connecting six conserved cysteine residues. The SRCR domains ability to interact with proteins has been shown to enable them to take part in immune response regulation by recognising non-self molecules (Freeman et al., 1990, Resnick et al., 1994). The SR-A1 collagenous domain is of particular importance because of its role in receptor trimerisation and ligand binding, which can be attributed to the positively charged residues in this domain. This domain is also important for receptor dissociation from the ligand within endosomes (Doi et al., 1993, Acton et al., 1993). The difference between SR-A1 and SR-A1.1 is that the SRCR domain is absent or very short in the latter, although the lack of this domain does not have an effect on binding of most ligands (Peiser et al., 2000). Unlike SR-A1.1, which has a short C-terminal region, SR-A1.2 has a truncated C-terminal region (Peiser et al., 2000) and contains only four of the six C-proximal cysteine residues that are found in SR-A1 (Gough et al., 1998). SR-A1.2 is trapped in the endoplasmic reticulum and its function, if any, has yet to be elucidated (Gough et al., 1998). 

SR-A3 is comprised of three domains; a membrane-spanning domain, α-helical coiled-coil domain, and a C-terminal collagen-like domain. SR-A3 has a leucine zipper-like motif that overlaps with its transmembrane domain at the N-terminus (Han et al., 1998).

The SR-A4 protein contains three parts, a N-terminal intracellular portion, a transmembrane anchor and an extracellular domain. The extracellular domain is composed of a spacer region, α-helical coiled-coil region, a serine/threonine-rich domain, collagen-like domain, and C-type lectin carboxy-terminal domain (Ohtani et al., 2001, Coombs et al., 2005). It has a second protein isoform, SRCLII (which is not included in the new nomenclature system) that lacks the C-type lectin carboxy-terminal domain. Like SR-A1, the recognition of ligands is mediated by positively charged residues in its collagen-like domain (Ohtani et al., 2001). Depending on domain composition SR-A4 could be designated class A SR-CRD (carbohydrate recognition domain) (Bowdish and Gordon, 2009).

SR-A5 has a similar structure to SR-A1 and SR-A6, but it does not bind modified LDL (Jiang et al., 2006). SR-A5 is composed of five domains that include; a short N-terminal cytoplasmic domain (residues 1–59) which lacks any previously recognised endocytosis residues, a putative transmembrane domain (residues 60–77), an extracellular spacer region (residues 78–305), a triple helical collagenous domain (residues 306–378) which is significantly shorter than those of SR-A4 and SR-A6 and a C-terminal SRCR domain (residues 386–491). Like SR-A6, SR-A5 lacks the α-helical coiled-coil domain that is present in SR-A1 (Jiang et al., 2006).

SR-A6 contains a longer triple-helical collagenous domain, as compared to SR-A1. Although SR-A6 and SR-A1 have a similar SRCR domain, they differ in the distribution of the cysteine residues in this domain (Elomaa et al., 1995). Another structural difference between SR-A6 and SR-A1 is the absence of the α-helical coiled coil domain (Elomaa et al., 1995), SR-A1, relies on its collagenous domain to play a role in ligand binding, whereas SR-A6, binds ligands within the SRCR domain (Elomaa et al., 1998).









[image: ]
[bookmark: _Ref494271019][bookmark: _Ref486076578][bookmark: _Toc488170780][bookmark: _Ref494271004][bookmark: _Toc497199213]Figure ‎1.6 Mammalian scavenger receptors.
  Schematic representation of mammalian scavenger receptors, nomenclature of represented receptors follows the proposal of the PrabhuDas group.
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[bookmark: _Toc477301891]Class members
This class of scavenger receptor family currently contains seven members; key features of each are discussed below.

[bookmark: _Toc477301892]SR-A1
[image: ]SR-A1 was initially isolated from bovine lung mRNA. Subsequently SR-A1 was identified in other species, including mice and humans (Gough et al., 1999). It is primarily expressed in tissue macrophages, for example medullary and cortical thymic macrophages and other macrophage subtypes such as Kupffer cells (Hughes et al., 1995). It is also expressed on endothelial cells (Naito et al., 1992, Hughes et al., 1995, Bowdish and Gordon, 2009), smooth muscle cells (Naito et al., 1992, Murphy et al., 2005) and mast cells (Brown et al., 2007, Ingersoll et al., 2010). One of the most important functions of SR-A1 is its ability to recognise a wide range of ligands, including modified LDL (Goldstein et al., 1979) and proteins (e.g. acLDL, maleylated bovine serum albumin),  polynucleic acids (Brown and Goldstein, 1983), certain carbohydrate-based ligands (Dhaliwal and Steinbrecher, 1999), lipid A component of lipopolysaccharide, lipoteichoic acid (Peiser et al., 2006) and soluble β-amyloid precursor proteins secreted by activated platelets (Santiago-Garcı́a et al., 2001). The ability of SR-A1 to bind to β-amyloid fibrils (El Khoury et al., 1996) indicates that it has a role in the uptake and processing of β-amyloid which in turn can affect the onset of Alzheimer’s disease (Murphy et al., 2005).  SR-A1 aids macrophage adhesion to the extracellular matrix of human smooth muscle cells (Santiago-Garcı́a et al., 2003) as well as to monomeric type I and type III collagen that is collagenase-modified or heat denatured (Gowen et al., 2001). This may hold importance for macrophage activation and infiltration (Plüddemann et al., 2007) as well as uptake and presentation of modified antigens (Harshyne et al., 2003) and surface adenocarcinoma tumour antigen (gp100) to T cells (Plüddemann et al., 2007). SR-A1 is also involved in the clearance of apoptotic cells by macrophages (Dunne et al., 1994, Platt et al., 1996), indicating its role in tissue maintenance and homeostasis (Platt et al., 1996).

[bookmark: _Toc477301893]SR-A1.1
[image: ]SR-A1.1 is a splice variant of SR-A. It is usually co-expressed with SR-A1 (Bowdish and Gordon, 2009) and is mainly expressed on macrophages. It is involved in homeostatic functions such as lipid metabolism. Like SR-A1, SR-A1.1 is involved in the recognition and clearance of apoptotic cells, modified host components (Dunne et al., 1994), and binding polynucleic acids, bacterial components and certain carbohydrate-based ligands (Dhaliwal and Steinbrecher, 1999). No functional discrepancies have been shown between these two isoforms (Bowdish and Gordon, 2009).

[bookmark: _Toc477301894]SR-A1.2
SR-A1.2 is another splice variant of SR-A1. SR-A1.2 is a dominant negative receptor that cannot bind extracellular ligands because it is retained in the endoplasmic reticulum (Gough et al., 1998) and does not reach the cell surface. It is thought that it might play a role in inhibiting ligand binding by SR-A1 and SR-A1.1(Murphy et al., 2005).

[bookmark: _Toc477301895]SR-A3
[image: ]SR-A3 is expressed in a variety of tissues and cell types, including the placenta, lung, heart, intestine and epithelial cells (Whelan et al., 2012) as well as fibroblasts and leucocytes (Canton et al., 2013). SR-A3 is involved in the protection of cells from mutational damage caused by oxidative stress (Han et al., 1998, Canton et al., 2013), through increasing cellular metabolism (Han et al., 1998), and the receptor has been shown to be down-regulated in prostate cancer, indicating its role as a putative prostate cancer suppressor protein (Yu and Luo, 2006, Canton et al., 2013).

[bookmark: _Toc477301896]SR-A4
Although SR-A4 was first cloned from placenta and liver tissue, it is now known to be expressed in many tissues and cell types (Ohtani et al., 2001), including placenta, lung, heart, intestine and epithelial cells (Whelan et al., 2012).  Although mRNA expression of SR-A4 was detected in the murine macrophage cell line J774A, it is not expressed by human macrophages. The receptor is also expressed on endothelial cells from human [image: ]umbilical artery and vein, in addition to cardiac endothelial cells (Coombs et al., 2005), implying that SR-A4 might be widely expressed by vascular endothelial cells (Coombs et al., 2005, Plüddemann et al., 2007). SR-A4 binds to oxLDL but not acLDL (Ohtani et al., 2001), and like other SR-A class members, its ability to bind oxLDL particles is attributed to the collagen-like domain that is also able to bind to Gram-negative bacteria (Ohtani et al., 2001). Binding, internalisation and degradation of oxLDL by vascular endothelial cells is mediated by SR-A4 (Selman et al., 2008). Similar to SR-A1, SR-A4 can bind β-amyloid fibrils, indicating it might be involved in Alzheimer’s disease, where it plays a role in the clearance of β-amyloid fibrils from the brain (Nakamura et al., 2006). The ligation of Lewis-X trisaccharides, a ligand for galactose-specific receptors, and other asialo-ligands by SR-A4 could be explained on the basis of the similarity between the SR-A4 extracellular C-terminal carbohydrate-recognition domain and its counterpart found on these galactose-specific receptors. It has been shown that SR-A4 is capable of internalizing and degrading these asialo-ligands, implying its role in homeostasis in clearing desialylated glycoproteins (Coombs et al., 2005).

[bookmark: _Toc477301897]SR-A5
[image: ]The expression of SR-A5 is restricted to selected epithelial cells (Whelan et al., 2012) of the mucosal lining of the trachea, testis, bladder, lung, small intestine (Doi et al., 1993), adrenal gland and thymus (PrabhuDas et al., 2014). In contrast to the other class A scavenger receptors, SR-A5 cannot bind and endocytose modified LDL due to sequence differences in the collagenous domain from SR-A (Whelan et al., 2012, Doi et al., 1993, Jiang et al., 2006). In contrast, SR-A5 binds Gram-negative and Gram-positive bacteria and internalise them (Doi et al., 1993) and so might have an important role in innate host defence (Elomaa et al., 1995).


[bookmark: _Toc477301898]SR-A6
Current evidence suggest that the expression of SR-A6 is restricted to macrophages in [image: C:\Users\Dr.Nibras\Desktop\#1Corrections\#addition\SR-A6.png]the spleen marginal zone, medullary lymph nodes (Penman et al., 1991, Elomaa et al., 1995, PrabhuDas et al., 2014), alveolar macrophages in the lung (Arredouani et al., 2004) as well as resident peritoneal macrophages (Elomaa et al., 1995). SR-A6 can bind endogenous ligands including acLDL and oxLDL (Elomaa et al., 1995, Kraal et al., 2000). The expression of SR-A6 at both the mRNA and protein level is increased upon binding to bacteria, lipopolysaccharides or dead cells (van der Laan et al., 1997, Svensson et al., 2002, Brännström et al., 2002), indicating its role in the clearance of apoptotic and pathogens in host defence (Murphy et al., 2005). SR-A6 expression is up-regulated on dendritic cells in response to tumour lysate, a mechanism used to induce antitumor responses in these cells (Grolleau et al., 2003). This process of up-regulation of SR-A6 is accompanied by formation of long dendritic processes that resulted in an increase in dendritic cell phagocytic capacity (Murphy et al., 2005). 

It has been shown that SR-A6 is involved in the retention of B-cells in the spleen marginal zone through the interaction of macrophages expressing SR-A6 in that zone with SR-A6 ligands expressed on B-cells (Karlsson et al., 2003), indicting its importance in the organisation of the spleen marginal zone, by playing a role in the differentiation and positioning of macrophages (Chen et al., 2005). SR-A6 also plays an important role in lung inflammatory processes, probably through the interaction of macrophage expressed SR-A6 and uteroglobin-related protein-1, a SR-A1 ligand expressed by bronchial epithelial cells (Bin et al., 2003), demonstrating a role in immune responses against inhaled particles and airborne pathogens (Murphy et al., 2005).

[bookmark: _Toc477301899][bookmark: _Toc488167520][bookmark: _Toc497199100]Class B scavenger receptors
Human class B scavenger receptors include SR-B1, SR-B1.1 and SR-B2 (Table ‎1.1).  Among these receptors, SR-B2 was the first to be cloned (Endemann et al., 1993). All of these proteins contain C- and N-terminal cytoplasmic tails, two transmembrane portions and an extracellular domain (Acton et al., 1996). The following sections describe in full the genetics and protein structure of members of the class B scavenger receptor family. 

[bookmark: _Toc477301900]Genetics
All human class B scavenger receptors are a subgroup of the scavenger receptor gene family. Two of these encode plasma membrane proteins, SR-B1 (Calvo and Vega, 1993) and SR-B2 (Greenwalt et al., 1992). The gene encoding SR-B1 is located on chromosome 12 and is composed of 13 exons in total.  The gene encoding for human SR-B1.1 is found on chromosome 4 and contains 11 exons (Liou et al., 2014, Calvo et al., 1995), whilst the gene for human SR-B2 resides on chromosome 7 (Fernandez-Ruiz et al., 1993), and is composed of 15 exons. However, only part of exon 3, exon 4 through 13, and part of exon 15 code for SR-B2 protein (Collot-Teixeira et al., 2007).

[bookmark: _Toc477301901]Protein structure
All human class B scavenger receptors are type III transmembrane glycoproteins containing two domains that span the plasma membrane, a large extracellular loop that is responsible for ligand ligation, and cytoplasmic carboxyl and amino termini that are located on the intracellular side of the plasma membrane (Acton et al., 1996, Matsumoto et al., 2000, Mulcahy et al., 2004). Class B scavenger receptors are protected against protease enzyme activity, which is abundant in inflammatory sites, through the extensive N-linked glycosylation of the extracellular domain of these receptors (Asch et al., 1987). SR-B1 (Figure ‎1.6) is an 82 kDa cell-surface glycoprotein (Calvo and Vega, 1993, Krieger, 1999) containing a large extracellular loop (509-aa) and two hydrophobic transmembrane domains with a short cytoplasmic carboxyl- and amino-terminal tail (Krieger, 1999, Kimura et al., 2006). Human SR-B1.1 is composed of 478-aa with approximately 11 N-glycosylation sites, resulting in a molecular weight ranging from 60 to 85 kDa. SR-B1.1 has a conserved coiled-coil motif important for ligand binding (Reczek et al., 2007). Its C-terminus contains a leucine–isoleucine motif, necessary for sorting this receptor to lysosomes (Ogata and Fukuda, 1994). SR-B2 (Figure ‎1.6) is a heavily glycosylated 88 kDa transmembrane protein. The hydrophobic region near the amino tail is an uncleaved signal peptide (Oquendo et al., 1989). 

[bookmark: _Toc477301902]Class members
There are three members of class B scavenger receptors, B1, B2, and B1.1 (that is a splice variant of SR-B1 in mice).

[bookmark: _Toc477301903]SR-B1
[image: ]SR-B1 is currently known as SCARB1, SR-BI, CD36L1 or CLA-1 (CD36 and Lysosomal integral membrane protein-II Analogous-1). SR-B1 was the first HDL receptor to be identified (Acton et al., 1996) and is expressed in many mammalian tissues and cell types, including intestine, placenta, keratinocytes, smooth muscle cells (Acton et al., 1996), adipocytes (Nicholson, 2004), macrophages and endothelial cells, (Acton et al., 1996, Ashraf and Gupta, 2011). Expression of SR-BI is higher in HDL cholesterol-dependant tissues including liver for bile acid synthesis and steroidogenic (adrenal, ovary and testis) for steroid hormone synthesis (Acton et al., 1996, Rigotti et al., 1997). High SR-B1 expression is also detected in adrenal carcinoma, adrenal glomerulosa and adrenocortical tumour cells (Azhar and Reaven, 2002). Activation of peroxisome proliferator activated receptor α and γ (PPARα and PPARγ) in adipose and steroidogenic tissues, can increase the expression of SR-B1 protein levels by two fold, while polyunsaturated fatty acids can increase the expression of SR-B1 mRNA by 50%. In addition, testosterone can increase the expression of SR-B1 at the mRNA level (Chinetti et al., 2000). On the other hand, oxLDL decreases SR-B1 mRNA expression (Greenwalt et al., 1992, Han et al., 2001). Recently it was shown that lipopolysaccharides (LPS) are able to down-regulate the expression of SR-B1 at both the mRNA and protein level (Baranova et al., 2002, Vishnyakova et al., 2003). 

The ligands for SR-B1 are diverse including anionic phospholipids, modified LDL (acLDL and oxLDL), very low density lipoproteins and apoptotic cells (Krieger, 1999). SR-B1 binds HDL with high affinity, indicating that it has an important role in HDL metabolism (Acton et al., 1996). SR-B1 plays a role in both cellular efflux (Ji et al., 1997) and uptake of cholesterol (Goldstein et al., 1985). The uptake of cholesterol is achieved by the selective uptake of lipid by SR-B1 from hydrophobic lipoproteins (Rigotti et al., 2003). The role of SR-B1 in cholesterol uptake can influence the structural organisation of the cell membrane, for which cholesterol is an essential component (Reaven et al., 2001). SR-B1 was shown to have an anti-atherosclerotic effect (Braun et al., 2002, Covey et al., 2003) by regulating cholesterol efflux from cells (Webb et al., 1998). This receptor also mediates vitamin E transport (Mardones et al., 2002, Landes et al., 2003). 

Cigarette smoking can impose an increased oxidative stress, resulting in down-regulation of SR-B1 levels in the lung and consequently vitamin E levels. This may exacerbate already existing lung pathologies or trigger new pathologies associated with oxidative stress (Valacchi et al., 2011). In addition, the role of SR-B1 has been shown to be involved in the activation of endothelial nitric oxide synthase (Yuhanna et al., 2001), apoptosis (Li et al., 2005), malaria parasite infection (Rodrigues et al., 2008) and platelet aggregation (Dole et al., 2008).

[bookmark: _Toc477301904]SR-B1.1
Human SR-B1.1 is currently known as SR-BII, CD36L2. While in mice it is a spliced variant of SR-B1 and currently known as SR-BII. SR-B1.1 was first structurally defined in 1990 following rat and human cDNA sequencing and cloning (Fujita et al., 1991).  SR-B1.1 is a type III glycoprotein located in the limiting membranes of endosomes and lysosomes. Lysosomes are ubiquitous organelles important for the normal functioning of eukaryotic cells. Their function is the degradation and recycling of both intracellular and extracellular materials (Saftig and Klumperman, 2009). SR-B1.1 plays a role in the synthesis and maintenance of lysosomes and endosomes (Kuronita et al., 2002) and mediates the delivery of β-glucocerebrosidase from the endoplasmic reticulum to lysosomes (Canton et al., 2013). 

SR-B1.1 facilitates the entry of several enteroviruses that are associated with hand foot and mouth and neurological diseases, including enterovirus 71 and coxsackievirus (A7, A14, A16) (Yamayoshi et al., 2012b). SR-B1.1 also plays a role in viral uncoating (Canton et al., 2013). The SR-B1.1 protein is located in the lysosomal and endosomal compartments and shuttles to the plasma membrane. This protein is able to bind enterovirus 71 when present at the cell surface (Yamayoshi et al., 2012a). Recently it was found that there is an association between SR-B1.1 deficiency and several disorders including Gaucher's disease (Velayati et al., 2011), progressive myoclonic epilepsy (Berkovic et al., 2008, Dibbens et al., 2011) and cardiomyopathy (Schroen et al., 2007).

[bookmark: _Toc477301905]SR-B2
[image: C:\Users\Dr.Nibras\Desktop\#1Corrections\#addition\SR-B2.png]SR-B2, currently known as CD36, SCARB3, FAT, GPIV or PAS4. SR-B2, was first identified as a thrombospondin receptor (Asch et al., 1987). It is expressed on a variety of cells including specialised epithelial cells in the eye and breast, insulin-responsive cells (Gu et al., 1998), skeletal and cardiac myocytes (Knowles et al., 1984), endothelium, smooth muscle, monocytes, macrophages, adipocytes and platelets (Gruarin et al., 1997). The expression of SR-B2 on platelets can play an important role in atherothrombosis (Podrez et al., 2007). There are several molecules or ligands that can regulate SR-B2 expression. Binding of oxLDL (Puente Navazo et al., 1996), LDL, interleukin-4, macrophage-colony-stimulating factor (M-CSF)  and phorbol esters upregulate the expression of SR-B2 on the protein and mRNA levels (Gruarin et al., 1997) while binding of HDL (Puente Navazo et al., 1996), lipopolysaccharides, transforming growth factor beta 1 (TGF-β1), TGF-β2, and interferon gamma (IFN-γ) can down-regulate SR-B2 expression on at both the protein and mRNA level (Gruarin et al., 1997). Other ligands bound by SR-B2 include collagen, thrombospondin-1, apoptotic cells, microbial diacylglycerides (Hoebe et al., 2005), oxidized phospholipids, β-glucan (Means et al., 2009), long chain fatty acid (Coburn et al., 2000) and various microbial pathogens (Endemann et al., 1993). 

The ability of SR-B2 to bind long chain fatty acid implies that it might play a role in signalling pathways and cellular lipid homeostasis (Murphy et al., 2005). SR-B2 was described as a receptor for erythrocytes infected with malaria (Ockenhouse and Chulay, 1988). It also can bind and internalize Staphylococcus aureus (Stuart et al., 2005). Wilkinson and El Khoury described SR-B2 as a key player in host defence against infections caused by opportunistic pathogens like Candida albicans (Wilkinson and El Khoury, 2012). SR-B2 is involved in many aspects of macrophage biology including signalling, migration and inflammatory processes (Ockenhouse and Chulay, 1988). SR-B1 induces interleukin 1 beta (IL-1β) and chemokine (C-C motif) ligand 5 (CCL5) (also known as RANTES; pro-inflammatory mediators) by cooperating with Toll-like receptors (TLR4 and TLR6) in activating the response of innate immunity to ligands (Stewart et al., 2010).

[bookmark: _Toc477301906][bookmark: _Toc488167521][bookmark: _Toc497199101]Class D scavenger receptors
SR-D, currently known as CD68, gp110, SCARD1, and LAMP4, is a member of the type I transmembrane glycoprotein family associated with lysosomal membranes (Song et al., 2011), that contain a mucin-like extracellular domain (Greaves and Gordon, 2002). The extracellular region contains 300aa, is rich in serine and [image: ]threonine and has a short cytoplasmic tail.  This extracellular domain might serve as an attachment site for carbohydrates (Wilkinson and El Khoury, 2012). SR-D is located on human chromosome 17 (Jiang et al., 1998) and is expressed by dendritic cells, osteoclasts (Greaves and Gordon, 2002), monocytes, tissue-specific macrophages in the peritoneum, lungs, liver, spleen, Langerhans cells and microglia (PrabhuDas et al., 2014). SR-D is localised mainly intracellularly (in late endosomes), while it becomes expressed on the cell surface following activation (Gordon, 1999, Kurushima et al., 2000). Binding of apoptotic cells and oxidized lipoproteins can be mediated by SR-D in macrophages (Yamada et al., 1998). SR-D also acts as a differentiation marker of hematopoietic cells of the macrophage/monocyte lineage (PrabhuDas et al., 2014).

[bookmark: _Toc477301907][bookmark: _Toc488167522][bookmark: _Toc497199102]Class E scavenger receptors
The first member of this class in humans is SR-E1 and is currently known as OLR1, LOX-1, SCARE1 and CLEC8A. It was the first scavenger receptor containing C-type lectin-like domains to be identified (Wilkinson and El Khoury, 2012) and was first cloned from bovine aortic endothelial cells (Sawamura et al., 1997). The gene for SR-E [image: ]is located on human chromosome 12 (Yamanaka et al., 1998). SR-E1 is a type 2 transmembrane protein composed of four domains; a C-type lectin-like domain, which structurally belong to a sub-family of the C-type lectin–like of natural killer cell receptor family (Hao et al., 2006), a single transmembrane domain, a neck domain and a short cytoplasmic N-terminus (Chen et al., 2002). SR-E1 is expressed by monocytes (Yoshida et al., 1998), macrophages, dendritic cells, vascular endothelial cells, smooth muscle cells, adipocytes (Yoshimoto et al., 2011) platelets and smooth muscle cells (Chen et al., 2002). SR-E1 can bind oxLDL (Sawamura et al., 1997), apoptotic cells, and Gram-negative and Gram-positive bacteria (Yoshimoto et al., 2011, Oka et al., 1998, Shimaoka et al., 2001). SR-E1 is also thought to play a role in the transport of β-amyloid across blood-brain barrier (Shi et al., 2006). SR-E1 is also implicated in endothelium inflammation that is endotoxin-induced (Honjo et al., 2003). The expression of SR-E at both the mRNA and protein levels is increased by oxLDL (Li and Mehta, 2000), TNF-α, phorbol ester (Kume et al., 1998), fluid shear stress (Murase et al., 1998), angiotensin II (Morawietz et al., 1999) and endothelin-1 (Morawietz et al., 2001).

The second member of the human class E scavenger receptor family is SR-E2, currently known as Dectin1 or CLEC7A. It is located on human chromosome 12q. SR-E2 is a type II transmembrane proteins of the C-type lectin family with an extracellular single carbohydrate recognition (Saijo and Iwakura, 2011). It is expressed on macrophages, neutrophils and dendritic cells. SR-E2 expression can be regulated by cytokines and microbial stimuli. It can bind various ligands including plant, fungal and bacterial carbohydrates, as well as intact with parasites (Herre et al., 2004). SR-E2 plays a role in the activation of both CD4 and CD8 T cells (Reid et al., 2004). It binds β-glucans, a major cell wall components of fungi, and it was shown to play an important role in protection against C. albicans and Aspergillus fumigatus (Taylor et al., 2007).
[bookmark: _Toc477301908][bookmark: _Toc488167523][bookmark: _Toc497199103]Class F scavenger receptors 
The class F scavenger receptors currently contains three members (PrabhuDas et al., 2014).  The first member of this class is human SR-F1, which is currently known as [image: ]SCARF1 or SREC-1. The gene for SR-F1 is located on human chromosome 17 (Adachi and Tsujimoto, 2002a). The first SR-F was identified as an endothelial cell receptor for modified LDL and was termed SREC (Adachi et al., 1997). SR-F1 is a type I membrane protein (Ishii et al., 2002), composed of three domains; an extracellular ligand-binding domain that has multiple extracellular EGF-like motifs (Wilkinson and El Khoury, 2012) and could also mediate receptor oligomerisation (Murphy et al., 2005), a transmembrane domain and a long cytoplasmic domain rich in serine and proline (PrabhuDas et al., 2014). SR-F1 is expressed on macrophages (Wilkinson and El Khoury, 2012). SR-F can bind heat shock proteins (Facciponte et al., 2007, Plüddemann et al., 2007), calreticulin that is transported into the major histocompatibility complex class I pathway in macrophages and dendritic cells (Berwin et al., 2004), advillin (an actin-binding factor, which causes the induction of neurite-like protrusions in fibroblasts) (Shibata et al., 2004), polyinosinic acid, as well as mediating the internalisation  of modified LDL for cellular degradation (Adachi et al., 1997). SR-F1 also plays a role in recognising and binding the pathogenic yeasts Cryptococcus neoformans and C. albicans (Plüddemann et al., 2007, Wilkinson and El Khoury, 2012). 

A second isoform of SR-F1, SR-F2, currently known as SCARF2 and SREC-II (Ishii et al., 2002). The gene for SR-F2 is located on human chromosome 22 (Ishii et al., 2002). It is a type I transmembrane protein (Ishii et al., 2002) with three domains; a N-terminal extracellular domain with epidermal growth factor like repeats, a transmembrane domain and a long cytoplasmic domain rich in arginine and lysine (PrabhuDas et al., 2014). SR-F2 is expressed in the kidney, heart, placenta, spleen, lung, ovary and small intestine. SR-F2 cannot internalise modified LDL (Ishii et al., 2002), indicating it functions only as an extracellular sensor (Murphy et al., 2005).

A third member of SR-F with multiple epidermal growth factor–like domains, SR-F3, is currently known as MEGF10 and also EMARDD (PrabhuDas et al., 2014). It is type I transmembrane protein that consists of 17 EGF-like domains in extracellular region (Suzuki and Nakayama, 2007), The gene encoding SR-F3 is located on chromosome 5 (PrabhuDas et al., 2014). It appears to be a receptor for brain amyloid-β, and it is thought to play a role in the pathogenesis of Alzheimer’s disease (Wilkinson and El Khoury, 2012).

[bookmark: _Toc477301909][bookmark: _Toc488167524][bookmark: _Toc497199104]Class G scavenger receptors 
SR-G is currently known as PSOX and CXCL16. The gene encoding for SR-G is located on chromosome 17p13. SR-G protein is found in both soluble and membrane forms (Matloubian et al., 2000). It is a type I transmembrane glycoprotein that has an extracellular domain containing a chemokine-like region, a glycosylated mucin-like domain a transmembrane and soluble domain (Sheikine and Sirsjo, 2008). It is expressed by macrophages, endothelial and smooth muscle cells (Shimaoka et al., [image: ]2000). The membrane form of SR-G recognizes variable ligands including bacteria, oxLDL (Shimaoka et al., 2004) and phosphatidylserine (Shimaoka et al., 2000). SR-G can mediate smooth muscle cell proliferation (Chandrasekar et al., 2004), CD8+ T-cell chemotaxis during inflammatory valvular heart disease (Yamauchi et al., 2004) and has elevated levels in atherosclerotic lesions (Minami et al., 2001) indicating a role in vascular disease (Murphy et al., 2005). The membrane-bound form, which has a chemokine-like CXC motif, can act as an adhesion molecule for T cells that express CXCR6 (Fukumoto et al., 2004). Cleavage of the membrane-bound form produces the soluble form of SR-G (Shimaoka et al., 2000) that has been shown to function as a chemoattractant for bone marrow plasma cells and activated T cells (Shimaoka et al., 2004).

[bookmark: _Toc477301910][bookmark: _Toc488167525][bookmark: _Toc497199105]Class H scavenger receptors 
There are currently two members of scavenger receptor class H; SR-H1 that has a protein structure that consists of “FEEL-1” domains (Fasciclin, EGF like, laminin-type EGF-like and link domain-containing scavenger receptor-1) also called STAB1 located on human chromosomes 3, and SR-H2 also called FEEL-2 or STAB2, that is also [image: ]located on human chromosomes 3 (Adachi and Tsujimoto, 2002b). SR-H1 and SR-H2 are very large type I membrane proteins, composed of 2570- and 2551-aa respectively. SR-H1 is expressed in liver, lymph node, monocytes/macrophages (Adachi and Tsujimoto, 2002b), mononuclear cells, hematopoietic stem cells and endothelial cells, whereas expression of SR-H2 is found mainly in sinusoidal endothelial cells (PrabhuDas et al., 2014). Both SR-H1 and SR-H2 can bind Gram-positive and Gram-negative bacteria, and advanced glycation end products (AGE), implying it might have a role in both the defence against bacterial infections and diabetes pathology (Adachi and Tsujimoto, 2002b, Tamura et al., 2003). SR-H1 and 2 are also involved in angiogenesis, lymphocyte adhesion, transmigration, intracellular trafficking, apoptotic cell clearance and aged red blood cells (RBCs) clearance by macrophages (Park et al., 2009a). It was found that SR-H1 can mediate adhesion of malignant cells to the lymphatic endothelium (Irjala et al., 2003), which might indicate SR-H1 as a candidate for a therapeutic target for cancer (Murphy et al., 2005).

[bookmark: _Toc477301911][bookmark: _Toc488167526][bookmark: _Ref497155546][bookmark: _Toc497199106]Class I scavenger receptors
[image: ]This class currently contains two members, SR-I1, currently known as CD163/M130 and SR-I2, currently known as CD163L1/M160/CD163B. SR-I1 is encoded by a gene on chromosome 12, location p13.3 (Stover et al., 2000) and is a scavenger receptor for haptoglobin/haemoglobin complexes (Fabriek et al., 2005). SR-I1 is a 130 kDa type I transmembrane glycoprotein containing a transmembrane domain, a short cytoplasmic tail and a large extracellular domain composed of nine scavenger receptor cysteine-rich domains (Hogger et al., 1998). It expression was found to be largely restricted to the monocyte/macrophage lineage in normal tissues, sarcomas, carcinomas, and lymphomas (Nguyen et al., 2005). The receptor mediates clearance of plasma haptoglobin/haemoglobin complexes via endocytosis during intravascular haemolysis (PrabhuDas et al., 2014). Its role in haptoglobin/haemoglobin complexes clearance might enhance anti-inflammatory responses due to the conversion of the pro-inflammatory heme to anti-inflammatory metabolites (Thomsen et al., 2013). There are several SR-I1 mRNAs arising from an alternatively spliced SR-I1 gene that have been reported (Kristiansen et al., 2001). SR-I2 (CD163-L1/M160), which is a long tail variant of SR-I1, is a type I membrane glycoprotein composed of scavenger receptor cysteine-rich domains and expressed by the myeloid lineage cells. SR-I2 is implicated in the process of monocytes/macrophages differentiation (Moeller et al., 2012).

[bookmark: _Toc477301912][bookmark: _Toc488167527][bookmark: _Toc497199107]Class J scavenger receptors
[image: ]SR-J is the receptor for advanced glycation end products RAGE. There is a membrane-bound form (SR-J1) and a circulating portion of the protein known as “soluble” RAGE, SR-J1.1. SR-J1 is a member of the immunoglobulin (Ig) superfamily with the ability of recognising and ligating a huge variety of ligands, including S-100 protein, AGE (Leclerc et al., 2009) and high mobility group protein box 1 (HMGB1) (Taguchi et al., 2000). SR-J1 is composed of three domains; a single transmembrane helix connecting the ectodomain to a short cytoplasmic tail and an extracellular domain involved in ligand binding (Neeper et al., 1992). The extracellular domain contains an N-terminus and three Ig-like motifs. SR-J1 is considered as a pattern recognition receptor of endogenous molecules released during physiological stress, chronic inflammation or infection (Ibrahim et al., 2013). SR-J1 signalling mediates normal processes such as neuronal differentiation and cell migration. Alternative processes such as inflammation and apoptosis, when mediated by SR-J1, can lead to pathologies including atherosclerosis (Stern et al., 2002), stroke, cancer (PrabhuDas et al., 2014) and diabetes (Yamagishi et al., 2008). SR-J1 is also up-regulated in neurons and blood vessels in the brain of patient with Alzheimer’s disease (Wilkinson and El Khoury, 2012). SR-J1.1 is also suggested as a potential biomarker for cardiovascular disease (Colhoun et al., 2011).

[bookmark: _Toc477301913][bookmark: _Ref483850176][bookmark: _Ref483850184][bookmark: _Ref483850200][bookmark: _Toc488167528][bookmark: _Toc497199108]Role of scavenger receptors on leukocytes
Scavenger receptors expressed by macrophages have been extensively studied and characterised since their activity of “scavenging” for acLDL in rodents was first described by Brown & Goldstein (1979). These observation were made while studying the accumulation of cholesteryl ester in mouse peritoneal macrophages when incubated with human acLDL (Brown et al., 1979). Since then many studies have been conducted to show the role of scavenger receptors in foam cell formation and atherosclerosis through mediating modified LDL endocytosis (Areschoug and Gordon, 2009). 
Macrophage scavenger receptors have also been shown to play a role in Alzheimer’s disease as well as adhesion and tissue maintenance (Plüddemann et al., 2007). The role of scavenger receptors in innate immunity is shown through their ability to act as pattern recognition receptors (Mukhopadhyay and Gordon, 2004). These receptors can recognise a diverse range of microbial structures (Figure ‎1.7), that include; bacterial lipoteichoic acid and lipopolysaccharide (Mukhopadhyay and Gordon, 2004).
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[bookmark: _Ref495134050][bookmark: _Ref483850070][bookmark: _Toc488170781][bookmark: _Toc497199214]Figure ‎1.7 Role of macrophage scavenger receptor in innate immunity
 Scavenger receptors expressed by macrophages can bind a broad range of ligands, either independently or in collaboration with other surface proteins. The net result of binding is the internalisation of non-self or altered-self targets and the initiation of signalling cascades that can trigger phenotypic, functional or behavioural changes in these cells. SR-A and SR-B; Class A and B Scavenger Receptors, TLR; Toll Like Receptor.

[bookmark: _Toc477301914][bookmark: _Toc488167529][bookmark: _Toc497199109]Role of scavenger receptors on normal epithelial cells
A major function of the skin is to act as permeable barrier to prevent the unnecessary loss of water and solutes from the human body (Elias, 1983). Lipid lamellar bodies or membranes of stratum corneum are tasked to fulfil this function. The formation and secretion of these cholesterol-containing membranes might be inhibited by low cholesterol, ceramide or fatty acid synthesis (Holleran et al., 1991). It was found that disruption of the skin permeability barrier results in an increase in epidermal cholesterol synthesis (Proksch et al., 1990). Furthermore, topical applications of inhibitors to key enzymes, like HMG-CoA reductase, in cholesterol synthesis results in the delayed rate of permeability barrier recovery rather than total cessation of the synthesis of lamellar bodies (Feingold et al., 1990). 

As already stated scavenger receptors are very important in cholesterol homeostasis for certain tissues. Cholesterol provides the necessary lipid precursors for the formation of new lamellar bodies to replace those damaged to accomplish barrier recovery (Tsuruoka et al., 2002). SR-B1 is expressed in cultured human keratinocytes and in both the human and murine epidermis, where it plays a major role in fulfilling the epidermis requirement of cholesterol for the synthesis of lamellar bodies and the maintenance of the cutaneous permeability barrier. This receptor is localised mostly in the basal layer of keratinocytes and its expression decreases as the keratinocytes differentiate to the apical surface, where cholesterol becomes abundant. The expression of SR-B1 increases in the event of permeable barrier disruption and with sterol depletion indicating that SR-B1 could play a role in the restoration of cholesterol levels needed by skin keratinocytes from the diet and extra-epidermal tissues, facilitating the synthesis of lamellar bodies by keratinocytes to maintain barrier homeostasis (Tsuruoka et al., 2002). 

In addition to the role played by scavenger receptors in skin homeostasis, new evidence implicating members of this receptor family in epithelial-microbe interactions. The role of scavenger receptors for pathogen recognition on phagocytic cells, especially macrophages, has been well documented and emphasised, yet the first encounter of many of these pathogens is with the epithelium. This indicates that the organisms capable of successful attachment of epithelial cells might be capable of causing some of the most common infections (Hooton and Stamm, 1997). Jiang et al showed that SR-A5 has a role in defence properties of human epithelial cells which might give a clue about the molecular basis of epithelial-microbe interactions (Jiang et al., 2006). However, to date there is little evidence on the expression of other scavenger receptors by skin or oral keratinocytes. 

[bookmark: _Toc477301915][bookmark: _Toc488167530][bookmark: _Toc497199110]Role of scavenger receptors in cancer biology
Tumour-associated macrophages (TAM) are considered to be a major component of the tumour microenvironment stroma (Lewis and Pollard, 2006) that contributes not only in supporting growth and survival of tumours but is also implicated in immune response evasion and tumour metastasis (Shabo et al., 2008, Lewis and Pollard, 2006).

Studies involving cancers in the liver, lung and pancreas showed that SR-A1 expression was restricted to TAM and that there was a positive correlation between high level of expression of SR-A in these macrophages and increased aggressiveness of these cancers (Shigeoka et al., 2013, Danilo et al., 2013, Ben et al., 2012).  The increase in SR-A1 positive TAM has been correlated with poor cancer prognosis in lung, ovaries, and pancreas (Kemmer et al., 1991, Ben et al., 2012, Leoutsakou et al., 2006). Also, SR-A1 was shown to be important for invasiveness and metastatic qualities of pancreatic and ovarian cancers in mice (Neyen et al., 2013b). SR-A1 promoted the growth of EL4 lymphoma cells through inhibiting the production of tumoricidal molecules, including nitric oxide, and interferon β and γ, by TAM (Komohara et al., 2009). Furthermore, it was found that the inhibition of SR-A1 by fucoidan, sulfated polysaccharide derived from brown algae and brown seaweed, resulted in the enhancement expression of one of the cancer-testis antigens, NY-ESO-1, leading to an increased CD8+ cytotoxic T lymphocyte recruitment and activation against cancers expressing this antigen (Hu et al., 2010).

Downregulation of SR-A3 expression was correlated with increased metastasis in prostate cancer patients. Conversely, overexpression of this receptor in prostate cancer cell lines caused growth inhibition and ability to invade (Yu and Luo, 2006). Overexpression of SR-A3 in multiple myeloma patients caused by radiotherapy or chemotherapy resulted in reducing treatment-induced oxidative stress on cancer cells, through scavenging of reactive oxygen radicals (formed by chemotherapeutic drugs), and IR- (from ionizing radiation) by SR-A3. These activities of SR-A3 resulted in enhancing multiple myeloma resistance to therapy, indicating SR-A3 importance in clinical prognosis in these patients (Brown et al., 2013).

Expression of SR-A5 has been shown to be down-regulated in various cancer cell lines (Yan et al., 2012). Inhibition of SR-A5 expression by siRNA in hepatocellular carcinoma cells increased their cell growth and colony formation in vitro, as well as tumorigenicity, invasiveness and metastasis in vivo (Huang et al., 2010b). Furthermore, over-expression of SR-A5 in the same cells using an over-expression based plasmid reversed this malignant phenotype (Huang et al., 2010b), suggesting that SR-A5 is an important molecule in driving hepatocellular carcinoma. Dendritic cells displayed increased expression of SR-A6 when treated with tumour lysate from mice and the treatment of these cells with anti-SR-A6 antibodies promoted tumour inhibition by inducing T cells to produce IFN-γ (Matsushita et al., 2010). High levels of SR-B1 expression were shown in malignant human epithelial cells (Wadsack et al., 2003) and in malignant breast tissues compared to tumour-free surrounding tissues (Cao et al., 2004). 

SR-B1 was shown to be essential for maintaining mobility, proliferation and invasiveness of tumour cells in breast cancer cells (Danilo et al., 2013). Down-regulation of SR-B1 using small-interfering RNA resulted in the reduced viability of prostate cancer cells (Twiddy et al., 2012) and improving prognosis.Low levels of SR-B1 have been associated with improved prognosis in colon cancer, ovarian cancer and glioblastoma patients (Rachidi et al., 2013, Hale et al., 2014). On the other hand, it was found that down-regulation of SR-B2 in mammary tissue fibroblasts (using short hairpin RNA to SR-B2) resulted in hyperplasia in mammary gland and development of pathologic changes and breast cancer (DeFilippis et al., 2012). Expression of SR-B2 was reduced in highly aggressive breast tumour cells, MDA-MB-231, compared to the less aggressive MCF-7 and T47-D cells (Uray et al., 2004). 

A high level of SR-D expression was a reliable factor for poor prognosis in myxoid liposarcoma patients (Nabeshima et al., 2015). High levels of SR-D expressed by macrophages were shown to be associated with marked increased in nodal metastasis and tumour neovascularization (Leek et al., 1996), in addition to a poor prognosis in human breast cancer (Mahmoud et al., 2012). Interestingly, Jezequel et al suggested that lower levels of SR-D expressed by TAM were associated with reduced metastasis in human breast cancer in another study (Jezequel et al., 2012). 

SR-E overexpression was shown to cause the activation of an NF-κB-dependent anti-apoptosis pathway in both normal epithelial mammary cells (MCF10A) and breast cancer cell line (HCC1143), indicating its role in promoting tumorigenesis (Khaidakov et al., 2011). It was also shown that up-regulation of SR-E, by TNF-α, enhanced migration of breast cancer cells (MDA-MB-231) (Liang et al., 2007) and enhanced the angiogenesis in human prostate cancer (González-Chavarría et al., 2014).

Elevated level of SR-G1 has been implicated as an indicator of poor prognosis in patients with ovarian cancer (Gooden et al., 2014). Conversely, high expression of SR-G1 was found to be correlated to good prognosis in several cancers and was linked to elevated levels of receptor expression in for e.g. colorectal carcinoma (Hojo et al., 2007), renal cell carcinoma (Gutwein et al., 2009), and breast cancer (Xiao et al., 2015) (Fang et al., 2014). 

The expression levels of SR-H1 were reduced in TAMs during tumour progression of melanoma (David et al., 2012). SR-H1 was shown to support mammary adenocarcinoma progression in a mouse model (Riabov et al., 2016) whereas mice lacking SR-H1 showed inhibition of primary tumour growth and metastasis (Karikoski et al., 2014). The second member of the H class scavenger receptor, SR-H2, has been described as a potential biomarker for the primary diagnosis of prostate cancer (Neuhaus et al., 2013). This receptor was also described as an important factor in lymph node metastasis in tongue cancer patients, suggesting its role as tumour biomarker for the prediction of lymph node metastasis and poor prognosis in solid tumours patients (Han et al., 2016). 

Several studies have linked elevated levels of SR-I1 in macrophages with poor prognosis in various cancer types including breast cancer (Tiainen et al., 2015), OSCC (Wang et al., 2014b), and colorectal cancer (Shabo et al., 2008). The same relationship between expression and prognosis was found when high levels of SR-I1 expressed by tumour cells in bladder cancer linked to poor prognosis (Maniecki et al., 2012). SR-I2, the soluble member of class I scavenger receptor, was also linked to poor prognosis in cancer patients including multiple myeloma and ovarian cancer (Andersen et al., 2014, No et al., 2013).

It was found that SR-J deficient mice showed inhibition in tumour growth, metastasis, and neovascularization (Riehl et al., 2009). Polymorphisms of SR-J gene have been identified in several cancers including gastrointestinal, pancreatic, and colorectal cancers (Sims et al., 2010, Gu et al., 2008, Krechler et al., 2010, Qian et al., 2014). Low expression levels of SR-J1 were linked to poor prognosis in small cell lung carcinoma patients (Kobayashi et al., 2007). These data suggest that the role of scavenger receptors is context-determined and could be contradictory for the same receptor in different cancers or even in same cancer type in two different cells. 

[bookmark: _Toc477301916][bookmark: _Toc488167531][bookmark: _Toc497199111]Role of scavenger receptors in head and neck cancer
The expression of scavenger receptors in epithelial cancers of the head and neck had not been researched until very recently. In a recent report, increased expression of SR-B1 was found in nasopharyngeal carcinoma cell lines at both the mRNA and protein level, indicating SR-B1 as a potential biomarker of nasopharyngeal carcinoma. However, expression of SR-B1 in these cells did not show any correlation with their growth, indicating that it might not be of oncogenic importance (Zheng et al., 2013). In addition, Colley et al showed that FaDu (a hypopharyngeal squamous cell carcinoma (SCC)), SCC4 and CAL27, both tongue SCC, expressed functional SR-B1 (Colley et al., 2014) and this was able to mediate the internalisation of a synthetic polymer. To date there are very few reports in the literature of the scavenger receptor family expression in normal oral keratinocytes (NOK), OSCC or head and neck cancer.

[bookmark: _Toc477301917][bookmark: _Toc488167532][bookmark: _Ref495299898][bookmark: _Toc497199112]Role of scavenger receptors in cellular signalling
As discussed in ‎1.6, scavenger receptors were implicated the removal of non-self-molecules or modified self-molecules (for example damaged proteins, modified low density lipoproteins by oxidation or acetylation) (Pl et al., 2006, Rana et al., 2016). The removal of these molecules could occur through simple endocytosis or a more complicated process like phagocytosis. Indeed, the binding of scavenger receptors to their ligands can initiate receptor internalisation by a number of orchestrated mechanisms. Moreover, ligand receptor binding initiate signalling cascades that ultimately impact cell behaviour (Miller et al., 2011, Plüddemann et al., 2007, Santiago-Garcı́a et al., 2003). 

The ability of scavenger receptors to bind a very wide spectrum of ligands, allows them to be implicated in a similar range of functions, like apoptotic cells clearance (Peiser and Gordon, 2001) and presentation of antigens (Nicoletti et al., 1999). This complexity in functional responses of scavenger receptors to ligand, sheds light on why these receptors were thought to participate in a diverse range of signalling pathways (Canton et al., 2013). Additionally, the internalisation of ligands bound by scavenger receptor can modify signalling mode, which in turn can affect metabolic functions; an example for that is the delivery of oxLDL to lysosomes (Canton et al., 2013). Scavenger receptors can also complex with other surface molecules or co-receptors to achieve some of their functions like ligand internalisation (Heit et al., 2013, Todt et al., 2008).  Indeed, it is ligand dependent whether the co-receptors produce an independent signalling cascade or are involved in scavenger receptor signalling, initiated by ligand uptake (Erdman et al., 2009, Stewart et al., 2010).  

Although SR-A1 was found to be lacking in the intracellular signalling motifs, a characteristic that restricted its ability to initiate signalling straight into the cell, its phosphorylated domains found intracellularly facilitated the interaction of SR-A1 with intracellular signalling components (Nikolic et al., 2007). Additionally, SR-A1 was found to complex with TLR4 when binding LPS. This collaboration enhanced the activation of nuclear factor-κB (NF-κB) pathway, affecting cell survival (Yu et al., 2012). In addition, murine macrophage SR-A1 was found to associate with tyrosine protein kinase MER (MERTK) to enable the uptake of apoptotic cells, through the activation of phospholipase Cγ2 (PLCγ2), a key downstream signalling intermediary (Todt et al., 2008). 

SR-B1 is involved in the internalisation of several ligands but it was primarily associated with the uptake of HDL (Webb et al., 1998, Krieger, 2001). Upon binding HDL, SR-B1 stimulates endothelial cell migration, an important factor in maintaining the integrity of endothelial cell monolayers, through the activation of several signalling molecules including p44/42 MAPKs and Akt Kinase (Seetharam et al., 2006), (Figure ‎1.8) . It was found that SR-B1 invoking signal transduction directly in cells required the initiation of cholesterol flux by SR-B1 as well as its C-terminal transmembrane and cytoplasmic domains (Assanasen et al., 2005a).

The ability of SR-B2 to trigger signalling molecules can be attributed to its ability to associate with cellular accessory molecules or surface co-receptors like integrins (α3β1 and α5) and TLR 2 and 6 (Stewart et al., 2010, Calzada et al., 2004). As SR-B2 can bind a wide array of ligands, many of which are multivalent, these molecules can therefore engage several receptors simultaneously, inducing signal transduction and receptor-ligand complex internalisation (Armesilla and Vega, 1994). As was discussed with SR-A1, SR-B2 have no distinct signalling motifs intracellularly (Armesilla and Vega, 1994), and the ability of SR-B2 to trigger signalling molecules can be attributed to its ability to associate with cellular accessory molecules or surface co-receptors like integrins (α3β1 and α5) and TLR 2 and 6 (Calzada et al. 2004; Stewart et al. 2010). 

SR-B2 has been linked to eliciting the mitogen-activated protein kinases (MAPK) signalling pathway. The nature of the ligand and the specificity of the scenario in which SR-B2 is engaging this ligand determine the nature of MAPKs activated. An example is the activation of Jun N-terminal kinase 1 (JNK1) and JNK2 by SR-B2 in macrophages when binding oxLDL (Rahaman et al., 2006), and the activation of p38 MAPKs by binding of thrombospondin-1 in endothelial cells (Shaw et al., 1990). SR-B2 expressed by endothelial cells was implicated in the activation of fyn, member of the Src family of kinases, and P38 MAPKs to impose its anti-angiogenic effect (Jimenez et al., 2000). SR-B2 was found to be involved in the pro-apoptotic signalling cascade in endothelial cells. SR-B2, when interacted with tetraspanin 1/2 (TSP-1/2), heralded signalling cascades involving activation of members of MAPKs; p38 and JNK, resulting in the initiation of pro-apoptotic signals, for example caspase 3 and TNF-α (Simantov et al., 2005, Jimenez et al., 2000). Additionally, SR-B2 expressed on adipocytes was found to contribute to the inhibition of insulin signalling in macrophages co-cultured with adipocytes (Kennedy et al., 2011). 

SR-B2 was also described to associate with other cellular surface molecules to achieve function by complexing with TLR2–TLR6 heterodimer, inducing inflammatory responses to diacylated lipoproteins or lipoteichoic acid (LTA) of bacteria (Triantafilou et al., 2006). Furthermore, SR-B2 was found to induce the same inflammatory reaction but in response to oxLDL, when associated with another heterodimer TLR4–TLR6 through myeloid differentiation primary response gene 88 (MyD88) and TIR-domain-containing adapter-inducing interferon-β (TRIF) dependent signalling pathways (Triantafilou et al., 2006, Stewart et al., 2010). 

Another member of scavenger receptor family, SR-E1, was suggested to play an important role in humoral immunity by contributing to signals responsible for the migration and differentiation of B cells (Yu et al., 2015). The role of SR-G1 in eliciting signalling cascades was also reported in literature. Signal transduction by SR-G1 activation was implicated in promoting metastasis and invasiveness in breast (Chaturvedi et al., 2014) and prostate cancer (Wang et al., 2008).  

SR-J1 has been linked to a wide range of signalling cascades, involving MAPKs, NF-κB, and Src kinase (Dukic-Stefanovic et al., 2003, Palumbo et al., 2009, Toure et al., 2008). Engaging of SR-J1 by high mobility group box 1 (HMGB1) aggravated the proliferation and reduced apoptosis of lung cancer cells through PI3K/Akt signalling pathway (Xu et al., 2014). Overexpression of SR-J1 due to hypoxia in pancreatic cancer resulted in sustained signalling pathways that down-regulated Kirsten rat sarcoma viral oncogene homolog (KRAS) resulting in further progression of the tumour (Kang et al., 2014).

The limited data regarding the expression of scavenger receptors by oral keratinocytes alongside the emergence of new evidence showing increased expression of these receptors by some tumour cells of epithelial origin indicates that investigations of these receptors in the oral cavity region are now warranted. The work in this thesis aims to address this knowledge gap by assessing the functional expression of scavenger receptors by oral keratinocytes. In this context, the term ‘oral keratinocyte’ is generic to describe any epithelial cell that resides in the oral mucosal epithelium. Evidence shows that normal oral keratinocytes derived from healthy individuals have vastly different gene and protein expression profiles from oral keratinocytes derived from diseased oral epithelium.  Therefore, work performed in this thesis will also attempt to examine if normal oral keratinocytes derived from healthy tissue have different scavenger receptor profiles and functions than those derived from TERT2-immortalised, dysplastic, cancerous or metastatic oral keratinocytes. 
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[bookmark: _Ref495299917][bookmark: _Ref493875948][bookmark: _Toc488170782][bookmark: _Ref493875925][bookmark: _Toc497199215]Figure ‎1.8 Class B scavenger receptors signalling.
 Scavenger receptors can bind a broad range of ligands resulting in the initiation of multiple signalling pathways, depending on the type of ligand and cellular context. An example is the binding of high-density lipoprotein (HDL) to SR-B1 that can result in activation of Src, which in turn activates phosphatidylinositol 3-kinase (PI3K). PI3K activation results in the activation of both MAPK pathway (mitogen activated protein Kinase) and Akt (Protein kinase B). These events result in phosphorylation activation of endothelial NO synthase (eNOS) stimulating nitric oxide (NO) production. The activation of Akt and MAPK results in enhanced cell migration and proliferation through Rac activation. Another example of signalling pathways engaged by scavenger receptors is the binding of oxLDL to SR-B2 which initiates the interaction of its C terminus with Src family kinases (fyn and lyn) resulting in Vav mediated activation of focal adhesion kinase (FAK) and Rac, affecting cell adhesion and migration. Binding of oxLDL to SR-B2 also results in delivery of HODEs (hydroxyoctadecadienoic acid) like 13HODE and 9HODE, which activate peroxisome proliferator-activated receptor-γ (PPARγ) resulting in enhanced genes transcription for e.g. the SR-B2 gene.  The binding of SR-B2 to oxLDL can also result in activation of Erk1/2 (P44/42), P38 and c-Jun N-terminal kinase (JNK) as well as generation of reactive oxygen species (ROS).


[bookmark: _Toc488167533][bookmark: _Toc488172700][bookmark: _Toc497199113]Hypothesis
Oral keratinocytes express functional scavenger receptors and their activation alters keratinocyte cell biology.

[bookmark: _Toc488167534][bookmark: _Toc488172701][bookmark: _Toc497199114]Aims of the study
This study aims to:
1- Examine the expression of selected members of scavenger receptors on a panel of oral keratinocytes (normal, dysplastic, cancer, metastatic) on gene and protein levels using qPCR, flow cytometry, immunofluorescence and immunoblotting. In addition, examine the pattern of selected scavenger receptor family members in patient tissue sections from both normal oral mucosa and cancerous oral tissue using immunohistochemistry.

2- Examine the ability of scavenger receptors expressed by oral keratinocytes (cancerous and normal) to bind and/or internalise ligands using oxLDL and acLDL in the presence and absence of chemical scavenger receptor blockers, and use siRNA technology to identify which scavenger receptors are utilised the most.

3- Examine the signalling pathways and functional impact of scavenger receptor activation upon ligand binding and how this impacts on cellular phenotype, with particular reference to cell migration, invasion, and adhesion of cancerous and normal oral keratinocytes.
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All cell culture procedures were performed in Class II biosafety cabinets (Walker Safety Cabinets). Industrial methylated spirits (IMS; 70% v/v) (Fisher Scientific UK Ltd, Loughborough, UK) was used to sterilise the cabinet prior to beginning any cell culture work. All other equipment used was either sterilised by wiping with 70% (v/v) IMS or by autoclave sterilisation. Filter sterilisation was performed for liquid solutions, when required. Cell culture plasticware were purchased from Greiner bio-one. All cells were cultured as monolayers and incubated in humidified incubators at 37°C containing 5%CO2. Cells were cultured until 80% confluent before passaging or for use in experiments. The panel of normal, dysplastic and cancerous oral keratinocytes used in this study and the growth medium they were cultured in is listed in Table ‎2.1. Short Tandem Repeat (STR) profiling was performed on DNA extracted from cell lines prior to use in experiments conducted in this thesis, to ensure cell line authenticity. STR analysis was performed by the Core Genomic Facility, University of Sheffield Medical School. 

[bookmark: _Toc483837109][bookmark: _Toc488167537][bookmark: _Toc497199117][bookmark: _Toc483837110]Preparation of cell culture media 
Fetal bovine serum (FBS) (Sigma-Aldrich) was aliquoted into 50 mL aliquots and stored at -20°C until use. Prepared media were stored at 4°C and used for up to six weeks. All materials used in the preparation of cell culture media and their storage conditions are shown in Table ‎2.2.










[bookmark: _Ref486073547][bookmark: _Toc497199271]Table ‎2.1 List of cell lines and their respective culture media used in this study
	Cell Line
	Description
	Base Media
	Supplements
	Product Code
	Supplier

	MØ
	Freshly isolated macrophages
	IMDM
	2% human AB serum 1% P/S
	-
	N/A

	NOK
	Normal oral keratinocyte
	Green’s media
	Table ‎2.3
	N/A
	N/A

	OKF6/ TERT-2
	Immortalized normal oral keratinocytes
	Defined Keratinocyte-SFM
	-
	11524
	James Rheinwald

	DOK
	Dysplastic oral keratinocyte, non-malignant phenotype
	DMEM
	10%FBS, 1%P/S
	94122104
	ECACC

	D19
	Dysplastic oral keratinocyte
	DMEM
	50% HAM-F12, 80μLHC/500ml, 10%FBS, 1%P/S
	-
	Beatson Institute, Glasgow

	TR146
	Neck node cells, metastatic from oral buccal mucosa
	IMDM
	10%FBS,1% P/S
	-
	CRUK

	FADU
	Hypopharyngeal SCC
	RPMI
	10%FBS,1% P/S
	ATCC-HTB-43
	LGC Standards

	SCC4
	SCC from tongue
	DMEM
	50% HAM-F12, 80μLHC/500ml, 10%FBS, 1%P/S
	ATCC-CRL-1624
	ATCC

	SCC15
	SCC from tongue
	DMEM
	50% HAM-F12, 80μLHC/500ml, 10%FBS, 1%P/S
	ATCC-CRL-1623
	ATCC

	SCC9
	SCC from tongue
	DMEM
	50% HAM-F12, 80μLHC/500ml, 10%FBS, 1%P/S
	ATCC-CRL-1629
	ATCC

	CAL27
	SCC from tongue
	DMEM
	10% FBS, 1% P/S
	ATCC-CRL-2095
	LGC Standards

	UD-SCC2
	upper aerodigestive tract, carcinoma (HPV+ve)
	IMDM
	10% FBS, 1% P/S
	N/A
	Dr. Henning Bier, University of Düsseldorf

	PE/CA-PJ34
	basaloid SCC
	IMDM
	10% FBS, 1% P/S
	97062513
	ECACC






[bookmark: _Ref486073684][bookmark: _Toc497199272]Table ‎2.2 Constituents used in the preparation of cell culture media.
	Constituent
	Use
	Storage conditions
	Supplier

	Iscove's Modified Dulbecco's Medium (IMDM)
	Base Medium
	4°C
	Gibco®

	Defined Keratinocyte-SFM
	Base Medium
	4°C
	Gibco®

	Dulbecco's modified Eagle's medium (DMEM)
	Base Medium
	4°C
	Gibco®

	Roswell Park Memorial Institute medium (RPMI)
	Base Medium
	4°C
	Gibco®

	Penicillin/Streptomycin (P/S)
	Supplement
	-20°C
	Gibco®

	Nutrient Mixture F12 (Ham’s F12)
	Supplement
	4°C
	Gibco®

	Hydrocortisone
	Supplement
	4°C
	Gibco®

	Fetal bovine Serum (FBS)
	Supplement
	-20°C
	Gibco®

	Amphotericin B
	Supplement
	-20°C
	Gibco®

	Adenine
	Supplement
	-20°C
	Sigma-Aldrich

	Insulin
	Supplement
	4°C
	Sigma-Aldrich

	3, 3, 5- Tri-iodothyronine/ Apo-Transferrin
	Supplement
	-20°C
	Sigma-Aldrich

	Epidermal Growth Factor
	Supplement
	-20°C
	Sigma-Aldrich

	Cholera Toxin
	Supplement
	4°C
	Sigma-Aldrich
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Freshly isolated macrophages were cultured in Iscove's Modified Dulbecco's Medium (IMDM) containing L-Glutamine supplemented with 2% human AB serum and 100 IU/mL penicillin and 100 µg/mL streptomycin.

[bookmark: _Toc483837198][bookmark: _Toc488167539][bookmark: _Toc497199119]Normal oral keratinocytes
Normal oral keratinocytes (NOK) were cultured in Green’s medium (Rheinwald and Green, 1975). The composition of Green’s medium is shown in Table ‎2.3

[bookmark: _Toc483837199][bookmark: _Toc488167540][bookmark: _Toc497199120]OKF6/TERT-2
OKF6-TERT2 are an immortalized human NOK isolated from the floor of the mouth of a 57 years old male and immortalised by overexpression of one of the two components of human telomerase; the protein catalytic subunit (human telomerase reverse transcriptase, hTERT) (Dickson et al., 2000). OKF6 are cultured in defined keratinocyte serum-free medium (Gibco®).

[bookmark: _Ref486073916][bookmark: _Toc497199273]Table ‎2.3 Constituents used in the preparation of Green's medium.
	Component
	Volume and stock solution
	Final concentration

	Dulbecco’s modified Eagle’s Medium 
	330 mL
	66%

	Nutrient Mixture F12 (Ham’s F12) 
	108 mL
	21.60%

	Fetal bovine Serum 
	50 mL
	10%

	Penicillin/Streptomycin 
	5 mL of 10,000 i.u./mL penicillin and 10,000 μg/mL streptomycin
	100 i.u./ml penicillin and 100 μg/ml streptomycin

	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

	Insulin 
	2.5 ml of 1 mg/ml
	5 μg/ml

	3, 3, 5- Tri-iodothyronine/ Apo-Transferrin 
	0.5 ml of 1.36 μg/ml T3 and 5 mg/ml apo-transferrin
	1.36 ng/ml T3 and 5 μg/ml apo-transferrin

	Hydrocortisone 
	80 μL of 2.5 mg/ml
	4 μg/ml

	Epidermal Growth Factor 
	25 μL of 100 μg/ml
	5 ng/ml

	Cholera Toxin 
	500 μL of 8.47 μg/ml
	8.47 ng/ml


[bookmark: _Ref483751783]
[bookmark: _Toc483837200][bookmark: _Toc488167541][bookmark: _Toc497199121]DOK
DOK is a dysplastic oral keratinocyte cell line that was isolated from the dorsal tongue of a heavy smoker 57-year-old man.  The removal the squamous-cell carcinoma from the tongue of the patient was followed by the removal of the remaining dysplasia that was then used to initiate primary cultures leading to the establishment of DOK cell line (Chang et al., 1992). DOK were found to be immortal and expressing elevated expression of the mutated onco-suppressor protein p53 (Chang et al., 1992, Burns et al., 1994). Histologically the dysplasia was described as mild to moderate. DOK cells were cultured in DMEM supplemented with 10% FBS, 100 IU/mL penicillin and 100 µg/mL streptomycin.

[bookmark: _Toc483837201][bookmark: _Toc488167542][bookmark: _Toc497199122]D19 
D19 is a dysplastic oral keratinocyte cell line isolated from erythroleukoplakia from the lateral side of the tongue. These were immortal due to loss of expression of retinoic acid receptor RAR-β and the cell cycle inhibitor p16, and activation of telomerase (McGregor et al., 2002). These cells were cultured in 1:1 DMEM/HAM F12 (v/v) supplemented with 10% FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin and 400 nM hydrocortisone. 

[bookmark: _Toc483837202][bookmark: _Toc488167543][bookmark: _Toc497199123]TR146
TR146 is a metastatic oral keratinocyte cell line that was isolated from a local lymph node of a 67-year-old female that previously had a neck dissection and radiotherapy (Rupniak et al., 1985). The primary tumour was found in the oral buccal mucosa. TR146 were cultured in IMDM supplemented with 10% FBS, 100 IU/mL penicillin and 100 µg/mL streptomycin.

[bookmark: _Toc483837203][bookmark: _Toc488167544][bookmark: _Toc497199124]FaDu
The FaDu cell line was originally isolated from a hypopharyngeal squamous cell carcinoma of the pharynx of a 56-years old Hindu male patient (Rangan, 1972). FaDu cells are cultured in RPMI supplemented with 10% FBS, 100 IU/mL penicillin and 100 µg/mL streptomycin.

[bookmark: _Toc483837204][bookmark: _Toc488167545][bookmark: _Toc497199125]SCC4 
The SCC4 cell line was derived from a 55-year-old male squamous cell carcinoma of the tongue (Rheinwald and Beckett, 1981). The SCC4 cell line was cultured in 1:1 DMEM/HAM F12 (v/v) supplemented with 10% FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin and 400 nM hydrocortisone.

[bookmark: _Toc483837205][bookmark: _Toc488167546][bookmark: _Toc497199126] SCC15
The SCC15 cell line was derived squamous cell carcinoma of the tongue removed from a 55-year old male. The biopsy was taken less than 3 months after the detection of the tumor and was cultured. The patient had not been given treatment before the biopsy was performed (Rheinwald and Beckett, 1981). SCC15 were cultured in DMEM supplemented with 10% FBS, 100 IU/mL penicillin and 100 µg/mL streptomycin.
[bookmark: _Toc483837206][bookmark: _Toc483837207][bookmark: _Toc488167547][bookmark: _Toc497199127] SCC9
The SCC9 cell line was derived from a squamous cell carcinoma of the tongue removed from a 25-year-old male (Rheinwald and Beckett, 1981). SCC9 was cultured in DMEM supplemented with 10% FBS, 100 IU/mL penicillin and 100 µg/mL streptomycin.

[bookmark: _Toc488167548][bookmark: _Toc497199128] UD-SCC2
The UD-SCC2 cell line was derived from HPV16-positive hypopharyngeal carcinoma of an adult male (Ballo et al., 1999). UD-SCC2 was cultured in IMDM supplemented with 10% FBS, 100 IU/mL penicillin and 100 µg/mL streptomycin.

[bookmark: _Toc483837208][bookmark: _Toc488167549][bookmark: _Toc497199129] Cal27
Cal 27 is a human squamous cell carcinoma cell line that was originally established from tissue taken before treatment from a lesion in the middle of the tongue from a 56-year old caucasian male (Gioanni et al., 1988). Cal27 cells were cultured in DMEM supplemented with 10% FBS, 100 IU/mL penicillin and 100 µg/mL streptomycin.

[bookmark: _Toc483837209][bookmark: _Toc488167550][bookmark: _Toc497199130] PE/CA-PJ34
PE/CA-PJ34 is a human basaloid squamous cell line that was established from the oral cavity of a 60-year-old male patient (Berndt et al., 1997). These cells were grown in IMDM supplemented with 10% FBS, 100 IU/mL penicillin and 100 µg/mL streptomycin.

[bookmark: _Ref483755868][bookmark: _Toc483837210][bookmark: _Toc488167551][bookmark: _Toc497199131]Thawing cells 
To thaw cells (both primary and cell lines) from long-term storage in liquid nitrogen for culture, a cryovial containing frozen cells was incubated at 37°C until the cells had defrosted. To wash and remove any excess dimethyl sulfoxide (DMSO) used in freezing medium, the contents of the cryovial were carefully aspirated and added to 30 mL tube (Greiner bio-one, UK) containing 9 mL of culture medium containing 10 % FBS. Each tube was then centrifuged at 190 x g for 5 minutes in a bench top centrifuge to form a cell pellet. The supernatant was carefully aspirated and discarded, and the cell pellet was resuspended in 5 mL cell-specific medium and placed in a 25 cm2 cell culture flask (Greiner bio-one, UK) with the medium was changed every 2-3 days. 

[bookmark: _Ref483754277][bookmark: _Toc483837211][bookmark: _Toc488167552][bookmark: _Toc497199132]Passaging cell lines
Cells were passaged once they reached ~80% confluence. For passaging cells, the medium in the culture flask was aspirated and discarded and the cell monolayer washed twice with 10 mL phosphate-buffered saline (PBS) to remove any remaining serum in the culture residue. To detach the cells from the plastic, 4 mL of Trypsin-Ethylenediaminetetraacetic acid 0.25% (Trypsin/EDTA) was added to the culture flask and incubated for 5-10 minutes at 37°C. The flask was examined under the microscope to monitor cell detachment and tapping a few times on the side of the flask enhanced cell removal. The detached cells were then aspirated and added to a sterile universal tube containing 6 mL of cell culture medium containing 10% FBS to neutralise the trypsin/EDTA, and centrifuged at 190 x g for 5 minutes. The supernatant was carefully aspirated without disturbing the cell pellet and discarded. The cell pellet was resuspended in cell specific media according to seeding requirements and added to the appropriately sized culture vessel. Most of immortalised, dysplastic, cancer and metastatic cells were used up to passage number 25. Normal oral keratinocytes were used at no more than passage 3. A reserve of low passage number cells was stored in liquid nitrogen. Cell cultures were tested for mycoplasma infection every 8-10 weeks. Modification of cell detachment procedures using cell scrapers and or cell dissociation solution with/without trypsin is discussed in the relevant results chapters.

[bookmark: _Toc483837212][bookmark: _Toc488167553][bookmark: _Toc497199133]Cell Counting
A Neubauer hemocytometer (Weber Scientific International) was used to determine cell number. Cells detached from culture flasks were suspended in a final volume of 10 mL medium containing 10% FBS. Ten µL of cell suspension was transferred to a haemocytometer chamber and the average number of cells counted in four 1 mm2 squares (volume of each 1 mm2 square equals to 1 x 10-4 mL) calculated. Total cell number was calculated as follows:

Total number of cells  =  average count per square x 104 x total number of mL of fluid from which the sample of cells was removed.

[bookmark: _Ref483754361][bookmark: _Toc483837213][bookmark: _Toc488167554][bookmark: _Toc497199134]Cryopreservation 
For cryopreservation, cells were detached from the culture flask as described above, and the resultant cell pellet resuspended in cryopreservation medium (9:1, FBS:DMSO) (v/v) to a final concentration of approximately 1x106 cells/mL and transferred to a cryovial (Greiner bio-one). Cryovials were incubated in a Nalgene Mr. Frosty Cryo 1°C Freezing Container (Nalgene Co., New York, USA). This freezing container is used to control the cooling rate to be 1°C per minute when put in to a -80 °C freezer. Cells were stored in the -80 °C freezer overnight before being transferred into a liquid nitrogen dewar (liquid nitrogen boiling point -196 °C) for long-term storage.

[bookmark: _Toc483837214][bookmark: _Toc488167555][bookmark: _Toc497199135]Monocytes isolation and macrophage differentiation
Monocyte derived macrophages were isolated from anti-coagulant-treated blood from buffy coats obtained from the National Blood Service (Sheffield Research Ethics Committee approval 012597) using Ficoll-Paque density gradient separation (Boyum, 1976, Gough et al., 1999). Blood samples were checked to ensure they were free of clots and processed as soon as possible after collection to ensure a high viable yield. Leukocytes were separated from blood by density centrifugation using Ficoll-Paque density gradient media (GE Healthcare Life Sciences). Ficoll-Paque is aqueous solutions containing Ficoll PM400 and sodium diatrizoate with calcium disodium ethylenediamine-tetraacetic acid (EDTA). Ficoll PM400 is a high molecular weight synthetic polymer of epichlorohydrin and sucrose and has low osmotic pressures. The light-sensitive sodium diatrizoate forms with Ficoll PM400 solutions of high density with low viscosity. The function of sodium diatrizoate is to provide the density and osmolarity that is necessary for efficient isolation of mononuclear cells. 

Blood from buffy coats was diluted (1:1, v/v) in HBSS (without Ca2+ or Mg2+) (Gibco). Thirty mL blood/HBSS mixture was carefully layered onto 20 mL of Ficoll-Paque density gradient media in a 50 mL tube (Greiner bio-one) and centrifuged at 400 x g for 40 minutes at room temperature, with the centrifuge brakes set at 0. Differential separation of cells occurs during centrifugation forming layers containing different cell types; the first layer contains erythrocytes aggregated by Ficoll PM400 and readily sedimented at the bottom of the tube in the form of a pellet. Above the erythrocyte layer is a layer containing mostly granulocytes that have high enough density to sediment through the Ficoll-Paque layer and are on top of the erythrocyte layer. The third layer is the Ficoll-Paque media and immediately above this is a distinct white layer of mononuclear cells and other slowly sedimenting low-density particles (e.g. platelets) found exactly at the interface between the plasma (5th layer) and the Ficoll-Paque layer. The mononuclear cell layer (containing monocytes and lymphocytes) was removed with a sterile plastic 1 mL Pasteur pipette (Fisher Scientific) and transferred to a fresh 50 mL tube. The total volume then was made up to 50 mL with HBSS (without Ca2+ or Mg2+) and centrifuged for 15 minutes at 400 x g to pellet the cells. This step was repeated three times to wash the cells and remove platelets, any contaminating Ficoll-Paque media and plasma.

Cell counting was performed on an aliquot taken from the cell suspension and cells seeded at 25 x 106/ 75 cm2 flask or 15-20 x 106/ 10 cm2 dish in IMDM supplemented with 2% human AB serum and 2 mM L-Glutamine. Mononuclear cells were allowed to adhere for 2 hours at 37°C, 5% CO2, at which point the culture medium was discarded and non-adherent cells removed by three washes with HBSS. Fresh medium was added and the cells incubated at 37°C, 5% CO2. The wash step was repeated once daily for the first 7 days after which medium was changed every 2-3 days. Monocytes were allowed to differentiate into macrophages for 14 days before use in experiments (Vogt and Nathan, 2011).

[bookmark: _Toc483837215][bookmark: _Toc488167556][bookmark: _Toc497199136]Isolation and cultivating normal oral keratinocytes
NOK were freshly isolated from biopsies collected from healthy volunteers and were cultured up to passage 3. 

[bookmark: _Toc483837216][bookmark: _Toc488167557][bookmark: _Toc497199137]Surgical removal of biopsy
[bookmark: _Hlk483396987]Human oral gingival or buccal tissue was surgically obtained from consenting volunteers (Sheffield Research Ethics Committee approval 09/H1308/66). Upon collection, the biopsy (size around 5 mm2) was placed in a sterile tube containing 10 mL transfer medium (DMEM supplemented with 100 IU/mL penicillin, 100 μg/mL streptomycin and 0.625 μg/mL amphotericin B). All biopsies were stored in transfer medium at 4°C before processing to reduce the risk of fungal or bacterial contamination.

[bookmark: _Toc483837217][bookmark: _Toc488167558][bookmark: _Ref494302263][bookmark: _Toc497199138]Preparation of irradiated 3T3 cells
Mouse 3T3 fibroblast cells were used as a feeder layer to support initiation of colony formation of human keratinocytes (García Fernández et al., 1998, Rheinwald and Green, 1975). 3T3 cells were expanded in T175 cell culture flasks, collected and pelleted as described in section ‎2.3 when they reached 80% confluence and exposed to 60 Grays irradiation using a cobalt-60 irradiator to arrest cell division. Irradiated 3T3 (i3T3) cells were immediately cryopreserved as described in section ‎2.5 and were thawed immediately prior to experiments.

[bookmark: _Ref483755992][bookmark: _Toc483837218][bookmark: _Toc488167559][bookmark: _Toc497199139]Processing of oral biopsies for keratinocyte isolation
Biopsies were incubated for 16 hours at 4°C in trypsin/EDTA (107µM trypsin/526 µM EDTA) to allow separation of the epithelium from the underlying connective tissue. The biopsy was oriented to ensure that the epithelium was exposed and then the keratinocytes were gently scraped off the underlying connective tissue using the back of a scalpel blade (number 15). The trypsin solution containing the freshly scraped cells was centrifuged at 190 x g for 10 minutes to form a cellular pellet that was then resuspended in 1 mL Green’s medium (as described in ‎2.3) (Tenchini et al., 1992, Rheinwald and Green, 1975, Green et al., 1977), counted and seeded into a cell culture flask at a density 6x104 cells/cm2. i3T3 cells were added at a ratio of 1:2 to the culture flask. The medium was initially replaced after 3 days at which point the cells were washed twice with PBS to remove semi-detached cells. Then medium was changed every 2-3 days thereafter.

[bookmark: _Toc483837219][bookmark: _Toc488167560][bookmark: _Toc497199140]Passaging normal oral keratinocytes
NOKs were cultured until they reached ~80% confluence, then they were passaged (as described in section ‎2.3), counted and seeded into new flasks with fresh i3T3 as described in section ‎2.2 and ‎2.7.3. NOKs were used up to and including passage 3. At least one vial of the newly prepared and cryopreserved i3T3 cells (described in section ‎2.7.2) were thawed and seeded into each tissue culture flask at the same density used for NOK cultivation. i3T3 can not proliferate and so die over a period of culture, they can also be selectively removed from NOK-containing flasks by incubation with EDTA as they are much less adherent to tissue plastic than NOK (Rheinwald and Green, 1975). NOKs used in the experimental work of this study were used when i3T3 cells were removed by natural cell death and by EDTA treatment. Additionally, the use of anti-human antibodies (protein studies) and human specific primers (mRNA studies) allowed more specific targeting of human markers in experiments requiring NOK samples (Protein/RNA) thus avoiding bias resulting from potential contamination with i3T3 cells.

[bookmark: _Toc483837220][bookmark: _Toc488167561][bookmark: _Toc497199141]Isolation of total RNA
Total RNA was isolated and purified from cultured cells using an ISOLATE II RNA Mini Kit (Bioline) (Juhas et al., 2014), according to the manufacturer’s instructions. Cells cultured to 70% confluence in a tissue culture flask were trypsinized, counted and centrifuged to produce a cell pellet. 350 μL Lysis Buffer RLY and 3.5 μL β-Mercaptoethanol (β-ME) were added to the cell pellet (up to 5x106 cells) and vortexed vigorously. The lysate was filtered by loading it in an ISOLATE II filter placed in a 2 mL collection tube and centrifuged for 1 minute at 11,000 x g. The filter was discarded and 350 μL ethanol (70%) added to the homogenised lysate. The lysate then was loaded into ISOLATE II RNA Mini Column placed in a 2 mL collection tube and centrifuged for 30 seconds at 11,000 x g.  The column was then placed in a new 2 mL collection tube and 350 μL Membrane Desalting Buffer added and centrifuged at 11,000 x g for 1 minute to dry the membrane. Then 95 μL DNase I reaction mixture (prepared by adding 10 μL reconstituted DNase I to 90 μL Reaction Buffer for DNase I) was applied directly onto the centre of the silica membrane and incubated at room temperature for 15 minutes to digest the DNA. The silica membrane was washed once with Wash Buffer RW1 and centrifuged for 30 seconds at 11,000 x g. The wash step was repeated twice with Wash Buffer RW2. In the final wash, the column was centrifuged for 2 minutes at 11,000 x g to dry the membrane completely. The column was placed into a nuclease-free 1.5 mL collection tube and 60 μL RNase-free water added directly onto the centre of the silica membrane and centrifuged at 11,000 x g for 1 minute, the concentration of the resulting RNA was measured using NanoDrop 1000 spectrophotometer (Thermo Scientific), using 1.5 µL of the sample. Total RNA with a 260/280nm ratio of ~ 2.0 were used for cDNA synthesis. Samples were stored at -80°C until use.

[bookmark: _Toc483837221][bookmark: _Toc488167562][bookmark: _Toc497199142]cDNA Reverse Transcription
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was used for the quantitative conversion of 1 µg of total RNA to single-stranded cDNA in a single 20 µL reaction in accordance with the manufacturer’s instructions (Lydolph et al., 2009). Ten μL 2 x RT master mix for a 20 μL reaction was prepared by adding 2 μL 10 x RT buffer, 0.8 μL 25 x dNTP mix, 2 μL 10 x RT random primers, 1 μL MultiScribe reverse transcriptase and 4.2 μL nuclease-free water. According to the number of reactions to be conducted, the correct volume of master mix components were calculated and mixed then placed on ice. Ten μL of 2 x RT master mix were transfered into RNase-free microcentrifuge tubes. A volume of of RNA sample (containing 1 μg total RNA) was added into the tube and mixed well by pipetting. The microcentrifuge tubes were further subject to brief centrifuge to spin down the content and to eliminate any air bubbles. The tubes were placed on ice until loading into the thermal cycler that was programmed as shown in Table ‎2.4. The resulting cDNA samples were stored at -20°C until use.

[bookmark: _Ref486074211][bookmark: _Toc497199274]Table ‎2.4 Thermal cycler settings used in cDNA production.
	
	Step 1
	Step 2
	Step 3
	Step 4

	Temperature (°C)
	25
	37
	85
	4

	Time
	10 min
	120 min
	5 min
	∞




[bookmark: _Toc483837222][bookmark: _Toc488167563][bookmark: _Toc497199143]Quantitative polymerase chain reaction analysis
Quantitative PCR (qPCR) was carried out using Applied Biosystems 7900HT Fast Real-Time PCR System using FAM-labelled Taqman probes for the target genes of interest (Table ‎2.5). The Applied Biosystems® human β-2-microglobulin (β2M) endogenous control (VIC® ⁄MGB Probe, Primer Limited) was used as the reference gene for comparative gene expression quantification in cDNA samples (Pascual et al., 2017, Bao et al., 2012). A 10 µL reaction system was prepared according to the following components: 5 µL TaqMan® Gene Expression Master Mix, 0.5 µL probe/primer, 0.5 µL cDNA template, 0.5 µL B2M and 3.5 µL sterile dH2O. The samples were added to a 96-well reaction plate. Reactions were run in triplicate in three independent experiments. For quantifying the relative changes in gene expression between normal keratinocytes and other studied cells the 2-ΔΔCT method (Livak and Schmittgen, 2001) was used. For the ΔΔCT calculation to be valid, the amplification efficiencies of the target and reference genes were assumed to be approximately equal (Livak and Schmittgen, 2001). The CT values provided from the real-time PCR instrumentation were imported into a Microsoft Excel spreadsheet and the change in expression of the control and target genes were normalized to B2M (Livak and Schmittgen, 2001). The 2-ΔΔCT method was used to calculate fold change in gene expression between NOK (control sample) and other investigated cells (target sample) where ΔΔCT = ΔCT control- ΔCT target (Livak and Schmittgen, 2001). NOK were selected as the control or calibrator sample and macrophages were included in the experiment as a positive control. The ΔCT control was calculated as follows; 

ΔCT control = CT target gene - CT reference gene

where CT target gene is the gene under investigation expressed by calibrator cell, and CT reference gene is the CT for β2M measured in the same well. The ΔCT target was calculated as follows:
ΔCTtarget = CT target gene - CT reference gene

Where CT target gene is the gene under investigation expressed by the target cells and CT reference gene is the CT for β2M measured in the same well.  The fold change for each of the triplicate experiments was calculated, and the mean for these 3-fold changes was used to describe gene expression variation on the mRNA level in each of the investigated cells.

[bookmark: _Ref486074258][bookmark: _Toc497199275]Table ‎2.5 List of primers used in this study.
	Targeted Gene
	Primer ID
	Gene Aliases
	Target encoded protein
	Supplier

	SCARB1
	Hs00969818_m1
	CD36L1, CLA-1, CLA1, HDLQTL6, SR-BI, SRB1
	SR-B1
	ThermoFisher®

	SCARB2
	Hs01072104_g1
	AMRF, CD36L2, EPM4, HLGP85, LGP85, LIMP-2, LIMPII, SR-BII
	SR-B1.1
	ThermoFisher®

	CD36
	Hs01567185_m1
	BDPLT10, CHDS7, FAT, GP3B, GP4, GPIV, PASIV, SCARB3
	SR-B2
	ThermoFisher®

	MSR1
	Hs01089355_m1
	CD204, SCARA1, SR-A, SRA, phSR1, phSR2
	SR-A1
	ThermoFisher®

	MARCO
	Hs00198935_m1
	SCARA2
	SR-A6
	ThermoFisher®

	CD163
	Hs00174705_m1
	M130, MM130
	SR-I1
	ThermoFisher®

	CDH1
	Hs01023895_m1
	Arc-1, CD324, CDHE, ECAD, LCAM, UVO
	E-cadherin
	ThermoFisher®

	VIM
	Hs00958111_m1
	CTRCT30, HEL113
	Vimentin
	ThermoFisher®


[bookmark: _Ref483827243]
[bookmark: _Toc483837223][bookmark: _Toc488167564][bookmark: _Toc497199144]Extraction of total cellular proteins
Radioimmunoprecipitation Assay (RIPA) buffer (Sigma-Aldrich) was used for cell lysis and solubilisation of proteins from cultured cells. Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific) was added to the lysis buffer (10 μL/mL) to prevent protein degradation and loss of protein phosphorylation (Bollu et al., 2015). Briefly, growth medium was discarded and the cells washed twice with cold PBS to remove any residual medium.  Ice-cold RIPA Buffer (300 µL for 0.5 to 15 x 106 cells) was added directly to the cell monolayers and the flask scraped with a cell scraper to remove and lyse cells. The cell lysate was then transferred to a microtube, vortexed and kept on ice for 15 minutes. The lysate was clarified by centrifugation at 8,000 x g for 10 minutes at 4 °C to pellet the cell debris and the supernatant, containing the soluble protein, carefully transferred to fresh microtube. Protein was stored at -80°C until use. 
[bookmark: _Toc483837224][bookmark: _Toc488167565][bookmark: _Toc497199145]Colorimetric quantitation of total protein
Total protein in each sample was quantified using the Thermo Scientific® Pierce BCA Protein Assay kit (Smith et al., 1985) to the manufacturer’s instructions. A series of 9 dilutions of bovine serum albumin (BSA) standard, diluted in RIPA buffer were prepared according to the dilution scheme shown in Table ‎2.6. Then a BCA Working Reagent (WR) was prepared by mixing 50 parts of BCA Reagent A with 1 part of BCA Reagent B (50:1, Reagent A: B).  The following formula was used to calculate the total volume of WR required; 

(# standards + # unknowns) × (# replicates) × (volume of WR per sample) = total volume WR required. 

Three replicates of unknown samples were used in each experiment. Ten microliters of each unknown sample and standard were added into a microplate well of 96-well plates. 200 μL of WR was added to each well and the plate shaken thoroughly to remove air bubbles. The plate was covered and incubated at 37°C for 30 minutes. The absorbance was measured at 562 nm on a Tecan spectrophotometer. Readings were imported into Microsoft excel spreadsheet and the mean absorbance of standards was plotted against their protein concentration, as shown in Table ‎2.6, to produce standard curve. Linear regression analysis of data generates the following equation; y=mx + b, where y is the mean of known sample absorbance, m is the slope of the standard curve (from the standard curve blot), b is y-intercept (from the standard curve blot), and x is the protein concentration of unknown samples. The concentration of protein in the samples was determined by extrapolation of y=mx+b (Figure ‎2.1). 


[image: ]
[bookmark: _Ref494129182][bookmark: _Toc497199216]Figure ‎2.1 Calculation of protein amount in a cell lysate sample using BCA:
 An example of standard curve (A) calculated from concentrations of dilutions series of standard bovine serum albumin plotted against mean their absorbance readings. Linear regression analysis of plot used in calculation of protein content of cell lysate sample (B) is done by extrapolation of y=mx+b.
 
[bookmark: _Ref486074660][bookmark: _Toc497199276]Table ‎2.6 Scheme of dilutions used to produce standard curve.
		Vial



	Volume of RIPA buffer (μL)
	Volume of BSA (μL)
	Final BSA Concentration (μg/mL)

	1
	0
	300 (undiluted)
	2000

	2
	125
	375 (undiluted)
	1500

	3
	325
	325 (undiluted)
	1000

	4
	175
	175 of vial 2 dilution
	750

	5
	325
	325 of vial 3 dilution
	500

	6
	325
	325 of vial 5 dilution
	250

	7
	325
	325 of vial 6 dilution
	125

	8
	400
	 100 of vial 7 dilution
	25


[bookmark: _Toc483837225][bookmark: _Toc488167566]
[bookmark: _Toc497199146]Immunoblotting
A 10% resolving gel solution (Deionized water, 30% acrylamide/bisacrylamide, 1.5 M Tris-HCl containing 0.4% SDS, pH 8.8, 10% APS, TEMED) was prepared and loaded in an assembled gel casting glass plate sandwich. Isopropanol was placed on the top of the gel solution to produce even level in the upper surface of the gel and left for 20-30 minutes. When the resolving gel had polymerised, the isopropanol was discarded and the gel was washed gently with distilled water. Stacking gel solution (Deionized water, 30% acrylamide/bisacrylamide, 0.5 M Tris-HCl containing 0.4% SDS, pH 6.8, pH 8.8, 10% APS, TEMED) was then poured onto the resolving gel and a comb (ten wells, 1 mm thickness) inserted in the gel. The gel was allowed to polymerise for 20-30 minutes. The comb was then removed and the plates were placed in a gel running apparatus and filled with 1 x tank buffer, making sure that the gel wells were covered with the buffer. 

Forty µg of protein was used for gel loading. Proteins were loaded in microcentrifuge tubes, mixed with 5 x reducing loading buffer (containing 1 M Tris HCl pH 8.5, 8 % w/v lithium dodecyl sulfate, 40 % v/w glycerol, 2 mM EDTA, 0.5 M DTT; National diagnostics®), and heated for 5 minutes at 95°C to denature the protein. The protein samples were left to cool to room temperature and then centrifuged at 11000 x g for 30 second and then loaded into wells. Five μL molecular weight markers (Fisher EZ-Run) were loaded in the first well and 2 μL in the last well and gels were run at 120 V for one hour (Mahmood and Yang, 2012).

The plates were removed from the apparatus, and carefully the stacking gel was removed from plates. iBlot® Dry Blotting System was used to perform dry blotting of proteins from the gels. The gels were placed on the transfer membrane of the iBlot anode stack and a pre-soaked (in deionized water) iBlot® filter paper was placed on the gels and air bubbles were removed using the blotting roller. The cathode stack was placed over the pre-soaked filter paper with the electrode side facing up and aligned to the right edge. Any air bubbles trapped in between were removed using the blotting roller. Blot transfer programme for samples with mixed molecular weight was selected and ran for 7 minutes. 

At the end of transfer, the gels and filter paper were carefully removed and discarded. The transfer membrane was then removed from the iBlot anode stack and the membrane cut into the appropriate strips, according to molecular weight of protein under investigation. Strips were transferred into 50 mL tubes containing 20 mL of appropriate blocking solution Table ‎2.7, and incubated for 2 hour at room temperature with gentle mixing. Membranes were then incubated with primary antibodies at the required dilution using appropriate diluent (Table ‎2.7) overnight at 4°C. Membranes were then washed with TBS for 15 minutes x3 times on a roller in room temperature. A secondary antibody raised in a species different than the host species of the primary antibody was used at the required dilution with appropriate diluent (Sticozzi et al., 2014), Table ‎2.7. The membrane was incubated with the secondary antibody for 1 hour at room temperature. 

Detection was performed using 1.0 mL ECL solution (ECL Plus, Western Blotting Detection System, Amersham Biosciences) and Hyperfilm (Amersham Biosciences) was used for signal detection. Densitometry analysis of Western blots was performed using Quantity One software, version 4.2.1 (Bio-Rad®). Blots bands densities were normalized to loading control and were used for statistical analysis and graphs blotting.
















[bookmark: _Ref486074803][bookmark: _Ref493797756][bookmark: _Toc497199277]Table ‎2.7 List of antibodies used in immunoblotting.
	Antibody
	Supplier
	Blocking reagent
	Dilution
	diluent
	species

	SR-B1
	Novus Biologicals
	1X TBS (Tris-buffered saline) 5% non-fat milk, 0.1% Tween®20
	1:1000
	1X TBS, 3%BSA
	mouse

	β actin
	Sigma-Aldrich
	1X TBS, 5% non-fat milk, 0.1% Tween®20
	1:10000
	1X TBS, 3%BSA
	rabbit

	SR-A1
	Santa Cruz 
	1X TBS, 5% non-fat milk, 0.05% Tween®20
	1:200
	1X TBS, 5% non-fat milk, 0.05% Tween®20
	rabbit

	anti-mouse IgG-HRP
	Sigma-Aldrich
	1X TBS, 5% non-fat milk, 0.1% Tween®20
	1:3000
	1X TBS, 3%BSA, 0.1%Tween®20
	goat

	anti-rabbit IgG-HRP
	Sigma-Aldrich
	1X TBS, 5% non-fat milk, 0.1% Tween®20
	1:5000
	1X TBS, 3%BSA, 0.1%Tween®20
	goat

	FAK
	Cell Signaling
	1X TBS, 5% non-fat milk, 3% BSA, 0.1% Tween®20
	1:1000
	1X TBS, 3%BSA, 0.1%Tween®20
	rabbit

	Phospho-FAK
	Cell Signaling
	1X TBS, 5% non-fat milk, 3% BSA, 0.1% Tween®20
	1:1000
	1X TBS, 3%BSA, 0.1%Tween®20
	rabbit

	SAPK/JNK
	Cell Signaling
	1X TBS, 5% non-fat milk, 3% BSA, 0.1% Tween®20
	1:1000
	1X TBS, 3%BSA, 0.1%Tween®20
	rabbit

	Phospho- SAPK/JNK
	Cell Signaling
	1X TBS, 5% non-fat milk, 3% BSA, 0.1% Tween®20
	1:1000
	1X TBS, 3%BSA, 0.1%Tween®20
	rabbit

	p38 MAPK
	Cell Signaling
	1X TBS, 5% non-fat milk, 3% BSA, 0.1% Tween®20
	1:1000
	1X TBS, 3%BSA, 0.1%Tween®20
	rabbit

	Phospho-p38 MAPK
	Cell Signaling
	1X TBS, 5% non-fat milk, 3% BSA, 0.1% Tween®20
	1:1000
	1X TBS, 3%BSA, 0.1%Tween®20
	rabbit

	p44/42 MAPK
	Cell Signaling
	1X TBS, 5% non-fat milk, 3% BSA, 0.1% Tween®20
	1:1000
	1X TBS, 3%BSA, 0.1%Tween®20
	rabbit

	Phospho-p44/42
	Cell Signaling
	1X TBS, 5% non-fat milk, 3% BSA, 0.1% Tween®20
	1:1000
	1X TBS, 3%BSA, 0.1%Tween®20
	rabbit




[bookmark: _Toc483837226][bookmark: _Toc488167567][bookmark: _Ref494350940][bookmark: _Toc497199147]Flow cytometry
The cell surface expression of SR-B1, SR-B2 and SR-I1 was analysed using flow cytometry. Cells were washed twice with PBS (Mg2+/Ca2+-free) for 3 minutes before being incubated with 5 mL of non-enzymatic cell disassociation solution. Cell detachment was monitored using light microscopy and scraping performed for cells that did not detach after 15-20 minutes. Five mL cell culture media containing 10% FBS was added and the suspension centrifuged at 190 x g for 5 minutes. Cell pellets were re-suspended at 106 cells in cold FACS Buffer (PBS + 0.1% BSA + 0.1% sodium azide) and 50 µL cell suspension aliquoted into microcentrifuge tubes giving a final cell concentration of 5x105 cells/test. For macrophages, 10 µL of Fc receptor (FcR) blocking reagent (Miltenyi Biotec) was added to each tube and incubated for 15 minutes on ice prior to the addition of the primary antibody. Fifty µL (or 40 µL if FcR blocking reagent was used) primary antibody or isotype-matched control antibody was added to a final dilution of 1:100 (10 μg/mL) in FACS Buffer and incubated on ice for 45 minutes. Conjugated antibodies were used at a final dilution of 1:11 (91 μg/mL) in FACS Buffer and incubated on ice for 20 minutes (Table ‎2.8). 

After the incubation period, 1 mL cold FACS buffer was added to each tube and centrifuged at 1957 x g for 2 minutes. The supernatant was removed carefully leaving the cell pellet, which was re-suspended in 50 µL FACS buffer containing a 1:100 dilution of anti-rabbit IgG1-Alexa 488 antibody, and incubated on ice for 30 minutes in the dark. After this incubation, 1 mL cold FACS buffer was added to each tube and centrifuged at 1957 x g for 2 minutes. The supernatant was removed leaving the cell pellet, which was re-suspended in 300 µL FACS buffer and incubated on ice in the dark until flow cytometric analysis using a FACS Calibur was performed (Olivetta et al., 2014, Yang et al., 2011, Okada et al., 2014).

To-Pro-3 (Life Technologies) was added to samples before they were loaded onto the FACS Calibur (BD Biosciences), to exclude dead cells prior to data acquisition (To-Pro-3 is a dye that can only enter dead cells due to compromised cell membranes, thus dead cells are stained far-red). The side and forward incidental light scatter detectors were adjusted according to isotype control samples used for each investigated cell line. This was achieved by adjusting the voltage setting of the photomultiplier tubes for both the side and forward incidental light scatter detectors so that the cells were positioned in the centre of the dot-plot for side and forward detection. The far-red fluorescence detector was then altered so that the histogram for the isotype control cells was within the first log decade of the FL4 (far-red) x-axis. This ensures that any positive far-red fluorescence obtained from positively-stained cells is recorded. 

The number of events acquired was set to either 5000 or 10,000 according to the ratio of viable cells gated using the viability dye. Viable cells were gated and data acquired. Data of each sample were stored and analysed using FlowJo (FLOWJO LLC). The labelled investigated cells were plotted as forward incidental light scatter against optimal detector position (determining filter and laser selection) in histogram plots. A mouse monoclonal antibody against HLA class I (expressed by all human cells) was used as a positive control and mouse isotype IgG used as a negative control for all cell types examined. Cell populations were gated using forward scatter (FSC) and side scatter (SCC) measurements. Cell debris was excluded from the measurements. A threshold for positively fluorescent cells was set using untreated control cells. 

[bookmark: _Ref486074377][bookmark: _Toc497199278]Table ‎2.8 List of primary antibodies used for the flow cytometry procedure.
	Antibody
	Supplier
	Description
	Clonality

	Anti-SR-BI Antibody
	NOVUS
	Primary Antibody for SR-B1
	Polyclonal
Rabbit

	Anti-CD36 antibody
	ABCAM
	Primary Antibody for SR-B2
	Monoclonal Mouse

	Rabbit polyclonal IgG
	ABCAM
	Isotype control
	Polyclonal Rabbit

	Mouse IgG2A
	R&D systems
	Isotype control
	Monoclonal Mouse

	Human CXCR4 Antibody
	R&D systems
	Positive Control
	Monoclonal Mouse

	Human HLA-ABC Antibody
	Affymetrix ebioscience
	Positive Control
	Monoclonal Mouse

	Anti-CD36 antibody-PE
	Miltenyi Biotec
	Conjugated antibody for SR-B2
	Monoclonal Mouse

	Anti-CD163 antibody-PE
	Miltenyi Biotec
	Conjugated antibody for SR-I1
	Monoclonal Mouse




[bookmark: _Toc497199148]Use of TO-PRO-3 as a live/dead stain for flow cytometry
TO-PRO-3 is a far-red fluorescent nuclear stain that is unable to cross the plasma membrane of live cells but penetrates compromised cell membranes, characteristic of non-viable cells. This allows TO-PRO-3 to enter dead cells where it binds to their DNA and acts as a viability distinguishing stain (Van Hooijdonk et al., 1994). TO-PRO-3 was used to exclude dead cells in flow cytometry data collection by gating live cells only (cells that did not stain with TO-PRO-3). For each flow cytometry experiment undertaken a live/dead stain was performed to ensure that dead cells were excluded from data analysis and to minimise false-positive readings resulting from nonspecific binding of antibody usually to the intracellular components of dead cells. Figure ‎2.2, shows the difference between live (non-permeabilised) and dead (permeabilised) SCC4 cells that have been incubated with 0.1% saponin in FACS buffer for 5 minutes. The permeabilised cells show a marked increase in far-red fluorescence resulting from the uptake and binding of TO-PRO-3 to the nucleic acid.

[image: ]
[bookmark: _Ref494303206][bookmark: _Toc497199217]Figure ‎2.2 Viability analysis with TO-PRO 3 ready flow reagent:
 SCC4 cells, a human OSCC cell line, were permeabilised with 0.1% saponin in FACS buffer for 5 minutes and a mixture of permeabilised and non-permeabilised cells created at a 1:1 ratio. Cells were stained by adding 1 µl of TO-PRO-3 Ready Flow Reagent in 300 µl of 5x105 cells. The cells were then incubated for 5 minutes at room temperature. Data was acquired using a BD FACSCalibur Flow Cytometer using a 633 nm laser. Emission was collected using a 650LP nm filter. 

[bookmark: _Ref483825435][bookmark: _Toc483837227][bookmark: _Toc488167568][bookmark: _Toc497199149]Uptake assay
To investigate the ability of oral keratinocytes to bind and internalise fluorescently labelled acLDL and oxLDL, SCC4 cells were seeded in a 24-well plate at a seeding density of 1.3x104 cells/cm2 and incubated overnight at 37°C in a 5% CO2 humidified incubator in serum-containing medium. After this time, cells were washed three times with PBS and incubated with serum-free medium overnight. Cells were then incubated with fluorescently labelled LDLs (either acLDL or oxLDL) at a concentration of 40 µg/mL for 2 hours. The internalisation of fluorescently modified LDLs was then measured using flow cytometry (Rios et al., 2013, Yang et al., 2011) (section ‎2.14) by calculating the increase in MFI in treated cells compared to untreated control cells.

[bookmark: _Toc483837228][bookmark: _Toc488167569][bookmark: _Ref495302956][bookmark: _Toc497199150]Transfection 
Cells were seeded at a density of 6x104 cells per well in a 24-well plates (Greiner bio-one, UK) in 100 µL mL serum-containing medium and incubated at 37°C in 5% CO2. Transfection complexes was prepared by diluting stock siRNA (Table ‎2.9 and Table ‎2.10) with serum-free culture medium to a final concentration of 60 nM siRNA in 100 μL. Three microliters of HiPerFect transfection reagent (Firlej et al., 2011) (Table ‎2.9) was added to the mixture and mixed by vortexing for 10 seconds. The mixture was incubated for 10 minutes at room temperature to allow transfection complex formation that was then added drop-wise onto the cells in each well. The plates then were gently swirled to ensure equal distribution of the complexes and then incubated at 37°C for 4 hours. After the incubation time, 400 μL of serum-containing culture medium were added to each well, giving a final siRNA concentration of 10 nM and total volume of 603 µL per well. Plates was then incubated at 37°C in a 5% CO2 humidified incubator for a further 72 hours.

[bookmark: _Ref486074403][bookmark: _Toc497199279]Table ‎2.9 List of reagents used in cell transfection.
	Reagent
	Description
	Supplier

	Hs_CD36_1 FlexiTube siRNA
	Predesigned siRNA directed against human SR-B2 
	QIAGEN®

	Hs_CD36_5 FlexiTube siRNA
	Predesigned siRNA directed against human SR-B2 
	QIAGEN®

	Hs_CD36_6 FlexiTube siRNA
	Predesigned siRNA directed against human SR-B2 
	QIAGEN®

	Hs_CD36_7 FlexiTube siRNA
	Predesigned siRNA directed against human SR-B2 
	QIAGEN®


[bookmark: _Ref494147020][bookmark: _Ref494146997][bookmark: _Toc497199280]Table ‎2.10 Sequences of siRNA used in cell transfection
	siRNA Reagent
	Target Sequence

	Hs_CD36_1 FlexiTube siRNA
	GAGCAACATTCAAGTTAAGCA

	Hs_CD36_5 FlexiTube siRNA
	AACCTTCACTATCAGTTGGAA

	Hs_CD36_6 FlexiTube siRNA
	CAGGTGCTTAACACTAATTCA

	Hs_CD36_7 FlexiTube siRNA
	CAGAACCTATTGATGGATTAA



[bookmark: _Toc483837229][bookmark: _Toc488167570][bookmark: _Toc497199151]Blocking of modified LDL uptake with fucoidan
To block the uptake of oxLDL or acLDL by NOK fucoidan from fucus vesiculosus (Sigma-Aldrich), a general scavenger class A and class B blocker was used. Cells incubated in serum-free medium overnight were then incubated with fucoidan at a concentration of 0.5 mg/mL for 30 minutes prior to treatment with modified LDLs as described in section ‎2.15 (Colley et al., 2014).

[bookmark: _Toc483837230][bookmark: _Toc488167571][bookmark: _Toc497199152]JNK Inhibition
To analyse the role of JNK signalling pathway activation by binding and internalisation of scavenger receptors and (oxLDL and acLDL) on oral keratinocytes, a chemical inhibitor of JNK, SP600125 (ThermoFisher®) was used. SP600125 was reconstituted using DMSO to final concentration of 25 mM and stored at -20°C in aliquots to avoid repeated freeze-thaw cycles (Bennett et al., 2001). When cells reached the desired confluence, a prepared stock solution of SP600125 was added to culture medium to a final concentration of 25 µM, and cells incubated at 37°C in a 5% CO2 for 40 minutes prior to washing cells with PBS 3 times. Then, according to experiment requirements, fresh medium or medium containing further treatments was added.

[bookmark: _Toc483837231][bookmark: _Toc488167572][bookmark: _Toc497199153]Immunofluorescence staining

[bookmark: _Toc483837233][bookmark: _Toc483837234][bookmark: _Toc488167573][bookmark: _Toc497199154]Cell surface receptor expression
The expression of cell surface SR-B1 and SR-B2 on NOK, SCC4, and FaDu cells were explored using an immunofluorescent labelling technique. Glass coverslips (diameter 13 mm, no.1) were sterilised by the addition of 70% IMS for 10 minutes. The coverslips were placed in a well of a 24-well plate, washed with PBS and cells seeded directly onto them at a final density of 10 x 103 cells per well. Cells were cultured overnight, then the medium was removed and the cells washed in immunofluorescence buffer (PBS, 0.1% BSA, 0.1 % sodium azide). Non-specific binding sites were blocked with PBS containing 1% BSA and 5 % normal serum (goat or rabbit according to the species the secondary antibody was raised in) and incubated for 20 minutes at room temperature. The blocking solution was removed and PE-conjugated anti-SR-B1 or SR-B2 (Miltenyi Biotec) diluted at a final concentration of 20 and 91 µg/mL respectively in immunofluorescence buffer and incubated for 15 minutes at 4°C in the dark.  After incubation, cells were washed three times with immunofluorescence buffer, then coverslips were removed from the 24-well plate, inverted and mounted onto a glass microscope slide using ProLong® Gold Antifade Mountant with DAPI (4’,6-Diamidino-2-Phenylindole) (ThermoFisher). Slides were stored at room temperature overnight and then at 4°C in the dark until visualised by fluorescence microscopy. Slides were visualized and imaged using Nikon dual cam system in the inverted Ti eclipse microscope. Images were obtained using Nikon elements software.

Images were analysed using FiJi open source imaging software and corrected total cell fluorescence (CTCF) was calculated for each cell line examined (Figure 2.3). To do this, the required image sequence was imported into the software and the nucleus channel was excluded from this image sequence using split channel tool in colour menu of the FiJi software. Sequence in the remaining selected channel was converted to single stack using z-project tool in the stack menu. A region of interest cell (ROI) was selected using selection tool. Then through measure tool in analyse menu; area, mean fluorescence and integrated density of the selected ROI was recorded. A region directly next to the ROI not containing cells was selected using selection tool. This second ROI represented the background. The same parameters calculated for the first ROI were calculated for the second one (background). The background measurement step was repeated 3 times in 3 different regions, next to the cell in question, to adjust for any unevenness in the background. CTCF was calculated as follows:

CTCF = Integrated Density ROI(cell) – (Area of selected ROI(cell) X Mean fluorescence of RIO(background)) (McCloy et al., 2014, Gavet and Pines, 2010).
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[bookmark: _Toc497199218]Figure ‎2.3 The use of Fiji open source software in cell fluorescence analysis.
 Example of image loaded into FiJi image software, with cell selected prior to analysis. The channel containing the nucleus was excluded from the analysis process.
 

[bookmark: _Toc483837235][bookmark: _Toc488167574][bookmark: _Toc497199155]Co-localisation of internalised modified LDL and cellular lysosomes
To further characterize the binding and internalisation of both acLDL and oxLDL by cells, DiI-labelled LDLs were co-localised with lysotracker labelled with a far red-fluorescent dye (ThermoFisher scientific) (Dunn et al., 2011). Cells were suspended in 250 µL medium at a density of 10 x 103 cells and seeded onto uncoated No. 1.5 coverslips (10 mm in diameter) or MatTek size 35 mm glass bottom dish, and incubated for 1 hour at 37°C in a 5% CO2. After the incubation time, an additional 2 mL of medium was gently added to the dish, and further incubated at 37 °C in a 5% CO2 humidified incubator overnight. Cells were incubated in serum-free media for 24 hours and then incubated with 40 µg/mL DiI-labelled LDLs for 2 hours. Cells were washed three times with PBS and incubated with pre-warmed serum-free medium containing 50 nM LysoTracker® probe at 37 °C in a 5% CO2 humidified incubator for 30 minutes. Cells then were washed three times with PBS, fresh serum-free medium was added and the cells visualized live using a Nikon dual cam system in the inverted Ti eclipse microscope with Oko-lab environmental control chamber. Images were obtained using Andor Zyla VSC-00627 camera and Nikon elements software and at least 27 slices (step = 0.3 µm) were captured for each section with color depth of 16-bit and resolution of 1796x1680 pixels and size of 116.7x109.20 micron per slice. 

Images were analysed at native bit depth and resolution using FiJi open source imaging software as follows: Image sequence to be analysed imported to Fiji software. The sequence was then separated into two channels (one channel for LysoTracker® and the other for the fluorescently labelled LDLs). Then each channel was split into separate images (image per slice) using Colour tool in Image menu. From the resulting series of images in each channel, one image was selected in the first channel to be analyzed in relation to the equivalent sequenced image in the second channel as described previously (Dunn et al., 2011, Rios et al., 2013), using drop down menu of Coloc 2 plug-in in Analyze menu of the Fiji software. The Plug in was then run to analyze pixel intensity correlation over space in the two images, and Pearson’s correlation coefficient (r) was calculated. Numerical results were then exported to a spreadsheet. This was repeated for the rest of the images in each sequence of the two channels. 

[bookmark: _Toc483837236][bookmark: _Toc488167575][bookmark: _Toc497199156]Immunohistochemistry
Sections of paraffin embedded samples (5 µm) were prepared from paraffin-embedded blocks of normal oral mucosa obtained from healthy volunteers with written informed consent and from archival oral cancer biopsies deposited in the Academic Unit of Oral Pathology, University of Sheffield in accordance with the Sheffield Research Ethics Committee approval (Ref: 07/H1309/105). SuperFrost® Plus slides (VWR International, Lutterworth, UK) were used to mount these sections.  Sections were then dewaxed by immersing in xylene twice for 5 minutes each followed by rehydration by immersion through a series of ethanol concentrations (100, 95 and 90%; diluted in dH2O) for 5 minutes. The sections were then immersed in 3% hydrogen peroxide in methanol for 20 minutes at room temperature to neutralise endogenous peroxidase activity and washed in PBS for 5 minutes prior to antigen retrieval. 

Antigen retrieval was achieved using 0.01 mol/L citrate buffer, pH 6.0 in a 2000 Antigen Retriever (Aptum Biologics Ltd.). The slides were immersed in citrate buffer (in special chambers) and loaded into the retriever. The Antigen Retriever lid was secured and antigen retrieval cycle initiated (total of 20 minutes where heat and pressure build up, the slides maintained at 120 °C for 10 minutes). At the end of the cycle the retriever was depressurised and the chambers loaded with slides and buffer were let to cool to room temperature.  The Non-specific binding was blocked using the serum mixture from the Vectastain® ABC kit (Vector laboratories) for 30 minutes at room temperature (serum for blocking used from the same species in which the biotinylated secondary antibody is made). Blocking mixture was made up according to the manufacturer’s instructions; 3 drops (150 μL) of normal serum was added to 10 mL of PBS and mixed well. Then test sections were incubated with the primary antibody diluted in blocking solution for 1 hour in humidified chamber at room temperature, Table ‎2.11. This step was skipped for control sections to detect nonspecific binding of secondary antibody.

Sections were then washed twice with PBS for 5 minutes each time in stirring PBS with changing PBS between the washes. After the wash, sections were incubated with biotinylated secondary antibody in a humidified chamber at room temperature for 30 minutes. Biotinylated Antibody from the Vectastain® ABC kit was prepared as per the manufacturer’s instructions; one drop (50 μL) of stock antibody was added to 10 mL of PBS and mixed well. Sections were then washed twice with PBS for 5 minutes each time in stirring PBS. Sections were then incubated with Vectstain® ABC reagent for 30 minutes in a humidified chamber at room temperature. Vectstain® ABC reagent was prepared from Vectstain® ABC kit by adding two drops (100 μL) of reagent A to 10 mL of PBS and mixed well then two (100 μL) drops of reagent B was added to the mixture and mixed immediately. The solution was allowed to stand for 30 minutes before use. Slides were then washed twice with PBS for 5 minutes each time in stirring PBS. The DAB solution, from DAB Peroxidase (horseradish peroxidase) Substrate Kit (Vector laboratories) was prepared by adding 2 drops of buffer stock solution to 5.0 mL of distilled water and 4 drops of DAB stock solution and 2 drops of the hydrogen peroxide solution and mixed well before incubated with the tissue sections at room temperature until the staining had developed. Slides were submerged in PBS to stop further colour development and were counter-stained with haematoxylin. Coverslips were mounted on the slides using DPX mountant (Sigma-Aldrich) and viewed using Olympus BX51 microscope (Julovi et al., 2016, Li et al., 2016) and images were captured using Colour view IIIu camera and Cell^D software (Olympus soft imaging solutions, Germany).

[bookmark: _Ref486074525][bookmark: _Toc497199281]Table ‎2.11 List of antibodies used in immunohistochemistry staining.
	Antibody
	Description
	Final concentration
	Species/Clone
	Supplier

	SR-BI Antibody
	Used for the detection of SR-B1 expression
	2 µg/mL
	Rabbit poly clonal
	Novus Biologicals

	CD36 Antibody
	Used for the detection of SR-B2 expression
	2 µg/mL
	Rabbit poly clonal
	Novus Biologicals




[bookmark: _Toc483837237][bookmark: _Toc488167576][bookmark: _Toc497199157]Invasion Assay
The invasion assay provides an in vitro system to study cell invasion of malignant and normal cells. The invasion assay was performed using modified Boyden chambers as described previously (Canel et al., 2008, Justus et al., 2014, Kramer et al., 2013). 

[bookmark: _Toc483837238][bookmark: _Toc488167577][bookmark: _Toc497199158]Preparation of Crystal violet
To prepare a 1% crystal violet stain, 2 g of crystal violet (Fisher Scientific) was dissolved in 20 mL of 95% ethyl alcohol. 0.8 g ammonium oxalate monohydrate (Fisher Scientific) was dissolved in 80 mL deionized water. The ammonium oxalate monohydrate and crystal violet solutions were mixed to make the crystal violet stain. The 1% crystal violet stock solution was diluted 1:10 in deionized water to give a working concentration of 0.1%.

[bookmark: _Toc483837239][bookmark: _Toc488167578][bookmark: _Toc497199159]Preparation of invasion chambers
To prepare the invasion chambers, transwell inserts with 8 μm pores (Corning) were transferred into the wells of a 24-well plate (Greiner bio-one) and coated with Corning® Matrigel® (Corning) coating solution as per the manufacturer’s instructions. Briefly, the matrix was mixed on ice to a final concentration of 250 μg/mL in serum-free media. 100 µL was added to the centre of each insert and incubated at 37°C for 2 hours. Before seeding cells onto the permeable membranes, any remaining liquid was carefully aspirated from each insert without disturbing the coating layer. 

Cells which had been subject to serum starvation overnight, were resuspended in serum-free media at a density of 1x105 and 0.5 mL added to each invasion chamber giving a final seeding density of 0.5 x 105 cells per insert. Chemoattractant (750 µL of medium containing 10% FBS) was carefully added to the well beneath each invasion chamber to avoid air bubbles and invasion chambers were then incubated overnight at 37°C in 5% CO2. 

[bookmark: _Toc483837240][bookmark: _Toc488167579][bookmark: _Toc497199160]Measurement of cell Invasion 
The non-invading cells were removed by inserting a cotton swab into the top of the coated permeable membrane, applying gentle pressure while firmly wiping the area. This process was repeated twice for each permeable membrane. Cells invaded through the coated permeable membrane were fixed by placing each swabbed insert in a new well containing 500 µL methanol for 10 minutes. The inserts were then transferred into new wells containing 500 µL 0.1% crystal violet for 5 minutes. 

Excess stain was removed from the permeable support membranes by rinsing in excess of dH2O. Each permeable membrane was then removed from the transwell inserts using a scalpel and attached to a glass microscope slide (SuperFrost® Plus slides) with the underneath of the permeable membrane, containing the invaded cells, facing upwards. A coverslip was mounted over the sample using DPX mountant and the samples were viewed using an Olympus BX51 microscope and images captured using Colour view IIIu camera with associated Cell^D software. Cells were viewed at 40 x magnification and the number of cells per field of view counted. Cells were counted in five random fields in triplicate ensuring that fields in the centre of the membrane as well as at the periphery were chosen for an accurate representation of total cell number across the permeable membrane. Data was expressed as average number of invading cells per field of view.

[bookmark: _Toc483837241][bookmark: _Toc488167580][bookmark: _Toc497199161]Migration Assay
For the migration assay, the same protocol and data acquisition was used as for the invasion assay except that cells were added directly onto the semipermeable membrane without any prior coating (Kramer et al., 2013, Justus et al., 2014). 

[bookmark: _Toc483837242][bookmark: _Toc488167581][bookmark: _Toc497199162]Metabolic activity assay
[bookmark: _Hlk483421886]Cells were seeded in a T25 tissue culture flask at a seeding density of 2.4x104 cells/cm2 and allowed to adhere overnight at 37 °C in 5% CO2. After 18 hours the medium was changed with fresh media containing 40 µg oxLDL or acLDL and the cells incubated for a further 48 hours. PrestoBlue® Cell Viability Reagent (ThermoFisher scientific) was used to assess metabolic activity of the cells after this time point. PrestoBlue® reagent is a resazurin-based solution. The oxidized form of resazurin in PrestoBlue®, when added to cells, will gradually become reduced by the mitochondrial activity of living cells. The result of converting resazurin into its reduced form results in a change in colour and fluorescence that can be then be quantified.

Cells were incubated with medium containing PrestoBlue® reagent (diluted 1:10) at 37°C in a 5% CO2 humidified incubator for 30 minutes. 200 µL of medium was aspirated from each flask and transferred into a well of a 96 well plate (Greiner bio-one, UK) in triplicate. Fluorescence was measured using a TECAN® Infinite 200 PRO spectrophotometer with an excitation wavelength of 540–570 nm and emission 580–610 nm (Gillaux et al., 2011). Background fluorescence was corrected by subtracting the value measured for a control well that contained medium only on each plate. Data was expressed as relative fluorescence.

[bookmark: _Toc483837243][bookmark: _Toc488167582][bookmark: _Toc497199163]Adhesion assay
The Vybrant™ Cell Adhesion Assay Kit (ThermoFisher) utilizes the non-fluorescent calcein acetoxymethyl ester. Once calcein acetoxymethyl ester is loaded into cells it is cleaved by endogenous esterases producing a fluorescent calcein. Cells were removed from culture flasks using trypsin as described in section ‎2.3 and resuspended in serum-free medium at a density of 5x105 cells/mL. One mL of the cell suspension was transferred to a microcentrifuge tube and 5 µL of the calcein acetoxymethyl ester stock solution added to achieve a final concentration of 5 μM. 

The suspension was mixed well and incubated at 37°C in a 5% CO2 humidified incubator for 30 minutes. Cells were then washed twice with a 1% BSA solution and resuspended in 1 mL of serum-free medium. 200 μL of the calcein-labeled cell suspension (1x105 cells) was transferred to 48-well culture plates (Greiner bio-one, UK), that have been seeded overnight with 1x105 of the same tested cells (Monzavi-Karbassi et al., 2004, Smythies et al., 2010), and incubated at 37°C in a 5% CO2 humidified incubator for 1 hour. 

After 1 hour, the non-adherent cells were removed by adding 200 µL pre-warmed PBS to each well and the plate inverted and excess liquid blotted onto paper towels. The wash was repeated four times before 200 μL of PBS was added to each well. Fluorescence was measured using a spectrophotometer (Gupta et al., 2005, Smythies et al., 2010) (TECAN® Infinite 200 PRO) using an absorbance maximum of 494 nm and an emission maximum of 517 nm. Background fluorescence was corrected for by subtracting a control well containing only PBS. Data was expressed as relative fluorescence. 


[bookmark: _Toc488167583][bookmark: _Toc497199164]Statistics
The significance values and standard deviation were calculated from two or more independent experiments using GraphPad Prism v.7. Each experiment contained two or more repeats, the average of which was used to represent each single experiment. For more than two-variable experiments ANOVA followed by Tukey’s post hoc test was used to measure statistical significance. For two-variable experiments, Student’s t-test was used to measure statistical significance. These measurements were performed using GraphPad Prism v.7.  In bar graph figures throughout this thesis, asterisk(s) directly above the bar denotes significance relative to the control sample, while asterisk(s) placed above the horizontal line shown in these figures denotes significance relative to the two bars at the ends of the line.
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CHAPTER THREE
Expression of scavenger receptors in oral keratinocytes in vitro and oral mucosal tissue










[bookmark: _Toc488167585][bookmark: _Toc497199166]Introduction
Although the description of scavenger receptors dates back to 1979 when Brown and Goldstein described the uptake of acLDL by macrophages (Goldstein et al., 1979), the isolation of cDNAs encoding SR-A1 and SR-A1.1 was not reported until 1988 when Kodama et al. successfully purified the glycoprotein responsible for acLDL binding from lung membrane and bovine liver (Kodama et al., 1988, Kodama et al., 1990). 

Today, the family of mammalian scavenger receptors consists of 9 classes (A to J) that share functional characteristics, which enables the removal of altered self or non-self targets (PrabhuDas et al., 2014). The expression of mammalian scavenger receptors has been described on several different cell types and in some instances the level of expression has been implicated in the progression of different diseases, including cancer (Huang et al., 2010b, Zheng et al., 2013) or as drug delivery targets (Colley et al., 2014, Graversen et al., 2012). For example, high levels of SR-B2 have been associated with good prognosis in breast cancer patients (Uray et al., 2004), and poor prognosis in patients with glioblastoma (Hale et al., 2014). Scavenger receptors are expressed by cells found in the tumour microenvironment, such as tumour-associated macrophages (TAM), where they are thought to drive cancer progression, as in case of SR-A1 (Neyen et al., 2013a, Neyen et al., 2013b) and SR-A6 (Elomaa et al., 1995, Georgoudaki et al., 2016). 

[bookmark: _Hlk483499146]Specific environmental conditions can manipulate expression of scavenger receptors such as increased expression of SR-A4 by hypoxic and oxidative stress (Zani et al., 2015). The expression of scavenger receptors is governed at transcriptional, post-transcriptional, and post-translational levels and this is cell type dependent (Azhar et al., 1998, Fenske et al., 2009, Mardones et al., 2003). 

Although expression of scavenger receptors has been documented on different cells in normal and cancer tissues (Yu et al., 2015, Zani et al., 2015, Canton et al., 2013) the evidence of their expression in oral keratinocytes is lacking. Recent reports have described expression of the of class B scavenger receptors by epithelial cells derived from oral as well as head and neck cancers (Zheng et al., 2013, Colley et al., 2014), However, a comprehensive analysis of scavenger receptor expression by normal healthy or diseased oral keratinocytes is lacking.  

This chapter aimed to examine the gene and protein expression of scavenger receptors in normal, immortalised and diseased keratinocytes (dysplastic, cancer and metastatic oral cells isolated from different anatomical locations including tongue, buccal mucosa and hypopharynx) to determine if scavenger receptor expression is widespread or if their expression is increased or decreased in disease states. 

Based on the evidence provided in the literature, several scavenger receptors have been described as playing a key role in epithelial tumour progression. Taking this into account and the current availability of biochemical reagents to examine receptor expression, five scavenger receptor family members were initially selected for expression screening on the panel of oral keratinocytes. This included an emphasis on class SR-A and SR-B molecules as these are the most well-characterised receptors to date. Moreover, class B scavenger receptors are the receptors identified most frequently on epithelial cancers. Therefore, receptors analysed in this chapter included SR-A1, SR-A6, SR-B1, SR-B1.1, and SR-B2. A well-known marker for the positive control cell (macrophage, see section ‎1.5.8), SR-I1, was also included to the list of selected scavenger receptors, so that a total of six scavenger receptor were chosen to be studied in this chapter

	






[bookmark: _Toc495422174]
[bookmark: _Toc497199167]Materials and Methods
To detect the expression of scavenger receptors in oral keratinocytes, cell lines from different parts of the oral cavity representing several stages in oral cancer progression were selected. These are; normal oral keratinocytes (NOK), dysplastic cell lines (D19 and DOK), metastatic (TR146), and cancerous (SCC4, SCC15, SCC9, CAL27, SCC2, PE/CA). Additionally, macrophages were included as positive control cells for scavenger receptor expression, as these cells are known to express a multitude of scavenger receptors. Please refer to the following sections for more detailed materials and methods for the relevant experiments perforemed in this chapter:

Section 2.1, 2.2, 2.3, 2.4, and 2.5 for cell culture
Section 2.6 for human macrophages isolation
Section 2.7 for isolation and culture of human NOK; NOK were isolated from biopsies collected from five healthy adult volunteers with no history of cancer or systemic diseases.
Section 2.8, 2.9, and 2.10 for quantitative real-time polymerase chain reaction study; refer to Table ‎2.5 for the list of primers used. Scavenger receptor mRNA expression was compared in a fold change differences in all selected cells to mean of NOK mRNA isolated from the five volunteer samples.
Section 2.11, 1.12, and 2.13 for immunoblotting: antibodies for SR-A1 and SR-B2 were used in this chapter, refer to Table ‎2.7 
Section 2.14 for flow cytometry: refer to Table ‎2.8 for details of primary antibodies used in this chapter.
Section 2.19.1 for surface receptor immunofluorescence imaging
Section 2.20 for immunohistochemistry
  





[bookmark: _Toc488167587][bookmark: _Toc497199168]Results

[bookmark: _Toc488167588][bookmark: _Ref494135810][bookmark: _Toc497199169]Gene expression of scavenger receptors by oral keratinocytes
The mRNA expression of six scavenger receptors, SR-A1, SR-A6, SR-B1, SR-B1.1, SR-B2 and SR-I1 was determined for normal oral keratinocytes isolated from five healthy donors and a panel of immortalized, dysplastic, cancerous and metastatic oral keratinocytes from different anatomical sites of the oral cavity by qPCR. The cells chosen to conduct experiments in this chapter were specifically selected to allow screening for scavenger receptor expression with coverage of several anatomical sites within the human oral cavity (tongue, buccal and hypopharyngeal) as well as various stages of disease (dysplastic, cancerous, metastatic). Normal oral keratinocytes were used to compare results in normal versus normal TERT-2 immortalised and all diseased oral keratinocytes. Human monocyte-derived macrophages were used as a positive control as these cells are known to express mRNA for all of the scavenger receptors tested (Cao et al., 1997, Peiser and Gordon, 2001, Fabriek et al., 2005, Greaves and Gordon, 2009).

In all cases the gene expression of each of the scavenger receptor target genes were normalised to the endogenous reference control gene, β-2 microglobulin, so that a comparative analysis of fold change difference in scavenger receptor mRNA expression between NOK and the other forms of oral keratinocytes could be performed using the Livak or the ΔΔCT method (Livak and Schmittgen, 2001). The mean of ΔCT from primary NOK for the target genes were isolated from five separate healthy donors and used to show the variability of scavenger receptors expression at the mRNA level in the normal population and to other tested cell groups. 

The relative gene expression of selected scavenger receptors detected in NOK is shown in Figure ‎3.1, where the average of readings of relative gene expression collected from five volunteer samples was compared for the expression of SR-A1, SR-A6. SR-B1, SR-B1.1, SR-B2, and SR-I1. SR-A1 was not detected in any of the tested samples suggesting that it is not expressed in NOK in the general population. On the other hand, the expression of SR-A6 showed relative gene expression of 1.4 x 10-6 ± 0.2 x 10-6, which was detected in only two of the samples tested after 40 thermal cycles used in the PCR protocol. The two members of class B1 scavenger receptors showed no significant differences in expression to each other, where relative gene expressions were 0.043 ± 0.04 and 0.02207 ± 0.008 for SR-B1 and SR-B1.1 respectively. SR-B2 displayed a relative gene expression of 0.00021 ± 0.0002 and SR-I1 had a relative gene expression of 0.00002 ± 0.00001 (Figure 3.1). 


[bookmark: _Ref483658549][bookmark: _Toc488170783][bookmark: _Toc497199219]Figure ‎3.1 Relative gene expression of scavenger receptor in NOK
  The mRNA levels of SR-A1, SR-A6, SR-B1, SR-B1.1, SR-B2, and SR-I1 were determined using qPCR in normal oral keratinocytes (NOK) isolated from five separate healthy donors. There were no significant differences in the expression of selected scavenger receptors expression among the five tested samples. Data were acquired using QIAGEN's Rotor-Gene Q and are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test.

qPCR analysis showed that the positive control cells (macrophages) were the only cells that expressed SR-A1 among all the tested cells (Figure ‎3.2) as these cells not show any detectable CT (threshold cycle) readings in any of the three independent experiments performed after 40 thermal cycles used in the PCR protocol. 
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[bookmark: _Ref481503173][bookmark: _Toc488170784][bookmark: _Toc497199220]Figure ‎3.2 Gene expression of SR-A1 in oral keratinocytes and macrophages.
 qPCR amplification plots showing triplicate macrophage samples were the only amplified samples in a 40-cycle PCR protocol among the tested samples (oral keratinocytes: normal, immortalised, dysplastic, cancerous and metastatic).  Data were acquired using Applied Biosystems 7900HT Fast Real-Time PCR System. Data are representative from three independent experiments run in triplicate.


Expression of SR-A6 was detected in only three of the oral keratinocytes screened (NOK, SCC4 and PE/CA) as well as macrophages. SCC4 cells (tongue OSCC) showed the highest expression of SR-A6 with a 62-fold increase in expression compared to NOK (P = 0.009). The PE/CA cell line (basiloid carcinoma) showed a 6.4 fold difference compared to NOK although this, as well as mRNA levels in all the other epithelial cells tested (immortalised, dysplastic and oral cancer cell lines) was not statistically significant. Macrophages, showed significantly lower expression of SR-A6 compared to SCC4 cells (P = 0.01) but displayed no significant difference in fold change compared to NOK (Figure ‎3.3).
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[bookmark: _Ref486527759][bookmark: _Toc488170785][bookmark: _Toc497199221]Figure ‎3.3. Gene expression of SR-A6 in oral keratinocytes and macrophages. 
 SR-A6 mRNA levels were determined using qPCR in cultured human normal, dysplastic, metastatic, and cancerous keratinocytes. SCC4 cells showed a significant increase in SR-A6 expression compared to NOK, PE/CA and macrophages. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05, and **p < 0.01. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.


qPCR analysis showed that there was marked heterogeneity in the gene expression of SR-B1 (Figure ‎3.4) and SR-B1.1 (Figure ‎3.5), between the different types of oral keratinocytes and macrophages compared to NOK. Although fold change levels varied slightly between all the cell types analysed, expression of both SRB1 and SR-B1.1 was not significantly different from NOK for any of the cells tested. Interestingly, NOK as well as all the diseased oral keratinocytes expressed similar levels of SRB1 and SR-B1.1 as macrophages, immune cells that are known to express marked levels of scavenger receptors.
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[bookmark: _Ref481507378][bookmark: _Toc488170786][bookmark: _Toc497199222]Figure ‎3.4 Gene expression of SR-B1 in oral keratinocytes and macrophages.
  SR-B1 mRNA levels were determined using qPCR in cultured human normal, dysplastic, metastatic, cancerous keratinocytes and macrophages. There were no significant differences in SR-B1 expression among all tested cells and macrophages. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test.
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[bookmark: _Ref481507387][bookmark: _Toc488170787][bookmark: _Toc497199223]Figure ‎3.5 Gene expression of SR-B1.1 in oral keratinocytes and macrophages.
  SR-B1.1 mRNA levels were determined using qPCR in cultured human normal, dysplastic, metastatic, cancerous keratinocytes and macrophages. There were no significant differences in SR-B1.1 among all tested cell lines and macrophages. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test.


Unlike SR-B1 and SR-B1.1, expression of SR-B2 was significantly higher (3310-fold increase, (p<0.0001) in macrophages than NOK and most of the other OSCC keratinocytes. Of the cancer cells tested only SCC4 cells displayed a significant (p<0.0001) increase in SR-B2 gene expression levels with about 5500-fold increase compared to NOK (Figure ‎3.6). Several other cell lines displayed large fold changes compared to NOK, for example, 21, 120, and 790-fold for PE/CA, SCC9 and SCC2 cells respectively, but like the rest of the cells analysed the differences were calculated as not significant using statistical analysis, suggesting large variation in expression (figure 3.6). 
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[bookmark: _Ref481513472][bookmark: _Toc488170788][bookmark: _Toc497199224]Figure ‎3.6 Gene expression of SR-B2 in oral keratinocytes and macrophages.
  SR-B2 mRNA levels were determined using qPCR in cultured human normal, dysplastic, metastatic, and cancerous keratinocytes. SCC4 and macrophages showed a significant increase in SR-B2 expression compared to NOK. There were no significant differences in SR-B2 gene expression of other tested cells compared to NOK despite large fold increases for some cell lines. Data are representative from three independent experiments performed in triplicate. Error bars denotes the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where ****p<0.0001. Asterisk(s) directly above the bar is relative to the control samples.









The pattern of gene expression for SR-I1 was different from the expression of other scavenger receptors analysed. Macrophages expressed significantly higher levels of mRNA for SR-I1 and gene expression levels were 583-fold more compared to NOK (p <0.0001), as well as immortalised (OKF6), dysplastic (DOK, D19) and OSCC (TR146, FaDu, SCC4, SCC15, SCC9, Cal27, SCC2 and PE/CA) keratinocytes (p <0.01) (Figure ‎3.7). 



[bookmark: _Ref481514291][bookmark: _Toc488170789][bookmark: _Toc497199225]Figure ‎3.7 Gene expression of SR-I1 in oral keratinocytes and macrophages
  SR-I1 mRNA levels were determined using qPCR in cultured human normal, dysplastic, metastatic and cancerous keratinocytes. Only macrophages showed a significant increase in SR-I1 gene expression compared to NOK. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where ****p < 0.0001. Asterisk(s) directly above the bar is relative to the control sample.




[bookmark: _Toc488167589][bookmark: _Toc497199170]Expression of scavenger receptors at the protein level
Total protein expression of SR-A1 and SR-B1 was probed using immunoblotting, whereas surface expression of SR-B1, SR-B2 and SR-I1 receptors was determined using flow cytometry. Additionally, surface expression of SR-B1 and SR-B2 was visualised using confocal microscopy of fluorescently labelled cells. Specificity and availability of antibodies targeting SR-A6 and SR-B1.1 at the time these experiments were conducted prevented researching these receptors at the protein level (total and surface expression) by immunoassays. Optimisation of antibodies targeting both SR-B2 and SR-I1 did not yield satisfactory results for immunoblotting, and hence expression of both these receptors was examined using flow cytometry where antibodies had been developed for this methodology. Immunohistochemistry was performed on paraffin wax embedded sections from healthy volunteers and patients with OSCC to examine scavenger receptor expression in vivo. Due to the limited availability of wax embedded sections, particularly tissue obtained from healthy volunteers, and limited availability of antibodies suited for staining paraffin wax sections, analysis of tissue samples by immunohistochemistry was limited to SR-B1 and SR-B2 only.

[bookmark: _Ref494135823][bookmark: _Toc497199171]Scavenger receptor protein expression by immunoblotting
Immunoblotting was used to assess the level of protein expression of SR-A1 and SR-B1 in NOK, dysplastic (DOK) and OSCC cells from tongue (SCC4 and CAL27), basiloid (PE/CA), and the hypopharyngeal cancer cell line (FaDu). The number of cell lines tested for immunoblotting was reduced from the number used for the gene expression analysis. This was because several OSCC from the tongue and oropharyngeal region were included in the gene expression panel and the variation in the gene expression of these cells was not sufficient to justify their inclusion in the immunoblotting study. Therefore, cell lines from the tongue (D19, SCC15, TR146) and oropharyngeal (SCC2) we removed from the panel for further study. The cell panel taken forward for the protein expression analysis was chosen so that it still contained cells from various anatomical parts of the oral cavity and at various stages of cancer as well as NOK. OKF6 were not used in this experiment, as they were not available at the time. Protein extracted from human macrophages was used as a positive control. 

The protein expression of SR-A1 was not detected in any of the different types of oral keratinocytes tested, whereas expression of this scavenger receptor was abundant in macrophages (figure 3.8), confirming data obtain at the gene expression level. 



[image: ]

[bookmark: _Toc497199226]Figure ‎3.8 SR-A1 expression at the protein level
.
 Immnuoblot analysis of SR-A1 protein expression (A) with densitometry analysis of the immunoblots (B). Cells were probed using anti-SR-A1 antibody and β-actin was used as a loading control.  Only macrophages showed expression of SR-A1 among all tested cells. The image shows a representative immunoblot of three independent repeats. Error bars represent the mean ± SD.




Densitometric analysis revealed that SR-B1 by FaDu showed relative density of 1.5 ± 0.2, closely followed by Cal27 (relative density 1.1 ± 0.22). Expression of SR-B1 by DOK, SCC4 and SCC9 was comparable to each other (relative density 0.69 ± 0.19, 0.63 ± 0.22 and 0.47 ± 0.13 respectively) and also to macrophages and NOK (0.78 ±0.13). The basiloid OSCC cell line PE/CA, showed the least expression (relative density 0.25 ± 0.18) (Figure ‎3.9). These data are comparable to the gene expression data obtained for this particular scavenger receptor by these cells. 
[image: C:\Users\Dr.Nibras\AppData\Local\Microsoft\Windows\INetCache\Content.Word\SR-B1 April 2017 composite STAT.TIF]

[bookmark: _Ref481614381][bookmark: _Toc488170791][bookmark: _Toc497199227]Figure ‎3.9 SR-B1 expression at the protein level.
  Immunoblot analysis of SR-B1 protein expression showing densitometry analysis (A) of the immunoblots (B). Blots were probed using anti-SR-B1 antibody with β-actin was used as a loading control.  All tested cells showed expression of SR-B1 although there were no statistically significant differences in SR-B1 protein levels. The image shows a representative immunoblot of three independent repeats. Error bars represent the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test.

[bookmark: _Toc488167590][bookmark: _Toc497199172]Probing for surface proteins
The cell surface expression of SR-B1, SR-B2, and SR-I1 was probed using flow cytometry in normal, dysplastic, cancerous oral keratinocytes as well as macrophages. In addition, structured illumination microscopy (SIM) was used to detect the surface expression of SR-B1 and SR-B2 in immortalized oral keratinocytes (OKF6) and OSCC cell lines (SCC4 and FaDu). 

Flow cytometry 
Immunoblotting of total cell lysates measures the expression levels of intracellular and cell surface protein. Therefore, flow cytometry was used to detect only the cell surface expression of SR-B1, SR-B2 and SR-I1. Expression of SR-A1 was not performed by flow cytometry as the gene expression and immunoblot data clearly show that this receptor is not expressed by oral keratinocytes. Expression of SR-B1.1 was also not performed due to lack of available antibody. A panel of cells used in this experiment were selected based on the same criteria considered in section ‎3.3.3. However, for these experiments only one tongue OSCC cell line (SCC4) was chosen (PE/CA and Cal27 were excluded) due to cost of maintaining such a large panel of cells. SCC4 was selected to study OSCC cell line surface expression of scavenger receptor, since it showed relatively higher gene expression than both PE/CA and Cal27 compared to NOK as well as other tested cells.

Cell surface expression of SR-B1 on DOK cells was the highest compared to other cell lines tested (MFI 17.9 ± 3.4), confirming the results of mRNA expression of SR-B1 by this cell line. The expression of SR-B1 on DOK was significantly higher than NOK (p = 0.011) and SCC4 cells (p = 0.021). The MFI displayed by SCC4 cells was comparable to that of NOK, (8.7 ± 2.05 and 7.78 ± 3.39, respectively). FaDu cells displayed comparable cell surface expression of SR-B1 compared to macrophages with an MFI of 11.1 ± 2.13 and 11.17 ± 3.25, respectively. SR-B2 cell surface expression was found to be highest on both SCC4 (MFI 26.39 ± 6.3, P = 0.026 compared to NOK) and macrophages (MFI 61.5 ± 13.37, p<0.0001 compared to NOK), again matching SR-B2 expression at the mRNA level. NOK displayed comparable cell surface expression levels to that of FaDu and DOK, with MFI of 6 ± 1.2, 6.1 ± 1.7, and 8.6 ± 2.21, respectively. Expression of cell surface SR-I1 was abundant on macrophages and this was significantly higher (MFI 71 ± 15.43) when compared to all other samples tested (p<0.0001), mirroring the mRNA expression of SR-I1. SCC4 (MFI 7.8 ± 1.5) and FaDu (MFI 15.1 ± 2.9) cells, displayed similar levels of SR-I1 expression compared to both NOK (MFI 5.5 ± 1.2) and DOK (MFI 6.9 ± 2) cells (figure 310).
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[bookmark: _Toc488170792][bookmark: _Toc497199228]Figure ‎3.10 Scavenger receptor surface expression determined by flow cytometry.
  Cell surface scavenger receptors expression was assessed using flow cytometry in NOK, DOK, SCC4, FaDu and macrophages. Cells were incubated with primary antibody for SR-B1 or SR-B2 followed by incubation with FITC-labelled secondary antibody. PE-conjugated antibody was used for detection of SR-I1. These data, representing surface expression of tested receptors, matched data acquired for their gene expression in most of the selected cells. Data are representative from three independent experiments run in triplicate.

Structured illumination microscopy
The gene and protein expression data obtained thus far show that some but not all scavenger receptors are expressed by oral keratinocytes. To take this study forward it was decided to concentrate the rest of project on one particular class of scavenger receptors. This was to give the thesis some focus and to allow a more in depth analysis, which would not be possible if all scavenger receptors were to be examined. Since expression of class B scavenger receptors were detected and in some cases highly expressed, and that much scientific information and resources are available for these receptors, it was decided to take SR-B1 and SR-B2 forward for further in-depth study. 

Hence, the expression of SR-B1 and SR-B2 on the surface of SCC4 cells was probed using immunofluorescent staining to confirm results shown by immunoblotting and flow cytometric techniques. The SCC4 cell line was selected for this experiment because it was the only OSCC cell line that showed significant expression of class B scavenger receptors as compared to NOK on the gene level. Immortalised oral keratinocytes (OKF6) were included in this particular experiment due to lack of normal oral keratinocytes from human donors. Normal healthy tissue is not always available to isolate NOK and so, on occasions, an alternative must be used. TERT-2 immortalised normal oral keratinocytes are the closest alternative to normal oral mucosa cells. In addition, the surface protein expression of SR-B1 and SR-B2 had not been previously performed on OKF6 cells. 

SCC4 and OKF6 cell lines will be used in future work in this study for the purpose of comparing functional expression of scavenger receptors in normal versus cancerous oral keratinocyte cell lines. Hypopharyngeal cell line (FaDu) was also included in this experiment to allow comparison of OSCC from different sites (tongue and hypopharynx) to OKF6 as well as confirming previous results obtained by flow cytometry. Immunofluorescent stained images displayed in Figure ‎3.11 show that expression of SR-B1 was significantly higher on FaDu cells when compared to SCC4 cells (p = 0.039), with the corrected total cell fluorescence (CTCF) being 6.15×105 and 3.17×105 respectively, confirming data obtained with flow cytometry. Likewise, expression of SR-B1 by FaDu cells was significantly greater (p = 0.0064) than OKF6 immortalised keratinocytes. The expression SR-B2 using SIM revealed that SCC4 cells had significantly higher levels (CTCF 6.7 ×105) compared to OKF6 (CTCF 1.3×105; p = 0.0004) and FaDu cells (CTCF 2.2×105, p = 0.0012), again confirming the flow cytometry results. The images also show that expression of both class B scavenger receptors is both cell surface in intracellular for all cell types analysed.
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[bookmark: _Ref481749004][bookmark: _Toc488170793][bookmark: _Toc497199229]Figure ‎3.11 Surface expression of scavenger receptors SR-B1 and SR-B2 using SIM.
  Structured illumination microscopy (SIM) analysis and images of SR-B1 and SR-B2 on OKF6, FaDu, and SCC4 cells. SCC4 showed a significant increase of expression of SR-B1 and SR-B2 compared to OKF6 and FaDu cell. Statistical analysis of the corrected total cell fluorescence (CTCF) in cells stained for (A) SR-B1 and  (B) SR-B2. (C) SIM images for cells stained with SR-B1 (top row) and SR-B2 (bottom row). Images are single z-sections from the middle range of the z-stacks and show surface and intracellular localization for both receptors. Data are representative from two independent experiments performed in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05, and **p < 0.01. Scale bar is 10 µm. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.

[bookmark: _Toc488167591][bookmark: _Toc497199173]Detection of scavenger receptor expression pattern in human oral tissues
Immunohistochemistry staining was used to detect the levels of SR-B1 and SR-B2 expression in normal oral mucosa and oral cancer tissue samples. Tonsil tissue was used as a positive control and to optimise immunohistochemistry staining using anti-SR-B1 and anti-SR-B2 antibodies due to this tissue harbouring high numbers of macrophages (Jayakumar et al., 2005).  Figure ‎3.12 shows cell surface as well as intracellular staining of macrophages residing within tonsil tissues (red arrows), indicating the specificity of used antibody for the detection SR-B1 and SR-B2. 

Oral mucosal sections from healthy volunteer (buccal mucosa) and from patients with oral cancers (tongue) were examined to show the differences and/or similarities in pattern and localisation of SR-B1 and SR-B2 expression in human oral mucosa (normal versus cancerous). Due to time constraints, an extensive panel of cancer and normal tissue could not be stained and analysed. Therefore, a preliminary study was undertaken that included only a small sample size. This was undertaken to provide proof of principle data in the full knowledge that the study size was too small to conduct any quantitative measurements or statistical analysis. Thus, a minimum of three slides corresponding to three biopsy sections obtained from three separate individuals were used and stained for each group (control, SR-B1 and SR-B2) and for each tissue; tonsils, normal oral mucosa and oral cancer biopsy samples. 

Detection of SR-B1
Staining normal oral mucosa with anti-SR-B1 antibody showed a noticeable expression of the receptor by cells of the basal layer (stratum basale), while supra-basal cell layers (stratum spinosum and stratum granulosum) showed markedly less staining (Figure ‎3.13). The keratinised layer (stratum corneum) showed no detectable staining.  Staining of tissue sections taken from patients with oral cancer, with anti-SR-B1, showed staining in the cancer cells in the invasive tumour islands within the connective tissue and this appeared increased in intensity compared to that displayed by cells of the basal layer from normal oral mucosa. Expression of SR-B1 was also observed in single cells in the connective tissue that are immune cells and are most likely tissue macrophages.

Detection of SR-B2
Immunohistochemical staining for SR-B2 in normal oral mucosa showed a similar pattern of staining to that seen in sections stained with SR-B1 with a noticeable expression of SR-B2 by cells of the basal layer (stratum basale) with the supra-basal cell layers showing less staining (Figure ‎3.13). The keratinised layer of this section (stratum corneum) showed no detectable staining. Staining of invasive oral cancer tissue sections using anti-SR-B2 revealed an increased intensity of staining in the invasive cancer cells compared to basal cells in the normal oral mucosa, suggesting increased expression by cancer cells. Similar to SR-B1, expression of SR-B2 was also observed in cells within the connective tissue that are most likely tissue macrophages.
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[bookmark: _Ref486421780][bookmark: _Toc488170794][bookmark: _Toc497199230][bookmark: _Hlk486421192]Figure ‎3.12 Immunohistochemistry staining for detection of SR-B1 and SR-B2 in human tonsil tissue.
  Immunohistochemistry staining of human tonsil tissue using anti-SR-B1 and SR-B2 antibodies to show specificity of used antibody for the detection these recptors. Red boxes (shown in top row) represent the magnified section shown below it (bottom row). Red arrows indicate macrophages positively stained for SR-B1 and SR-B2 respectively. SR-B1 and SR-B2 expression by tissue macrophages were positively identified by Prof. Keith Hunter, Consultant Histopathologist. Scale bar is 100 µm.
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[bookmark: _Ref486450824][bookmark: _Toc488170795][bookmark: _Toc497199231]Figure ‎3.13 Immunohistochemistry staining for detection of SR-B1 and SR-B2 in normal oral mucosa and OSCC.
  Immunohistochemistry staining of human normal oral mucosa and oral cancer tissue (OSCC) with anti-SR-B1 and SR-B2 antibodies. Red boxes (first and third column) represent the magnified section shown in images next to it (second and fourth column). The tumour epithelial cells within the tumour islands of the cancer biopsy sections showed higher staining intensities than those observed within the normal oral mucosa. Higher intensity of staining was visually detected in sections treated with SR-B2 than those of SR-B1 in oral cancer sections. Stromal tissue of OSCC also showed expression of SR-B1 and SR-B2, presumably by tissue macrophages. Positive staining in cancer cells was confirmed by Prof. Keith Hunter, Consultant Histopathologist. Scale bar is 100 µm.

[bookmark: _Toc497199174]Discussion
This chapter looked at the gene and protein expression of six selected members of the scavenger receptor family on a panel of oral keratinocyte cells (normal, immortalised, dysplastic, cancerous and metastatic, from various anatomical sites within the oral cavity) with the emphasis being turned to members of class B scavenger receptor, SR-B1 and SR-B2 in later experiments. In summary, the results showed that oral keratinocytes do not express SR-A1, whereas, in general, oral keratinocytes expressed other scavenger receptors, but at varying levels depending on cell type. SR-B1 expression was detected on all cells that were included in this study. SR-B2 was more variably expressed at the mRNA and protein level, with some cancer cells such as SCC4 expressing high levels compared to NOK. Data from immunohistochemistry tentatively show that SR-B1 and SR-B2 are more expressed in tumour cells than normal epithelium, although this needs to be confirmed.

Some of the data presented in the results section was hampered by either a lack of suitable reagents, such as antibodies for use in various techniques such as immunohistochemistry or immunoblotting, or lack of access to primary human oral tissue and therefore NOK (these can not be purchased commercially). Although not ideal, this meant the use of TERT-2 immortalised keratinocytes (OKF6) for some assays. These cells have been shown to be phenotypically similar to NOK in previous studies (Dickson et al., 2000) and so their use as representatives of normal cells can be justified. 

Scavenger receptors have the ability to bind to a wide range of ligands including modified LDL, lipids, proteins, nucleic acids and carbohydrates (Plüddemann et al., 2007). It is also well established that there is a positive correlation between cancer and lipid metabolism (Nicotera et al., 1994, Su et al., 2012). Indeed, abnormalities in the regulation of cholesterol homeostasis has been linked to multiple cancer types, such as glioblastoma (Hale et al., 2014), prostate (Twiddy et al., 2012) and breast cancer (Pussinen et al., 2000, Shabo et al., 2008). Studies have also shown a marked increase in cholesterol levels in cancerous tissue compared with normal tissue (Dessi et al., 1992, Rudling and Collins, 1996, Kolanjiappan et al., 2003). An imbalance in cell lipid content has been suggested to play a role in the development of some tumours (Kralovic et al., 1977). Since scavenger receptors are involved in lipid binding and internalisation into cells, it is plausible that they may have a role in cancer progression. OSCC represent approximately 90% of all cancers arising from the oral cavity (Mehrotra and Yadav, 2006). The aim of the experiments performed in this chapter was to investigate the expression of a number of scavenger receptors in NOK and compare this to expression in a panel of oral keratinocytes using immortalised, dysplastic, carcinoma (oral, basiloid and pharyngeal), and metastatic cell lines derived from various anatomical sites in the oral cavity. 

This phase of the project was dedicated to screening experiments of scavenger receptor expression at both the mRNA and protein level. Past studies on scavenger receptors have been concentrated on macrophages and it is recognised that these cells express numerous types of scavenger receptors and so mRNA and cell lysates extracted from human monocyte-derived macrophages (MDM) were used as a positive control in this study. It is likely that levels of gene expression of scavenger receptors may vary from individual to individual due to their genetic background.  To overcome this variability, NOKs were isolated from biopsies of five healthy volunteers and the mean of these expression values used to compare to other oral keratinocytes. 

Macrophages were the only cells that expressed SR-A1 among any of the oral cells tested at both the mRNA and protein level, showing that SR-A1 is expressed on and possibly restricted to macrophages (Murphy et al., 2005). The role of SR-A1 in solid tumour progression has been documented (Yang et al., 2004a, Neyen et al., 2013a) but only through its expression by tumour-associated macrophages (TAM) and not by cancer cells, confirming the results shown in this chapter.

Expression of SR-A6 mRNA was not detectable in immortalised, dysplastic and most of cancer cell lines tested, suggesting no or low gene expression levels in these cell types. This may be expected as its expression has been postulated to be restricted to macrophages (Penman et al., 1991, Elomaa et al., 1995, PrabhuDas et al., 2014). However, SR-A6 was found to be highly expressed by the tongue OSCC cell line, SCC4 and the basaloid cancer cell line PE/CA compared to NOK. Interestingly, the gene expression levels of SR-A6 in SCC4 and PE/CA were greater than observed for macrophages when analysed by qPCR. This finding needs to be confirmed at the protein level, although this was not possible in this study due to antibody availability. It is not known why just these cell lines express more SR-A6 than other cells. It could be related to the aggressive and proliferative nature of these cancer cell lines (Lu et al., 2008, Boyd et al., 2011), as such these cells may express elevated levels of scavenger receptors to increase their intake of lipid molecules for use as an energy source to satisfy their increased metabolism due to increased cell division (Elomaa et al., 1995, Kraal et al., 2000). This hypothesis will need to be tested in future experiments. 
 
Scavenger receptor B1 was first identified in mid-nineties of last century (Acton et al., 1994) and this receptor is expressed in many mammalian tissues and by many cell types (Acton et al., 1996, Nicholson, 2004, Ashraf and Gupta, 2011). SR-B1 is highly expressed in tissues where demand for high-density lipoprotein (HDL) is high (Acton et al., 1996, Rigotti et al., 1997). Gene expression in NOK was comparable to that for dysplastic, all oral cancer cell lines and macrophages. This could be due to the role played by SR-B1 in mediating general keratinocyte cholesterol metabolism necessary for oral mucosal barrier homeostasis (Tsuruoka et al., 2002). 

At the total protein level, the pattern of expression levels of SR-B1, in general, were similar to that observed at the gene level in all of the cells tested, in that expression was comparable and not statistically significantly different from NOK. This data suggests that the gene for SR-B1 is not likely to be post-translationally regulated. A similar finding was shown by Yu et al., who found that the reduction in the levels of SR-B1 protein in macrophages, due to sterol loading, was accompanied by down-regulation mRNA for that receptor (Yu et al., 2004). Cholesterol is obtained by cells as lipoproteins (exogenous source) and/or cholesterol synthesised by the mevalonate pathway (endogenous source) (Chang et al., 2006, Ikonen, 2008). Cholesterol is stored intracellularly in lipid droplets in the form of cholesteryl esters, which can be utilised when required (Connelly and Williams, 2004, Connelly, 2009). One of the principal transporters for influx of cholesterol is SR-B1, which is involved in reverse cholesterol transport (Calvo and Vega, 1993, Connelly, 2009). SR-B1 is highly expressed in cells involved in cholesterol metabolism (Rhainds and Brissette, 2004). The homeostasis of cholesterol is a highly regulated process that reflects cholesterol excess and requirement. Therefore, it is possible that expression of SR-B1 matches that for the cells cholesterol requirements. It is possible that SR-B1 may serve rapidly dividing or highly active cells by providing a constant, unregulated supply of cholesterol and possibly other lipids for cellular requirements (Twiddy et al., 2012). 

Expression of SR-B1 was comparable for cancer cells and NOK in 2D monolayer expression experiments but expression appeared higher in cancer tissue than normal tissue. This could be due to the complex environmental factors supporting native tissue that is not present in 2D cultures. However, it is more likely to be the nature of NOK when grown in 2D culture. In the normal oral mucosa the basal cells act as a stem cell population that divide and give rise to the epithelium in all the other layers of the mucosa (Nakamura et al., 2014). The basal cells have a stem cell phenotype and so express many factors not present in other oral epithelial cells that make up the suprabasal layers (Nakamura et al., 2014). This stem cell phenotype is directly related to a cancer cell phenotype (continuous cell division) and this is most likely why the basal cells were shown to express SR-B1 by immunohistochemical analysis of the normal oral mucosa. When isolated in 2D monolayer culture, it is only the NOK basal stem cells that adhere and proliferate; the suprabasal cells are non-viable in culture. This means that 2D culture selects for NOK that have stem cell characteristics that are unlikely to reflect the all the cells of the normal oral mucosa. Moreover, their stem cell phenotype may be similar to that of cancer cells and this may be one reason why NOK levels of some scavenger receptors such as SR-B1, are comparable to cancer cells. In context of cholesterol, its synthesis appears to be dysregulated in cancer cells (Ettinger et al., 2004) and this may be a reason why expression is elevated in cancer as well as basal oral epithelial cells. 

Flow cytometry and SIM were used to examine cell surface expression of SR-B1. As with immunoblot analysis, flow cytometric analysis revealed that gene expression of the receptors is translated to protein and this is expressed at the cell surface where the functional activity of this molecule is most prominent. The slight disparity between expression observed in immunoblotting (total protein expression) compared to that observed by flow cytometry (cell surface expression) suggests that some receptors are expressed intracellularly, as a reservoir of intracellular receptors or as a part of receptor recycling. Indeed, SIM analysis did show intracellular staining of SR-B1 to support this hypothesis. 

Similar to SR-B1, SR-B1.1, was detected in all of the tested cells on the gene level. However, there were no significant differences in its level of expression in all cancer cells test when compared to normal cells. This is in contrast to data by Johnson et al, who showed a significant increase in SR-B1.1 expression at the gene and protein level in prostate cancer cells when compared to normal cell counterparts. The authors suggested that this receptor could be used as a biomarker for the detection of prostate cancer (Johnson et al., 2014a). This discrepancy in expression levels with this study could be due to tissue specific differences in expression by different cells (Johnson et al., 2014b). 
  
SR-B2 is one of the major receptors expressed by tissue-differentiated macrophages (Steinbrecher, 1999, Krieger and Herz, 1994), and this was confirmed by the results in this study, which showed that expression of SR-B2 was higher in macrophages than NOK and also for most of the other types of keratinocytes tested. The dysplastic and cancerous cell lines showed variable levels of SR-B2 gene expression with a marked increased expression by SCC4, SCC9 and SCC2 cells, indicating that its expression might be subjected to individual tissue specific regulation (Armesilla and Vega, 1994). Indeed, expression of SR-B2 was particularly elevated on SCC4 cells at both the gene and protein level. 

Analysis of SR-B2 by immunoblotting showed inconsistent results with high background using several antibodies and so flow cytometric and SIM analysis was performed using a well characterised antibody. Analysis revealed expression of SR-B2 on cell surface of all selected cells and the expression pattern was comparable to gene expression mRNA once again suggesting that expression for this receptor is controlled at the transcriptional level. It is documented that SR-B2 upon binding its ligand, form ligand-receptor complexes that are internalised intracellularly by endocytosis (Collins et al., 2009). Intracellular availability of SR-B2 antigen could be also due to the synthesis of the 74-kDa intracellular SR-B2 precursor that is transported to cell surface upon maturation to full protein structure of SR-B2 (Alessio et al., 1996).   It will be interesting to determine if some of these receptors are expressed on intracellular membranes of cells. In fact SIM analysis in this study clearly showed the presence of intracellular SR-B2 within SCC4 cells, which may represent the precursor form or receptor recycling.

As with SR-B1, results from immunohistochemistry staining showed noticeable differences in the expression of SR-B2 in sections of normal oral mucosa compared to that of oral cancer sections. The intensity of staining in sections treated with SR-B2 was generally higher throughout the entire cancer tissue when compared to that of the normal sections. Expression of SR-B2 was extensive throughout the tumour islands whereas, like SR-B1, expression was limited to the basal cells of the normal epithelium. As stated previously, this may be due to the stem cell-like properties of the basal cells. Increased expression of SR-B1 and SR-B2 by basal cells as well as cancer epithelium may be linked to the enhanced proliferative capacity of these cells and their need for high energy releasing molecules such a LDL as observed by several investigators (Gutierrez-Pajares et al., 2016, Castagnoli et al., 1995, Westergaard et al., 2001), and their important role in regulating homeostasis of cellular cholesterol in cancer cells (Assanasen et al., 2005b, Phillips, 2014).

Macrophages expressed significantly higher levels of mRNA for SR-I1 when compared to NOK and nearly all other oral keratinocytes tested, which is in agreement with previous studies showing that expression of this receptor is largely restricted to the monocyte/macrophage lineage (Nguyen et al., 2005). Despite this, expression of SR-I1 was observed on some OSCC cells, in particular SCC4 cells at both mRNA and cell surface level, suggesting that expression by epithelial cells is possible. A previous study found that expression of SR-I1 in OSCC was negatively correlated with cancer prognosis (Wang et al., 2014b), although this analysis was restricted to expression by tumour-associated macrophages. To date, no study has specifically analysed the expression of SR-I1 by OSCC cells. However, in agreement with the data presented in this thesis, expression of SR-I1 was observed in breast and rectal cancers that was linked to cancer progression and metastasis (Shabo et al., 2009, Shabo et al., 2008). In these studies, the authors suggest that the acquisition of a more invasive phenotype by tumour cells was mediated by exosome transfer, resulting in the exchange of genetic material between TAM and the tumour cells (Valadi et al., 2007, Shabo and Svanvik, 2011). It would be interesting to test if SR-I1 gene transfer occurs between TAM and OSCC cells in future experiments. Epithelial cells may express one of SR-I1 splice variants that are not restricted to monocyte/macrophage lineage (e.g. CD163L1α and CD163L1β) (Moeller et al., 2012, Gronlund et al., 2000). The antibody used to detect the cell surface expression of SR-I1 in this study probably does not differentiate between splice variants and so it is not possible to determine if SCC4 cells express the full or splice variant form. Further experiments targeting splice variants of this receptor would help to show whether OSCC cells express these. 

The data presented in this chapter clearly show that some of the scavenger receptors examined are expressed by oral keratinocytes at both the mRNA and protein level. SR-B1 appears to be expressed ubiquitously by many types of oral keratinocytes, but with the propensity that expression is increased in cancer cells. SR-B2 is expressed at low levels by NOK but is abundantly expressed by some oral cancer cells and not others, suggesting cancer-to-cancer cell variation. These scavenger receptors play a key role in lipid uptake and so their increased numbers on oral cancer cells may directly be related to cancer biology.  This chapter has examined receptor expression, therefore the following chapter aims to determine if the receptors expressed by oral cancer keratinocytes are functional and are involved in the lipid uptake process. 



















[bookmark: _Toc497199175][bookmark: _Toc488167592]CHAPTER FOUR: ORAL SQUAMOUS CELL CARCINOMA SCAVENGER RECEPTOR-LIGAND INTERACTIONS

CHAPTER 4:
[bookmark: _Hlk488165391]Oral squamous cell carcinoma scavenger receptor-ligand interactions














[bookmark: _Toc488167593][bookmark: _Toc497199176]Introduction
Scavenger receptors are a sub-group of pattern recognition receptors that play an important role in innate immunity and lipid internalisation. This description was based on the broad ligand binding ability during their interaction with endogenous modified molecules or exogenous non-self-molecules (section ‎1.4) (Gordon, 2002, Brown and Goldstein, 1983). 

Generally, scavenger receptor activation leads to cell functions including adhesion, transport, phagocytosis, endocytosis, and signaling that result in the removal of unwanted substances (Figure ‎1.7) (PrabhuDas et al., 2014). Examples of molecules that scavenger receptors bind are LDLs modified by several chemical or biological processes, most prominently acetylation (Goldstein et al., 1979) and oxidation (Steinbrecher et al., 1984). The modification of LDLs by acetylation removes the positive charge present on the lysine moiety of these molecules, preventing LDL from being recognized by specific LDL receptors, facilitating their ligation by scavenger receptors. 

Acetylation does not usually occur under normal physiologic conditions (Nicholson et al., 1995, Goldstein et al., 1979). In contrast, oxLDL is produced by a number of cell-mediated mechanisms including superoxide anion generation and the action of lipoxygenases (Steinbrecher et al., 1984, Kuhn et al., 1994, Parthasarathy et al., 1986). Additionally, oxygen species produced by macrophages during an immune response may contribute to the generation of oxLDL (Parthasarathy et al., 1986). Degenerative processes, induced by nutritional or environmental stimuli, can cause cumulative cell damage that play role in development of several diseases including cancer (Moore, 2008). These processes can lead to the formation of an oxidative environment and generation of free radicals that eventually results in the oxidation of LDLs, suggesting that increased levels of oxLDL may play a role in carcinogenesis (Palinski et al., 1989, Mietus-Snyder et al., 1998, Mazhul et al., 1999). 

The uptake of both acLDL and oxLDL by macrophages has been thoroughly researched, and has been linked to the formation of foam cells during the pathophysiology of atherosclerosis (Silverstein et al., 2010, Zani et al., 2015, Krieger, 1997) (Goldstein et al., 1979). Thus, the role of these molecules in disease progression has been well documented. Indeed, these molecules, particularly oxLDL, have been associated with increased cancer risk (Zabirnyk et al., 2010, Delimaris et al., 2007). However, to date, the uptake of these ligands by OSCC expressing scavenger receptors, and the resulting biologic effect, has not been documented. Therefore, the experiments performed in this chapter aim to determine if OSCC cells can bind and internalise acLDL or oxLDL and if this uptake is specifically mediated by scavenger receptors expressed at the cell surface. 

As mentioned previously, it is known that modified LDL such as acLDL and oxLDL bind primarily to class B scavenger receptors and so experiments in this chapter will use acLDL, oxLDL or their fluorescently labelled derivatives, to examine firstly their uptake by OSCC cells and secondly if these molecules can generate signal transduction mechanisms upon receptor/ligand interaction. Once receptor expression has been detected it is clearly important to establish cell functionality in response to ligand binding in order to confirm the importance of scavenger receptors in oral cancer biology.  

The data presented in Chapter 3 showed that most OSCC cells express class B scavenger receptors, including SCC4 cells. In fact, SCC4 cells expressed the highest levels of SR-B2 (at the mRNA and protein levels) compared to all tested cells. Therefore, experiments performed in this chapter will predominantly use the SCC4 cell line as model cells to examine LDL ligand binding, internalisation, receptor specificity and signal transduction activation.

To study the specificity of ligand interaction as well as the effect of their uptake on the initiation of signalling, inhibition of class B scavenger receptors using fucoidan (a known SR-B inhibitor), or gene knockdown by siRNA will be implemented. Finally, activation of signalling molecules upon interaction with either acLDL or oxLDL by SCC4 will be studied. Based on literature, activation of scavenger receptors results in activation of several signalling molecules including, P44/42, P38, FAK, and JNK (Figure ‎1.8) (Nath et al., 2015, Yang et al., 2014, Hale et al., 2014, Xie et al., 2011). These signalling molecules will be examined for activation in SCC4 cells treated with either acLDL or oxLDL.

[bookmark: _Toc488167594][bookmark: _Toc497199177]Materials and methods
Please refer to the following sections for materials and methods for relevant experiments used in this chapter;
2.1.4 2.1.9, 2.2, 2.3, 2.4 and 2.5 for cell culture
2.11, 2.12, and 2.13 for immunoblotting
2.14 for flow cytometry 
2.15 for uptake assays: For uptake assay conducted in this chapter, Alexa Fluor 488-acLDL was purchased from ThermoFisher scientific® and DiI-oxLD was purchased from AlfaAesar®. Additionally, 10 µg/mL of the fluorescently labelled LDLs was used as the starting concentration for time response uptake studies as described previously (Zaguri et al., 2007, Puente Navazo et al., 1996, Biocca et al., 2008, Wang et al., 2009)
2.16 for transfection
2.17 for blocking scavenger receptors with fucoidan

















[bookmark: _Toc488167595][bookmark: _Toc497199178]Results
[bookmark: _Toc488167596][bookmark: _Ref493859810][bookmark: _Ref493859820][bookmark: _Ref495302498][bookmark: _Toc497199179][bookmark: _Ref473027231]Uptake of modified LDL by OSCC cells
SCC4 cell line along with fluorescently ladled LDLs was used to examine the ability of OSCC to bind and internalise modified LDLs (acLDL and oxLDL).

[bookmark: _Ref478391690][bookmark: _Toc488167598][bookmark: _Ref494139547][bookmark: _Toc497199180]Time response uptake of modified LDL 
To test the effect of time on the uptake of modified LDLs, SCC4 OSCC cells (known to highly express scavenger receptors as described in chapter 3) were starved by incubating in serum-free media overnight before treatment with 10 µg/ml of fluorescently-labelled acLDL or oxLDL diluted in serum-free medium at increasing time points (0, 0.5, 1, and 2 hours). The amount of fluorescently labelled LDL taken up by the cells was measured using flow cytometry and data presented as median fluorescence index (MFI; see chapter 2).

[bookmark: _Ref481224823]Time response uptake of acLDL
SCC4 cells incubated with 10 µg/ml of acLDL displayed a time-dependent increase in fluorescence over a 4-hour incubation period (Figure 4.1). SCC4 cells incubated with acLDL for 2 and 4 hours showed a significant increase in the MFI compared to control cells that received medium alone (p<0.0001), with a MFI of 75±11 and 160±20, respectively compared to 5.3±4 for control cells. There was a significant increase in MFI when cells were incubated with acLDL for 1 hour compared to those incubated for 2 hours (p=0.0025), and between cells incubated for 2 hours and those incubated for 4 hours (p<0.0001). The 2-hour time point showed a significant difference to the signal of control group (unstained cells) with minimal overlap in signals (Figure ‎4.1), therefore this time point was chosen to treat cells with acLDL in future experiments.

[bookmark: _Ref481224830]Time response uptake of oxLDL
To show the effect of time on the uptake of oxLDL, cells were treated as described in ‎4.3.2, using 10 µg/ml DiI-oxLDL. The results displayed in Figure ‎4.2, show a correlation of increased uptake of oxLDL overtime. Cells incubated with oxLDL for 0.5 hour showed no significant increase in MFI (52.3±8) compared to the control group (5±2). Conversely, cells incubated with oxLDL for 1.0, 2.0 and 4.0 hours showed a significant increase in MFI (114±28, 289±17.6 and 501±50 respectively) compared to the control group (5±2) (p=0.0043 and p<0.0001). Similar to acLDL, the 2-hour incubation displayed significantly increased oxLDL uptake to control so this time point was chosen as the optimal time point for oxLDL treatment in later experiments.
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[bookmark: _Ref473027282][bookmark: _Toc488170797][bookmark: _Toc497199232]Figure ‎4.1 Time-dependent uptake of acLDL:
 Results of flow cytometric analysis of uptake of 10 µg/mL Alexa Fluor 488 acLDL by SCC4 cell line over 4 h. (A) An overlay histogram and (B) time-related response bar chart showing increasing acLDL uptake over time. Uptake was time dependent and treatment of SCC4 cells for 120 and 240 minutes resulted in a significant increase in acLDL uptake compared to untreated cells. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where ****p < 0.0001. Asterisk(s) directly above the bar is relative to the control sample.
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[bookmark: _Ref473026841][bookmark: _Toc488170798][bookmark: _Toc497199233]Figure ‎4.2  Time-dependent uptake of oxLDL:
 Results of flow cytometric analysis of uptake of 10 µg/mL DiI-oxLDL by SCC4 cell line over 4 h. (A) an overlay histogram and (B) time-related response bar graph showing an increase of oxLDL uptake as incubation time increases. Incubating SCC4 cells for 60, 120 and 240 minutes resulted in a significant increase in oxLDL uptake compared to untreated cells. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where **p < 0.01and ****p < 0.0001. Asterisk(s) directly above the bar is relative to the control sample.

[bookmark: _Ref481485014][bookmark: _Toc488167599][bookmark: _Toc497199181][bookmark: _Ref481086208]Dose-response uptake of modified LDLs
To test the effect the dose of modified LDLs on their uptake by OSCC, SCC4 cells were incubated with serum-free medium overnight prior to treatment with increasing concentrations of fluorescently-labelled acLDL or oxLDL for 2 hours, as optimised in the previous experiment. The uptake of LDL, measured by MFI, was performed using flow cytometry.

[bookmark: _Ref485135949]Dose-response uptake of acLDL
Incubation of SCC4 cells with fluorescently-labelled acLDL (Alexa Fluor 488 acLDL) caused a dose-dependent increase in MFI when cells were incubated with increasing concentrations (0 to 80 µg/mL). Cells incubated with 1.25 and 2.5 µg/mL of Alexa Fluor 488 acLDL showed no significant difference in MFI compared to the controls (13.5±3.5 and 17.6±7 compared to 6.2±1 MFI for controls). In contrast, cells incubated with 5 µg/mL showed a significant (p=0.011) increase in MFI (30.6 ± 4.5) compared to the control sample. A more significant increase in the measured MFI was seen in cells incubated with 10 µg/mL (MFI 65.6 ± 5.5), 20 µg/mL (MFI 99 ± 11), 40 µg/mL (MFI 122.7 ± 9.6) and 80 µg/mL (MFI 163± 7.5) when compared to control (p<0.0001). Cells incubated with 40 µg/mL Alexa Fluor 488 acLDL showed the most significant signal separation to the control samples and so this concentration was chosen for use in experiments requiring treatment of cells with acLDL

[bookmark: _Toc488167600]Dose-response uptake of oxLDL
SCC4 cells incubated for 2 hours with increasing concentrations of fluorescently labelled DiI-oxLDL (from 0.0 to 80 µg/mL) showed a dose-dependent increase in MFI (Figure ‎4.4) similar to that observed for acLDL. No significant changes in MFI were observed at low concentrations (1.25 and 2.5 µg/mL) compared to control cells. However, SCC4 cells displayed a significant increase in fluorescence compared to control cells when incubated with 5 µg/mL DiI-oxLDL or above (p≤0.01). Cells treated with 80 µg/mL displayed less MFI than expected if LDL acquisition was exponential, suggesting that oxLDL was reaching saturation of uptake. Consequently, the use of 40 µg/mL oxLDL was used in all future experiments for three reasons. Firstly, this was the concentration that directly preceded the onset of saturation; secondly this concentration appeared to give most significant signal separation to the control samples and thirdly, this concentration was chosen for acLDL and so the use of the same concentration for both acLDL and oxLDL would allow direct comparison in future studies. 
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[bookmark: _Toc488170799][bookmark: _Toc497199234]Figure ‎4.3 Dose-response uptake of acLDL:
[bookmark: _Ref481435648] Flow cytometry results of dose response uptake of Alexa Fluor 488 acLDL by SCC4 cells. (A) overlay histogram and (B) dose response curve showing an increase of acLDL uptake with concentration. Cells incubated with 5, 10, 20, 40, and 80 µg/mL showed significant increase in fluorescence compared to control sample. The lowest concentration showed maximum signal separation to the control sample was 40 µg/mL. The dotted line shows the selected concentration to be used in further studies requiring oxLDL treatment. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test.
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[bookmark: _Ref481425773][bookmark: _Toc488170800][bookmark: _Toc497199235]Figure ‎4.4 Dose-response uptake of oxLDL:
[bookmark: _Ref497165781][bookmark: _Ref482278296] Flow cytometric results of dose-response uptake of DiI-oxLDL by SCC4 cells. (A) Overlay histogram and (B) dose-response curve showing an increase of oxLDL uptake with oxLDL concentration. Cells treated with 80 µg/mL oxLDL shows a plateau-like response suggesting saturation after which there was reduction in significance in MFI increase. Cells incubated with 10, 20, 40, and 80 µg/mL showed a significant increase in fluorescence compared to control sample. The dotted line shows the selected concentration to be used in further studies requiring oxLDL treatment. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test.

[bookmark: _Toc488167601]Data thus far shows that acLDL and oxLDL are internalised by SCC4 cells (Figure ‎4.5), which express abundant class B scavenger receptors. The time point (2 h) indicated in section ‎4.3.2 and the concentration (40 µg/mL) indicated in section ‎4.3.3 were used in future experiments requiring treatment with modified LDLs (oxLDL and acLDL). Internalisation of fluorescently labelled acLDL and oxLDL was visualised using confocal microscopy (figure 4.5). Fluorescently labelled LDLs could be observed throughout the cytoplasm and were particularly localised in the peri-nuclear regions of cells. 
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[bookmark: _Ref495474652][bookmark: _Toc497199236]Figure ‎4.5 Internalisation of modified LDLs:
 The uptake of oxLDL and acLDL was visualised using immunofluorescence microscopy. Cells grown on coverslips were incubated with 40 µg/mL of either DiI-oxLDL or Alexa Fluor 488 AcLDL (red) for 2 hours. Cells examined under fluorescence confocal microscopy. Internalised acLDL and oxLDL (red) was observed throughout the cytoplasm and in peri-nuclear regions (nuclei counter-stained with DAPI (blue)). Scale bar is 10 µm.


[bookmark: _Toc497199182]Effect of serum-starvation on SR-B2 expression
Serum contains LDLs that may be modified and these be internalised by SCC4 cells when grown in serum containing medium. Culturing SCC4 cells in saturated LDL conditions (i.e. serum containing medium) may reduce class B scavenger receptor levels as their expression is not required, whereas cells grown in serum-free conditions my increase receptor expression levels in an attempt to scavenge LDL from the environment (medium lacking LDL). To test this hypothesis, SCC4 cells were cultured in serum-free or serum containing conditions for 24-hours and the level of cell surface expressed SR-B2 examined by flow cytometry. As shown in Figure ‎4.6, the unstained cells (control) had a MFI of 7±3, while the cells cultured in serum-containing medium (+serum) showed a MFI of 249±72 that was significantly (p < 0.0001) lower than the MFI measured in cells cultured in serum-free medium (-serum) (MFI of 629±73). These data suggest that serum starvation increases the expression of SR-B2 (and possibly other scavenger receptors). This may be a compensation mechanism in an attempt to take lipid from the culture medium that is usually supplied in the serum. Thus, serum starvation serves to enhance scavenger receptor expression levels and could play a role in reducing the time and concentration required to achieve modified LDL uptake. 
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[bookmark: _Ref495500152][bookmark: _Toc497199237]Figure ‎4.6 Effect of serum-starvation on SR-B2 expression by SCC4 cells:
 Flow cytometry analysis of SR-B2 expression on SCC4 cells shown in (A) an overlay histogram and (B) bar graph. Cells were cultured in either serum-containing or serum-free medium and screened for SR-B2 expression using flow cytometry. The serum-free-cultured cells expressed significantly more SR-B2 compared to cells cultured in serum-containing medium. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where **p < 0.01, ***p < 0.001, and ****p < 0.0001. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.

[bookmark: _Ref495304388][bookmark: _Toc497199183]Co-localisation of modified LDLs to cellular lysosomes
It is important to determine which intracellular compartments LDL are trafficked to as this may imply how these molecules are to be utilized by the cell. LDL are usually trafficked to lysosomal endosomes in macrophages (Zeng et al., 2003, Sun et al., 2007) and so experiments were performed to see if this was the case in OSCC SCC4 cells. 

To examine the fate of modified LDLs at the subcellular level, fluorescently labelled LysoTracker was used in conjunction with fluorescently labelled LDLs to determine if SCC4 cells internalised LDLs to lysosomal compartments. SCC4 cells were seeded onto glass bottom culture dishes, serum-starved overnight and incubated with 40 µg/mL modified LDL followed by incubation with 60 nM LysoTracker before visualising using a DualCam Nikon microscope. Images shown in Figure ‎4.7, show that oxLDL and acLDL are internalised into intracellular compartments within SCC4 cells. Lysotracker positively identifies lysosomal compartments within cells. When these images were merged it is evident that some of the red staining produced by LDL internalisation is colocalised with green staining from the internalised Lysotracker to produce an orange (red+green) colour product. However, red alone staining is still observed for both acLDL and oxLDL, suggesting that some but not all of the LDL enters lysosomes. 

To quantify co-localisation a scatter plot analysis of red pixels versus green pixels was performed Figure ‎4.7 C. This analysis shows cytofluorograms or 2D histogram in which each pixel has two intensity values (for each colour), which are plotted against each other. The result is the formation of a scatter plot within the histogram to which linear regression (oblique line) can be fitted and used to calculate correlation coefficient. Each colour has a set intensity threshold (vertical and horizontal lines), above which the two fluorophores have greater probability of being colocalised, the scatterplot is split into 4 quadrants, red only pixels (bottom right quadrants), green only pixels (top left quadrants), colocalised pixels (top right quadrants), anti-colocalised pixels (bottom left quadrants). 

Statistical analysis of this data using Pearson’s correlation coefficient (r) showed that oxLDL is equal to 0.35 ± 0.06. On the other hand, cells incubated with acLDL and LysoTracker showed a significant increase (p=0.037) in the calculated Pearson’s (r) value (0.525 ± 0.035), that represents ~ 33% increase in co-localisation compared to that shown by cells incubated with oxLDL. These data show that acLDL are associated with and presumably enter lysosomes more frequently than oxLDL.
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[bookmark: _Ref481065096][bookmark: _Ref485132269][bookmark: _Toc488170801][bookmark: _Toc497199238]Figure ‎4.7 Colocalisation of modified LDLs to cellular lysosomes
  Fluorescent microscope images (A) and bar graph analysis (C) of LysoTracker colocalisation with DiI-labeled modified LDLs. SCC4 cells were serum starved overnight and then incubated with 40 µg/mL oxLDL or acLDL for 2 hours, and then incubated with 60 nM far-red LysoTracker and visualized using fluorescence microscopy. (A top left) represent the red channel of oxLDL, (A bottom left) represent the red channel of acLDL. (A top middle and bottom middle) represent the green LysoTracker channel. (A top right and bottom right) represent the merged images of LysoTracker channel and modified LDL channel. (B top and bottom) represents scatter plot of red pixels vs. green pixels showing a wider dispersion from the colocalisation (diagonal) axis in cells treated with oxLDL compared to cells treated with acLDL. (C) represent statistical analysis of the calculated Pearson’s correlation coefficient for the colocalisation, of LysoTracker for cells treated with either acLDL or oxLDL, where fluorescent acLDL had significant correlation to lyasotacker signal . Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05. Scale bar is 5 µm. Asterisk(s) directly above the bar is relative to the control sample.

[bookmark: _Toc488167602][bookmark: _Toc497199184]Blocking of oxLDL and acLDL uptake
Data presented thus far shows that acLDL and oxLDL are internalised by SCC4 cells, but these data do not show that this event is mediated by class B scavenger receptors specifically. The next series of experiments aimed to determine if LDL internalisation is mediated by SR-B1 and/or SR-B2. This was evaluated using two approaches; the first was to prevent LDL binding to receptors using chemical competitors (fucoidan, polyinosinic acid) for all class B scavenger receptors. The second approach was the use of siRNA to specifically downregulate the expression of SR-B2 on SCC4 cells, which showed the highest expression of this class B scavenger receptor among all tested cells. 

[bookmark: _Ref481086280][bookmark: _Toc488167603][bookmark: _Toc497199185]The use of general scavenger receptor blocking agent; fucoidan versus polyinosinic acid
Two chemical competitors for class B scavenger receptors were used in this experiment, fucoidan (anionic polysaccharide from brown algae) and polyinosinic acid (single stranded homopolymer of inosine). These inhibitors were thoroughly researched in the literature regarding their ability to compete with the modified LDLs for the binding of scavenger receptors (Husemann et al., 2001, Zhu et al., 2009, Gough et al., 1999, Colley et al., 2014). Evidence suggests that polyinosinic acid is a poor class B scavenger receptor inhibitor with greater affinity for SR-A1, whilst fucoidan has greater affinity for class B scavenger receptors (Yu et al., 2015).  Previous experiments in our laboratory showed that treatment of OSCC cells with 0.5 mg/mL fucoidan or 0.25 µM of polyinosinic acid for 30 minutes is sufficient to block scavenger receptors (Colley et al., 2014); therefore, these conditions were used in this study. 

 As shown in Figure ‎4.8, cells incubated with Alexa Fluor 488 acLDL showed a significant increase (p=0.0003) in the MFI (149±25) compared to untreated control cells (11±4). Treatment of SCC4 cells with scavenger receptor inhibitors before addition of Alexa Fluor 488 acLDL resulted in an approximately 50% reduction in acLDL uptake for both polyinosinic acid and fucoidan compared to cells treated with acLDL alone (MFI 54±20, p<0.01 and 47±13%, p<0.05 respectively). However, uptake was not completely blocked and there was still a marked increase in MFI for both polyinosinic acid and fucoidan inhibited cells (68±30 and 80±20, respectively). These data suggest that polyinosinic acid and fucoidan are comparably equal but only partially effective at blocking acLDL uptake, probably due to internalisation of acLDL by different scavenger receptors. 

Polyinosinic acid and fucoidan were then used to assess inhibition of oxLDL uptake (Figure ‎4.9). SCC4 cells internalised DiI-oxLDL efficiently with an MFI of 802±79 compared to untreated control (10±4; p<0.0001). Cells pre-treated with fucoidan displayed a dramatic (90%) and significant decrease in oxLDL uptake with a reduction in MFI to 79.8±20 (p <0.0001). In contrast, pre-treatment with polyinosinic acid was much less effective at inhibiting oxLDL uptake by SCC4 cells with an MFI of 480±70, although this was still significantly different compared to untreated cells (p <0.0001). These data show that fucoidan is more effective at inhibiting oxLDL uptake than polyinosinic acid, which is likely due to acLDL and oxLDL being internalised, in part, by different scavenger receptors by SCC4 cells as the receptor blocking agents had different blocking profiles. 

Both fucoidan and polyinosinic acid achieved around 50% reduction in the uptake of acLDL by SCC4 cells. However, fucoidan was able to achieve about 90% reduction of oxLDL uptake compared to only 40% achieved using polyinosinic acid, thus fucoidan, being a more potent inhibitor of oxLDL, the more natural occurring LDL, was used in future experiments as a general scavenger class B receptor inhibitor.
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[bookmark: _Ref473031608][bookmark: _Toc488170803][bookmark: _Toc497199239]Figure ‎4.8 Inhibition of acLDL uptake using fucoidan and polyinosinic acid:
[bookmark: OLE_LINK1] Flow cytometry analysis results of acLDL uptake blocked using either fucoidan or polyinosinic acid. SCC4 cells pre-treated with fucoidan and polyinosinic prior to incubating with acLDL. The amount of fluorescently labeled acLDL taken up by the cells shown in (A) an overlay histogram and (B) a time-related response bar graph showing a significant reduction of acLDL uptake in cells incubated with acLDL that have been treated with either fucoidan or polyinosinic acid as compared to cells with no prior treatment. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05, **p < 0.01, and ***p < 0.001. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.
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[bookmark: _Ref473031625][bookmark: _Toc488170804][bookmark: _Toc497199240]Figure ‎4.9 Inhibition of oxLDL uptake using fucoidan and polyinosinic acid:
 Flow cytometry analysis results of oxLDL uptake blocked using either fucoidan or polyinosinic acid. SCC4 cells pre-treated with fucoidan and polyinosinic prior to incubating with Dil-oxLDL. The amount of fluorescently labeled oxLDL taken up by the cells shown in (A) an overlay histogram and (B) a time-related response bar graph showing a significant reduction of oxLDL uptake in cells incubated with acLDL that have been treated with either fucoidan or polyinosinic acid as compared to cells with no prior treatment. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where ****p < 0.0001. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.

[bookmark: _Toc488167604]Time-dependent response - fucoidan optimisation 
Previous studies using fucoidan to block class B scavenger receptors provide dose-response evidence to show that 0.5 mg/ml is sufficient to inhibit uptake of lipid molecules (Colley et al., 2014, Thelen et al., 2010, Nakamura et al., 2006, Maxeiner et al., 1998). However, these publications provide no clear data on the length of time the pre-incubation with the inhibitor should be. Therefore, to determine the optimal treatment time for fucoidan to block uptake of modified LDLs, SCC4 cells were pre-incubated with 0.5 mg/mL fucoidan for 0.5, 1 and 2 hours before addition of fluorescently labelled LDLs (40 μg/ml for 2 h as described in section ‎4.3.1). 

Figure ‎4.10 shows the effect of incubation time on the ability of fucoidan to block both Alexa Fluor 488 acLDL and DiI-oxLDL uptake.  There was a significant (p<0.0001) increase in MFI (157±75) when cells were incubated with Alexa Fluor 488 acLDL only as compared to untreated control cells (MFI 8±3.5). Cells pre-incubated with 0.5 mg/mL fucoidan for 0.5, 1 and 2 hours showed a time-dependent increase in MFI of 77±13, 91±18, and 151±22 respectively. These results indicated that there was around 50% reduction in uptake of acLDL in cells incubated with fucoidan for 0.5 hour as compared to around 42 % and 3.8% uptake reduction in cells pre-treated with fucoidan for 1 and 2 hours, respectively. These data indicate that 0.5 hour incubation is sufficient for fucoidan to result in a significant decrease in acLDL uptake by SCC4 cells.

SCC4 cells incubated with DiI-oxLDL alone showed an increase in MFI of 871±136 compared to control cells (MFI 8.7±4).  Cells pre-treated with 0.5 mg/mL fucoidan for 0.5 hour, displayed a significant (p =0.0001) reduction of DiI-oxLDL uptake reflected in a reduced MFI of 74.67±17.9, which equates to a 92% reduction in internalisation of DiI-oxLDL compared to cells treated with DiI-oxLDL alone. Similar data was observed for cells incubated with fucoidan for 1 hour prior to treatment with DiI-oxLDL (MFI 81.6±16.5).  In contrast, pre-treating cells with 0.5 mg/mL fucoidan for 2 hours showed no significant changes in MFI readings when compared to cells incubated with DiI-oxLDL only (MFI 936±73). Taken together, these data show that 30 minutes pre-treatment with fucoidan caused maximum reduction in LDL uptake by SCC4 cells and so this time point was thereafter. 

[image: ]
[bookmark: _Ref473648910][bookmark: _Toc488170805][bookmark: _Toc497199241]Figure ‎4.10 Fucoidan time-response on blocking acLDL and oxLDL:
 Flow cytometry analysis showing uptake blocking of acLDL (top) and oxLDL (bottom) using 0.5 mg/mL for 0.5, 1, and 2 hour by SCC4 cells. The uptake of both LDLs was significantly reduced after 0.5 and 1 hour of pre-treating cells with fucoidan prior to incubation with 40 µg of either acLDL or oxLDL for 2 hours. There was almost no effect on LDL uptake when cells were prior-treated with fucoidan for 2 hours. Data are representative from three independent experiments performed in triplicate. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test

[bookmark: _Toc488167605][bookmark: _Toc497199186]SR-B2 knockdown
The SCC4 cell line showed the highest expression of SR-B2 among all OSCC cell lines tested in chapter 3 at the mRNA and protein level. Since LDL uptake is mainly mediated by class B scavenger receptors it can be reasonably assumed that the high level of SR-B2 expression on these cells is most likely to mediate modified LDL uptake than SR-B1. Therefore, knockdown of this SR-B2 using siRNA was used to determine its involvement in LDL internalisation. To perform siRNA knock-down, 4 different but gene specific siRNA sequences (FlexiTube GeneSolutios (Qiagene®)), were used to teste multiple siRNAs for the best knock-down efficiency. The four siRNAs were used as described in the material and methods (section ‎2.16). 

Selection of siRNA for knock-down experiments
Figure ‎4.11 shows the level of SR-B2 expression post-transfection using four SR-B2 siRNA transcript variants following flow cytometric analysis using PE-conjugated anti-SR-B2 antibody following removal of cells from tissue culture plastic using trypsin. SCC4 cells displayed a MFI of 46±6 compared to cells incubated with IgG control antibody (MFI 5.8±1). Mock transfection (transfection reagent alone), showed a significant (p =0.005) reduction in expression of SR-B2 (MFI 29±5), compared to untreated, antibody-labelled cells. All four siRNA variants directed against the gene for SR-B2 caused a marked decrease in SR-B2 expression when evaluated by flow cytometry. Expression of SR-B2 in cells treated with siRNA transcript variants 1, 5, and 7 were significantly lower than in mock-transfected cells (p=0.0017, p=0.004, p=0.007, respectively). The siRNA HS_CD36_5 showed the greatest reduction in SR-B2 expression (MFI 11±2) with SR-B2 levels similar control untreated cells, so this siRNA was used in future knock-down experiments.

Use of cell dissociation solution versus trypsin
The level of SR-B2 in SCC4 cells observed in Figure ‎4.11 was surprisingly low by flow cytometry. Being a protease, it likely that trypsin treatment of cells may cleave some of the cell surface SR-B2 thereby reducing its expression, causing low MFI values (MFI is directly proportional to the number of cell surface receptors). Therefore, three methods of removing cells from the tissue culture plastic (trypsin/EDTA alone, non-enzymatic dissociation solution with cell scraping, a mixture of non-enzymatic dissociation solution and trypsin/EDTA) were tested in order to attain maximum preservation of surface protein expression by SCC4 cells. Cells collected using the aforementioned techniques were analysed for SR-B2 expression using flow cytometry. As shown in Figure ‎4.12, live cells (To-Pro-3-negative) collected using trypsin showed a large homogenous population comprising about 65% of total collected cell population as shown in the dot plot in Figure ‎4.12B, with a MFI 54±16, which was around a ten-fold increase over unstained cells (MFI 5.8±1; Figure ‎4.12A). In contrast, cells dissociated using scraping showed three distinct cell populations comprising (left to right) 9%, 31% and 28% of total collected cells (Figure 4.12.C&D). If the two left cells population were considered as live cells, this made the total live collected cells ~40% (Figure ‎4.12C, the population to the right of the dot-plot in figure 4.12C are To-Pro-3-positive and are therefore non-viable cells). 

Live cells collected using a combination of trypsin and cell dissociation solution showed one homogenous cell population of which live cells comprised 88% of total collected cells (Figure ‎4.12 F), with an MFI of 650±118 (Figure ‎4.12 E). These data show that the best treatment to remove SCC4 cells from tissue culture plastic to maintain cell viability whilst preserving cell surface SR-B2 expression is the use of cell dissociation solution containing a low concentration of trypsin (0.125%; 1.25 g porcine trypsin and 0.1 g EDTA/L) and this mixture was used in all subsequent experiments requiring flow cytometric analysis. 
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[bookmark: _Ref473659651][bookmark: _Toc488170806][bookmark: _Toc497199242]Figure ‎4.11 SR-B2 knockdown using siRNA
 Flow cytometry analysis of SR-B2 knockdown using four siRNA specific for SR-B2. Expression of SR-B2 was detected using fluorescently labelled anti-SR-B2 antibody. siRNA Hs_CD36_5 showed maximum reduction in SR-B2 expression among all siRNAs used. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where **p < 0.01, ***p < 0.001, and ****p <0.0001. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.
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[bookmark: _Ref474156927][bookmark: _Ref481087835][bookmark: _Toc488170807][bookmark: _Toc497199243]Figure ‎4.12 Comparison of trypsin/EDTA, cell dissociation solution with cell scraping and a mixture of trypsin/EDTA + cell dissociation solution for removal of SCC4 from tissue culture plastic:
[bookmark: _Hlk481059051] Flow cytometry analysis of SR-B2 expression after dissociating cells using three different methods: trypsin/EDTA (A and B), cell dissociation solution with cell scraping (C and D) or cell dissociation solution coupled with trypsin/EDTA (E and F). Removing cells from culture surface using the latter method resulted in preservation of SR-B2 cell surface expression. Data are representative of three independent experiments run in triplicate. 

[bookmark: _Toc488167606]Transfection longevity
To test the longevity of SR-B2 knock-down following transfection, cells were cultured and SR-B2 cell surface expression measured after 24, 48 and 72 hours using a PE-conjugated anti-SR-B2 antibody by flow cytometry. Cells were removed from tissue culture plastic as described previously. As shown in Figure ‎4.13 there was a 98% reduction in SR-B2 expression after 24 hours post-transfection with HS_CD36_5 siRNA (siRNA for SR-B2). The control unstained cells had fluorescence of MFI 9±2, while the untransfected cells had an MFI of 679±113 compared to siRNA transfected cells (MFI of 12±3; p<0.0001). The mock-transfected cells had an MFI of 623±94, which was comparable to untransfected cells.  Similar MFI readings were obtained at both 48 and 72 hours post-transfection, showing that siRNA mediated knock-down of SR-B2 was maintained for up to 72 hours post-transfection.

[bookmark: _Ref481171379][bookmark: _Toc488167607][bookmark: _Toc497199187]Effect of SR-B2 knockdown on oxLDL uptake
The experimental conditions found to cause maximal SR-B2 knockdown (described above) were used to determine the role of SR-B2 in modified LDL uptake in SCC4 cells. Mock and siRNA transfected SCC4 cells (described in section 2.16) were incubated with DiI-oxLDL (see section ‎4.3.2 and ‎4.3.3) and the amount of internalised DiI-oxLDL measured by flow cytometry. Figure ‎4.14 shows that mock-transfected (MFI 43±8), cells treated with DiI-oxLDL alone (MFI 34±6.5) and cells transfected with SR-B2 siRNA (MFI 22±3.3) all displayed a significant increase in MFI when compared to untreated controls (p=0.0002, p=0.0018 and p=0.038, respectively). Importantly, there was a significant decrease in MFI between SR-B2 and mock-transfected cells (p=0.0093). Although significant, the capacity of SR-B2-knock-down cells to uptake oxLDL was only reduced by ~50%, indicating that specific knock-down of SR-B2 did not completely inhibit uptake of DiI-oxLDL by SCC4 cells and that other receptors are likely to be involved in binding and internalising oxLDL. 

[bookmark: _Toc488167608][bookmark: _Ref488693670][bookmark: _Toc497199188]Effect of SR-B2 knockdown on acLDL uptake
Similar methods were used to assess the knock-down of SR-B2 on uptake of acLDL. As shown in Figure ‎4.15, mock-transfected (MFI 168±20), untransfected (MFI 100.3±25) and SR-B2 siRNA transfected (MFI 328±35) all showed significantly higher MFI readings than the control sample (MFI 7±4). Interestingly, cells transfected with siRNA directed against SR-B2 displayed the highest MFI values (MFI 328±35) that was significantly more than untransfected (p<0.0001) or mock-transfected SCC4 cells (p<0.0001), suggesting that SR-B2 ablation increases the uptake of acLDL by SCC4 cells.
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[bookmark: _Ref481087895][bookmark: _Toc488170808][bookmark: _Toc497199244]Figure ‎4.13 Transfection longevity:
 SSC4 cells were transfected using siRNA and the level of SR-B2 knockdown was measured using flow cytometry at 24, 48, and 72 hours. There were no significant changes in level of knockdown even 72 hours post-transfection. Data are representative from three independent experiments run in triplicate.
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[bookmark: _Ref481171310][bookmark: _Toc488170809][bookmark: _Toc497199245]Figure ‎4.14 Effect of SR-B2 knockdown on oxLDL uptake:
 Histogram (A) and a bar graph (B) of flow cytometry analysis of the ability of untransfected, transfected and mock transfected cells to internalised DiI-oxLDL. There was a significant reduction in MFI when siRNA was used to prevent expression of SR-B2 compared to mock-transfected cells. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05, **p < 0.01, and ***p < 0.001. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.
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[bookmark: _Ref481171415][bookmark: _Toc488170810][bookmark: _Toc497199246]Figure ‎4.15 Effect of SR-B2 knockdown on acLDL uptake:
[bookmark: _Ref481086578] Overlay histogram (A) and a bar graph analysis (B) of flow cytometry results of the effect of SR-B2 knockdown on acLDL uptake. Cells transfected with siRNA for SR-B2 showed a significant increase in acLDL uptake compared to untreated cells or mock transfected cells. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where **p<0.01, and ***p<0.001, and ****p<0.0001. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.

[bookmark: _Ref481485661]
[bookmark: _Toc488167609][bookmark: _Toc497199189]Effect of SR-B2 knockdown on SR-B1 expression
It is possible that gene inhibition of one SR may affect the expression of others, thereby increasing LDL uptake observed in the previous experiment. SCC4 cells showed expression of the three members of class B scavenger receptors SR-B1, SR-B1.1 and SR-B2 at the gene level. Since the scope of this part of the study was to detect the functional expression of class B scavenger receptors in oral keratinocyte, and modified LDLs are confirmed primary ligands for SR-B1 and SR-B2 (Stewart et al., 2010, Levitan et al., 2010, Zani et al., 2015, Goldstein et al., 1979) and SR-B1.1 mainly bind HDL (Ishikawa et al., 2009), SR-B1 was probed for changes of expression after the knock down of SR-B2.

 The expression of cell surface SR-B1 was measured using flow cytometry in SR-B2 siRNA transfected or mock-transfect SCC4 cells either cultured in serum-free or serum-containing media (Figure ‎4.16); untreated cells in serum-free or serum-containing medium were used as controls (previous data showed that serum can affect receptor expression and siRNA transfection utilised serum-free medium so this experiment covers both scenarios). Control cells (+/- serum) along with mock-transfected cells all displayed low MFI values (MFI 8±3, 9±3 and 10±3.5, respectively) that were not statistically significant different from each other.  In contrast, cells transfected with siRNA for SR-B2 showed a significant (p=0.0002) increase in the expression of SR-B1 compared to all other groups (MFI 31±5, ~3- fold increase compared to mock transfected cells), strongly suggesting that inhibition of SR-B2 by siRNA increased the cell surface expression of SR-B1, possibly as a compensation mechanisms, by the same cells. 
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[bookmark: _Ref481059281][bookmark: _Ref481059276][bookmark: _Toc488170811][bookmark: _Toc497199247]Figure ‎4.16 Effect of SR-B2 knockdown on SR-B1 expression:
[bookmark: _Hlk481059387][bookmark: _Toc494296206] Flow cytometry analysis of SR-B2 expression on SCC4 cells shown in (A) an overlay histogram and (B) bar graph. Four test groups were compared to the unstained control group: cells cultured in serum-containing medium, serum-free medium, transfected with siRNA SR-B2 then serum-starved for 24 hours or mock transfected then serum-starved for 24 hours. Transfected cells with siRNA SR-B2 were the only test group that showed a significant increase in SR-B1 expression that was a three-fold increase compared to mock transfected cells. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where ***p < 0.001, and ****p < 0.0001. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.

[bookmark: _Toc495421974][bookmark: _Toc495422201][bookmark: _Toc495423038][bookmark: _Toc495423262][bookmark: _Toc495477894][bookmark: _Toc495574757][bookmark: _Toc494296207][bookmark: _Toc495421975][bookmark: _Toc495422202][bookmark: _Toc495423039][bookmark: _Toc495423263][bookmark: _Toc495477895][bookmark: _Toc495574758][bookmark: _Toc494296208][bookmark: _Toc495421976][bookmark: _Toc495422203][bookmark: _Toc495423040][bookmark: _Toc495423264][bookmark: _Toc495477896][bookmark: _Toc495574759][bookmark: _Toc494296209][bookmark: _Toc495421977][bookmark: _Toc495422204][bookmark: _Toc495423041][bookmark: _Toc495423265][bookmark: _Toc495477897][bookmark: _Toc495574760][bookmark: _Toc494296210][bookmark: _Toc495421978][bookmark: _Toc495422205][bookmark: _Toc495423042][bookmark: _Toc495423266][bookmark: _Toc495477898][bookmark: _Toc495574761][bookmark: _Toc494296211][bookmark: _Toc495421979][bookmark: _Toc495422206][bookmark: _Toc495423043][bookmark: _Toc495423267][bookmark: _Toc495477899][bookmark: _Toc495574762][bookmark: _Toc494296212][bookmark: _Toc495421980][bookmark: _Toc495422207][bookmark: _Toc495423044][bookmark: _Toc495423268][bookmark: _Toc495477900][bookmark: _Toc495574763][bookmark: _Toc494296213][bookmark: _Toc495421981][bookmark: _Toc495422208][bookmark: _Toc495423045][bookmark: _Toc495423269][bookmark: _Toc495477901][bookmark: _Toc495574764][bookmark: _Toc494296215][bookmark: _Toc495421983][bookmark: _Toc495422210][bookmark: _Toc495423047][bookmark: _Toc495423271][bookmark: _Toc495477903][bookmark: _Toc495574766][bookmark: _Toc494296216][bookmark: _Toc495421984][bookmark: _Toc495422211][bookmark: _Toc495423048][bookmark: _Toc495423272][bookmark: _Toc495477904][bookmark: _Toc495574767][bookmark: _Toc494296217][bookmark: _Toc495421985][bookmark: _Toc495422212][bookmark: _Toc495423049][bookmark: _Toc495423273][bookmark: _Toc495477905][bookmark: _Toc495574768][bookmark: _Toc488167611][bookmark: _Toc497199190]Detection of signaling activation upon ligand binding
Studies in macrophages have shown activation of several signaling molecules upon scavenger receptor activation by LDL. SR-B2 was reported to trigger several signaling cascades upon binding to its ligands, especially oxLDL. The interaction of this SR-B2 with oxLDL induced activation of several signaling molecules, among the most thoroughly reported ones were FAK, P38, JNK and P44/42 (Nath et al., 2015, Yang et al., 2014, Hale et al., 2014, Xie et al., 2011). Known signaling pathways activated upon binding of class B scavenger receptors to their ligands is summarised in Figure ‎1.8.  To detect the activation of these signaling molecules upon ligation of acLDL or oxLDL by scavenger receptors on SCC4 cells, modified LDLs were incubated with these cells for up to 60 minutes and the activation of four members of MAPKs pathway (P38, P44/42, FAK and JNK) were detected by immunoblotting.

[bookmark: _Ref477203535][bookmark: _Toc488167612]Detection of P38 MAPK activation
SCC4 cells were incubated with 40 µg of either oxLDL or acLDL, and the phosphorylation of P38 detected at 0, 5, 10, 20 and 60 minute time-points using immunoblotting. Incubating SCC4 cells with acLDL resulted in no significant changes in the levels of phosphorylated P38 (p-P38) when compared to total P38 at any time-point examined (Figure ‎4.17A), suggesting no changes in the activation of P38 by acLDL. Similarly, incubation of SCC4 with oxLDL also did not significantly alter the levels of p-P38 at any time point analysed compared to total P38 (Figure ‎4.17B).
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[bookmark: _Ref477195841][bookmark: _Toc488170814][bookmark: _Toc497199248]Figure ‎4.17	Detection of P38 MAPKs activation by modified LDL using Western blot analysis
. Overnight serum starved SCC4 cells were incubated with 40 µg of either (A) acLDL or (B) oxLDL for up to 60 minutes, total protein collected and separated by 10% SDS-PAGE and probed using antibodies against total and p-P38. There were no significant changes in the activation of P38 detected through densitometry analysis of immunoblots using Quantity One® software. Immunoblot shown is representative of three independent experiments. Error bars represent the mean ± SEM of these 3 experiments. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test.

[bookmark: _Ref481087672][bookmark: _Toc488167613]Detection of P44/42 MAPK activation
acLDL or oxLDL-stimulated SCC4 cells were also examined for activation of P44/42 over 60 minutes. Similar data to P38 was observed, as there was no significant difference in the levels of phosphorylated P44/42 compared to total P44/42 at any time point examined for either acLDL (Figure ‎4.18A) or oxLDL (Figure ‎4.18B) stimulated SCC4 cells. These data suggest P44/42 is not activated by either acLDL or oxLDL. 
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[bookmark: _Ref477203694][bookmark: _Toc488170815][bookmark: _Toc497199249][bookmark: _Ref477203640]Figure ‎4.18 Detection of P44/24 MAPK activation by modified LDL using Western blot analysis
. Overnight serum starved SCC4 cells were incubated with 40 µg of either (A) acLDL or (B) oxLDL for up to 60 minutes, then total protein was collected and separated by 10% SDS-PAGE and probed using antibodies against total and p-P44/42. There were no significant changes in the activation of P44/42 detected through densitometry analysis of immunoblots using Quantity One® software. Immunoblot shown is representative of three independent experiments. Error bars represent the mean ± SEM of these 3 experiments. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test.


[bookmark: _Toc488167614]Detection of FAK activation
SCC4 cells stimulated with acLDL or oxLDL were also examined for FAK activation over 60 minutes. SCC4 cells stimulated with acLDL showed no significant alteration in the levels of pFAK compared to total FAK at any time point examined (Figure ‎4.19A), suggesting that acLDL does not stimulate this signaling pathway. In contrast, cells incubated with oxLDL and screened for the activation of FAK, showed a noticeable reduction in pFAK levels after 5 minutes stimulation compared to unstimulated controls (0 minutes). Moreover, after 10 minutes, levels of pFAK relative to total FAK were significantly decreased by ~50% (density of 0.4±0.09 compared to 0.84±0.1 at 0 minutes) compared to control samples (p=0.0015). However, by 20 minutes pFAK levels had increased (density = 0.88±0.15) compared to 10 minutes sample, and returned to similar levels observed in the unstimulated controls (0 minutes). Similar levels were also observed at 60 minutes post-stimulation (Figure ‎4.19B). These data suggest that SCC4 cells respond differently in response to acLDL and oxLDL in terms of FAK activation. 
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[bookmark: _Ref477212286][bookmark: _Ref477212269][bookmark: _Toc488170816][bookmark: _Toc497199250]Figure ‎4.19 Detection of FAK activation by modified LDL using Western blot analysis
. Overnight serum starved SCC4 cells were incubated with 40 µg of either (A) acLDL or (B) oxLDL for up to 60 minutes, then total protein was collected and separated by 10% SDS-PAGE and probed using antibodies against total and pFAK. There were no significant changes in the activation of pFAK detected through densitometry analysis in acLDL stimulated SCC4 cells. In contrast, at 10 minutes, SCC4 cells showed a significant decrease in pFAK upon stimulation with oxLDL.  Immunoblot shown is representative of three independent experiments. Error bars represent the mean ± SEM of these 3 experiments. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where **p < 0.01. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.

[bookmark: _Toc488167615]Detection of JNK MAPK activation
As for the other signaling molecules investigated, activation of JNK was determined in SCC4 cells stimulated with acLDL or oxLDL over 60 minutes. The activation of JNK showed an almost similar pattern in cells treated with acLDL and oxLDL (Figure ‎4.20A&B). For both acLDL and oxLDL SCC4 cells displayed a dramatic and significant increase (p =0.009 and p =0.003) in the levels of pJNK after 10 minutes compared to controls (0 minutes). For both acLDL and oxLDL, levels of pJNK increased approximately two-fold when compared to levels observed at 0 and 5 minutes stimulation (Figure ‎4.20A&B). This increase in pJNK activity continued at 20 minutes post-stimulation for both acLDL and oxLDL, reaching a three-fold increase compared to levels observed at 0 minutes (Figure ‎4.20A&B). In contrast, by 60 minutes the levels of pJNK had returned to baseline (0 minute) for both acLDL and oxLDL stimulated cells (Figure ‎4.20A&B). These data show that both acLDL and oxLDL have the ability to induce JNK signaling activity in SCC4 cells. 
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[bookmark: _Ref477277541][bookmark: _Toc488170817][bookmark: _Toc497199251]Figure ‎4.20	Detection of JNK MAPK activation by modified LDL using Western blot analysis
. Overnight serum starved SCC4 cells were incubated with 40 µg of either (A) acLDL or (B) oxLDL for up to 60 minutes, then total protein was collected and separated by 10% SDS-PAGE and probed using antibodies against total and pJNK. There was a significant increase in the activation of pJNK detected through densitometry analysis in both acLDL and oxLDL stimulated SCC4 cells after 10 and 20 minutes. Immunoblot shown is representative of three independent experiments. Error bars represent the mean ± SEM of these 3 experiments. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where **p < 0.01, and ***p < 0.001. Asterisk(s) directly above the bar is relative to the control sample.

[bookmark: _Toc488167616][bookmark: _Toc497199191]Discussion
This chapter looked at the uptake of modified LDLs by the OSCC cells, SCC4, their cellular fate and the activation of signaling molecules upon binding and internalization of ligands. In summary, using chemical inhibitors of scavenger receptors, it was shown that class B scavenger receptors play a major role in the uptake of modified LDLs. Moreover, knockdown of one SR-B2 seemed to up-regulate the cell surface expression of SR-B1, possibly as a compensation mechanism to ensure LDL uptake.  The uptake of oxLDL and acLDL by SCC4 was shown to phosphorylate JNK, implicating potential functional properties of this interaction. However, this needs to be confirmed by further studies that will be addressed in the next chapter. 

Uptake of acLDL and oxLDL was studied using fluorescently labelled LDLs. However, this method harbors the potential issue of the separation of these LDLs from the labeling fluorophore, resulting in the separated fluorophore uptake enlarging the margin of error in readings obtained. Although modern labelling techniques make this scenario unlikely, further experiments on SCC4 cells to probe for this potential by incubating them with fluorophore alone and measuring percentage of fluorescence increase in these cells would solve this potential problem. To detect the intracellular fate of modified LDLs upon internalisation by SCC4 cell, colocalisation of these ligands to the lysosomal compartment was carried out using fluorescently labelled LDLs and lysotracker. However, quenching of lysotracker used in this experiment by the diode energy of the confocal microscope meant that only one image was obtained per each glass bottom culture dishes, although this was repeated three times. 

Uptake of modified LDL has been extensively described for macrophages but there is limited evidence of uptake by epithelial cells, in particular OSCC cells. Data in chapter 3 showed that oral keratinocytes, especially OSCC cells, express abundant scavenger receptors, particularly class B receptors, and therefore have the potential to bind and internalise modified LDL.  To examine if OSCC cells can uptake both oxLDL and acLDL, SCC4 cells that highly express class B scavenger receptors (the major receptors for these types of modified LDL) were treated with increasing concentrations of both ligands for up to 4 hours. 

SCC4 cells internalised both acLDL and oxLDL in a time and concentration-dependent manner in a similar way to that previously described by macrophages (Dhaliwal and Steinbrecher, 2000). Dhaliwal and Steinbrecher, showed similar results in mouse peritoneal macrophages incubated with either oxLDL or acLDL, resulting in a three-fold increase in total cholesterol content from the treatment of either of these ligands (Dhaliwal and Steinbrecher, 2000). Similarly, in CHO cells and murine peritoneal macrophages, oxLDL and acLDL had similar rates of uptake (Lougheed and Steinbrecher, 1996), although these results were linked to the degree of oxidation of LDL. 

In contrast, RAW 264 murine macrophages, incubated with increasing doses of modified LDL internalised oxLDL at a higher rate and degraded it at a lower rate than acLDL (Ylitalo et al., 1999), suggesting possible differences in scavenger receptors expressed by these cells that could affect the rate of uptake of modified LDLs. This is supported by the work of Sun et al, who showed that the uptake of oxLDL by SR-B1 and SR-B2 showed different intracellular trafficking as well as means of degradation, due to different mechanisms of uptake of the same ligand by the two different receptors (Sun et al., 2007). However, this uptake may not be class B specific and even though class B receptors appear to be the main LDL receptors, uptake could be related to expression of multiple members of the scavenger receptors family by SCC4 cells. For example, mRNA analysis showed that SCC4 cells express SR-A6, a receptor also identified as binding modified LDL (Table ‎1.1). In addition, not all scavenger receptors were tested in the screening analysis in chapter 1. 

The uptake and subcellular localisation of acLDL and oxLDL by SCC4 cells was addressed in section ‎4.3.5. To determine the correlation of the uptake of these modified LDLs and localisation to lysosomal compartment for later degradation, cells were incubated with fluorescently labelled LDLs that had been pre-treated with a lysosome-specific fluorescent probe. There was significantly more colocalisation between fluorescently labelled acLDL and lysosomes than for oxLDL, suggesting the preferential trafficking of acLDL to lysosomes in these cells. 

It has been previously shown that receptor-mediated uptake of both oxLDL and acLDL resulted in their accumulation in the lysosomes of macrophages (Mander et al., 1994, Li et al., 1998, Sun et al., 2007, Yancey and Jerome, 2001), matching the data presented in this study. It was shown that SR-B2 binding to oxLDL resulted in the internalisation of the oxLDL-SR-B2 complex through a lipid raft pathway rather than caveolin or clathrin-mediated endocytosis pathway that usually terminates in lysosomes (Zeng et al., 2003, Rios et al., 2013), suggesting that not all oxLDL may traffic to lysosomes when binding SR-B2, data that fits with the findings in this study. Moreover, endocytosis of oxLDL by macrophages resulted in partial inactivation of lysosomal enzymes and their destabilisation and subsequent rupturing lysosomal membranes, while acLDL uptake resulted in lysosomal apparatus enlargement but no changes to their membrane stability (Li et al., 1998), suggesting that oxLDL is not efficiently degraded by lysosomes in these cells (Mander et al., 1994). 

These data partially support results shown in this chapter and collectively suggest that acLDL and oxLDL, once internalised, are trafficked into overlapping but also different intracellular compartments, although, the exact mechanisms of trafficking were not studied in detail in this project. This difference may be due to the particular receptor that the LDL is internalised by and more experiments using SCC4 or other keratinocytes are required to clarify the underlying mechanisms of this process in these cells.

Scavenger receptors expressed by macrophages can bind not only acLDL and malondialdehyde-treated LDL, but also sulfated polysaccharides like fucoidan, polynucleotides like polyinosinic acid, and polyvinyl sulphate with similar high affinity, suggesting that ionic interactions are the principal mechanism for binding these ligands (Brown et al., 1980). Fucoidan, a polysaccharide sulfate ester found in brown seaweed, was described as a potent oxLDL and acLDL competitor for binding to macrophage scavenger receptors, principally SR-A and SR-B families (Krieger and Herz, 1994, Brown and Goldstein, 1983, Brown et al., 1980). Similarly, polyinosinic acid was shown to be a potent blocker of acLDL uptake by SR-A deficient CHO cells with less affinity for SR-B (Peiser et al., 2006, Gough et al., 1999). 

To examine whether scavenger receptors expressed by SCC4 cells are able to bind and internalise modified LDLs, fluorescently-labelled oxLDL or acLDL where incubated in the presence or absence of either polyinosinic acid or fucoidan. Both competitive inhibitors were able to significantly reduce the uptake of fluorescently labelled acLDL and oxLDL, but the use of fucoidan resulted in a more significant reduction in uptake of oxLDL than acLDL. In contrast, polyinosinic acid apeeraed to block in-take of acLDL compared to oxLDL, suggesting that the uptake of these two ligands might occur by different routes, like caveolae and clathrin-mediated pathways (Kiss and Botos, 2009, Heit et al., 2013), and highlighting specificity issues of these competitive blockers.

There is currently much debate as to the specificity of fucoidan and polyinosinic acid for scavenger receptors class A and B. Similar debate exists as to which of these two receptors binds oxLDL or acLDL more specifically. Determining the septicity of ligand-receptor as well as inhibitor-receptor interactions would help to clarify functional effect of receptor activation by a specific ligand.  Makinen et al., reported that acLDL-mediated formation of foam cells was significantly inhibited when only SR-A1 was silenced (Makinen et al., 2010). In addition, Kapinsky et al., showed that blockade of class A scavenger receptor completely inhibited the uptake of fluorescently-labelled acLDL in macrophages (Kapinsky et al., 2001), a finding that was in agreement with Ling et al., who also showed that acLDL was taken up mostly by SR-A1 (Ling et al., 1997). On the other hand, Nozaki et al., described a significant reduction in oxLDL uptake by macrophages isolated from SR-B2 deficient individuals (Nozaki et al., 1995). Further, competitive uptake studies conducted by Podrez et al., also suggest that oxLDL are not SR-A ligands (Podrez et al., 2003), and suggested that class B scavenger receptors may be main route for oxLDL uptake. 

Early studies by Brown et al., found that uptake of fluorescently-labelled acLDL by macrophages was reduced at similar levels by both fucoidan and polyinosinic acid (Brown et al., 1980, Devaraj et al., 2001), whereas more recently polyinosinic acid was described as a specific class A scavenger receptor competitor in freshly isolated peripheral blood monocytes (Kapinsky et al., 2001); although this study compared the uptake of enzymatically degraded LDL to that of acLDL in the presence or absence of polyinosinic acid. On the other hand, fucoidan was shown to block the binding of fibrillar β-amyloid (a scavenger receptor ligand) to neonatal microglia from SR-A knockout mice, suggesting that fucoidan is not a specific blocker for class A scavenger receptors (Husemann et al., 2001). Moreover, Husemann et al., found that blocking of SR-B1 with antibodies or by incubating cells with fucoidan resulted in a similar reduction in adhesion of SR-A knockout microglia cell to fibrillar β-amylod-coated surfaces (Husemann et al., 2001). Taken together, these studies suggest that fucoidan but not polyinosinic acid inhibit mainly scavenger receptor B inhibitor and that the main routes for acLDL and oxLDL could be different and probably mediated by class A and B scavenger receptors respectively.

Unlike macrophages, SCC4 cells do not express SR-A1 but express abundant class B receptors and so it is likely that these cells bind and internalise modified LDL by these receptors although receptor redundancy rules out the possibility that LDL bind class B receptors exclusively. However, SCC4 cells also express SR-A6 that could be involved in the uptake of these molecules. Data presented in this chapter show that polyinosinic acid was able to partially reduce LDL uptake. Since polyinosinic acid had a more impact on acLDL uptake than oxLDL (section ‎4.3.7), it is suggested that acLDL is taken up by scavenger receptors that are sensitive to polyinosinic acid competition. Polyinosinic acid was reported to show preference for class A receptors (Kapinsky et al., 2001) and so this molecule may partially block SR-A6 contributing to the reduction of LDL uptake by SCC4 cells. Even so, both fucoidan and polyinosinic acid only inhibited 50% acLDL uptake by SCC4 cells suggesting that other mechanisms are at play in internalising this modified lipid. 

In an attempt to further clarify the specific receptor that bind and internalise these modified LDL by SCC4 cells. SR-B2, the scavenger receptor that showed the highest expression on SCC4 cells, was knocked-down using siRNA technology. An approximately 98% reduction of SR-B2 expression was achieved using gene specific siRNA and the longevity of transfection lasted up to 72 hours post-transfection. SR-B2 knocked-down cells displayed significantly reduced levels of oxLDL internalisation compared to mock transfected cells indicating a strong association between oxLDL uptake and SR-B2 expression. 
In support our the data presented in this study, a similar conclusion was reached by Podrez et al., who showed a significant increase in oxLDL uptake in HEK293 cells over-expressing SR-B2 (Podrez et al., 2003). Conversely, there were no significant changes in the uptake of oxLDL by macrophages from mice transplanted with shSR-B2 transfected bone marrow progenitor cells. This discrepancy, between these results, could be due to either expression and uptake via SR-A to compensate for the loss of SR-B expression, difference in cell type or species, or incomplete RNAi-mediated silencing of SR-B2, resulting in insufficient block of oxLDL uptake in the foam cell formation assay used in this study, where very high concentrations of oxLDL (100 µg/mL) were used (Makinen et al., 2010). 

Interestingly, SCC4 cells transfected with SR-B2 siRNA, showed a significant increase in the uptake of acLDL compared to cells incubated with acLDL only or those mock transfected prior to incubation with acLDL (section ‎4.3.10). This increase in acLDL uptake could be due to a positive feedback mechanism resulting in the up-regulation of other scavenger receptor family members. Indeed, expression of SR-B1 was found to increase three-fold upon reduction of SR-B2 expression by siRNA treatment, suggesting collaboration between different scavenger receptor family members. This is in agreement with the work conducted by Makinen et al., who showed a 21±10% increase in acLDL uptake in SR-B2 silenced macrophages as well as a 34±8% increase in oxLDL uptake in SR-B1 silenced cells, suggesting compensatory cross gene regulation of these receptors (Makinen et al., 2010). 

Therefore, it appears that SCC4 cells are able to increase the expression of other scavenger receptors when expression of one is decreased or increase scavenger receptor expression in LDL-deficient conditions (as observed for SCC4 cells in the absence of serum in chapter 3). This may be a compensation mechanism initiated in order to maintain the capacity to bind LDL. Further experiments are required to determine if this compensation mechanism extends to other scavenger receptors expressed by SCC4 or by other OSCC cells. If this hypothesis holds true, it suggests that uptake of LDL by cancer cells is an important process, possibly linked to dysregulated cholesterol synthesis or the high levels of energy/ATP required by these rapidly dividing, invasive cancer cells (section ‎1.3.3).  

Extracellular stimuli can produce changes in cellular behaviour and for this to occur signaling initiation and then propagation through activation of receptor-dependent signaling such as MAPK pathways is required (Rouse et al., 1994). Several members of the MAPK signaling pathway have been associated with scavenger receptor activation upon binding to ligands in macrophages and other cell types (Jimenez et al., 2000, Bamberger et al., 2003, Rahaman et al., 2006, Park et al., 2009b). MAPK are highly conserved molecules, linking extracellular stimuli to the machinery controlling principal cellular processes (Raman et al., 2007, Coulombe and Meloche, 2007). MAPK pathways consist of three core kinases activating each other in turn; MAPK is activated (through phosphorylation) by mitogen activated protein kinase kinase (MAPKK), which in turn is phosphorylated (activated) by mitogen activated protein kinase kinase kinase (MAPKKK) (Schaeffer and Weber, 1999, Krens et al., 2006). Currently, MAPK cascades have been categorised into four major groups that include; extracellular signal regulated kinase (ERK1/2 also known as P44/42), p38, c-Jun N-terminal kinase or stress activated protein kinase (JNK/SAPK) and ERK5 (Plotnikov et al., 2011, Zarubin and Han, 2005, Morihara et al., 2011). These pathways can be activated in response to specific stimuli or by oxidative stress in different cells. 

Capabilities acquired by cancer such as uncontrolled proliferation, migration and invasion (Hanahan and Weinberg, 2000) can occur as a consequence of abnormalities in MAPK signaling (Dhillon et al., 2007, Downward, 2003). MAPK P38 is activated by environmental stresses and inflammatory cytokines (Zarubin and Han, 2005) and plays a role in cell cycle progression, growth, regulation of apoptosis and differentiation (Dhillon et al., 2007). P38 also functions as a tumour suppressor in several cancers (Brancho et al., 2003, Iyoda et al., 2003). Previous data show that p38 phosphorylation rapidly occurs after incubating macrophages with both acLDL and oxLDL (Giovannini et al., 2011, Yang et al., 2014), suggesting that similar signaling mechanisms may exist in SCC4 cells. However, modified LDLs failed to increase levels of p-P38 in these cells. Previous data show that LDL activation of p38 by macrophages was dependent on SR-A1 expression and since SCC4 cells do not express SR-A1, it is not surprising that these cells failed to show any detectable activation of p38 by immunoblot analysis.

Abnormalities in the ERK pathway have been linked to approximately, one third of cancers in humans (Dhillon et al., 2007). P44/42 is activated by MEK (Dual specificity mitogen-activated protein kinase kinase 1), which is in turn activated (phosphorylated) by Raf that is itself activated by phosphorylation after ligand binding (Mebratu and Tesfaigzi, 2009). Both Nikolic et al., and Yang et al., showed that incubating macrophages with 50 µg/mL of acLDL or oxLDL rapidly resulted in phosphorylation of P44/42 but not in SR-A1-/- macrophages (Nikolic et al., 2011, Yang et al., 2014) indicating that activation of p44/42 by acLDL is mediated through SR-A1 in these cells. This is in agreement with data shown in this chapter since treating SCC4 cells (shown to lack SR-A1) with 40 µg/mL acLDL did not result in any detectable changes in phosphorylation of P44/42.  This may suggests that there is no correlation to the binding and uptake of this modified LDL by SCC4 cells and the activation of p44/42. 

Focal adhesion kinase (FAK) is a tyrosine kinase that has been found to be wildly expressed in the cell cytoplasm and is involved in signal transduction mediated by several integrins (Parsons et al., 2000). Incubating SCC4 cells with 40 µg/mL acLDL resulted in no increase in phosphorylation of FAK, whereas treatment with oxLDL resulted in a significant dephosphorylation of FAK after 10 minutes of incubation. In contrast to the finding of this study for SCC4 cells, incubating macrophages with oxLDL resulted in activation of FAK in a SR-B2-dependent manner, resulting in macrophages immobilisation by altering its cytoskeletal dynamics (Park et al., 2009b). Conversely, FAK dephosphorylation has been reported to be involved in cytoskeletal reorganisation in T-cells, significantly impairing their adhesion (Giannoni et al., 2003). Given the paucity of previous data on FAK activation by modified LDL in epithelial cells and that epithelial cells are very different to leukocytes, it is difficult at present to understand the importance of low FAK phosphorylation in SCC4 cells. It could be speculated that loss of FAK phosphorylation could lead to a decrease in SCC4 cell adhesion, changing their phenotypes and promoting tumour progression and metastasis (Guan, 2015, Witsch et al., 2010). Further experiments are warranted in this area.

The JNK group of MAPKs were described to be activated by UV radiation, DNA damaging agents and cytokines (Weston and Davis, 2002). Macrophages incubated with oxLDL respond in a time and dose-dependent manner by activation of JNK (Rahaman et al., 2006). Similarly, data presented in this chapter showed JNK activation by increased phosphorylation in a time-dependent manner when SCC4 cells were incubated with 40 µg/mL oxLDL, peaking after 15 minutes incubation. Similar results were reported by Yang et al., who showed phosphorylation of JNK in macrophages incubated with 40 µg/mL of oxLDL for 15 minutes (Yang et al., 2014). Other studies have shown JNK activation in macrophages stimulated with oxLDL in an SR-B2-dependent manner (Rahaman et al., 2006). Once again these data are in agreement with data shown in this chapter and this means that oxLDL activated the JNK pathway leading to signal transduction and so initiated some type of cell response or change of cell function.

Pre-incubating SCC4 with 40 µg/mL acLDL resulted in phosphorylation of JNK with maximal activation achieved at 10 minutes. This in contrast to what was previously shown by Rahaman et al., who found that incubation of macrophages with 50 µg/Ml acLDL for 30 minutes did not result in activation of JNK (Rahaman et al., 2006) although the data in that study were presented as a fold-change compared to untreated cells, which could have masked JNK phosphorylation by acLDL.  

In contrast to Rahaman et al., Oh et al., showed that macrophages responded to acLDL by increased JNK phosphorylation (Oh et al., 2009). These data are in agreement to data shown in this chapter (enhancement of JNK activation by acLDL), although this may be due to activation of other receptors than class B scavenger receptors expressed by these cells. Based on results shown in this chapter it is hypothesized that JNK activation in SCC4 cells treated with modified LDL could be mediated by scavenger receptors (main receptors for these ligands). This is because fucoidan (a class B scavenger receptor inhibitor) prevented oxLDL uptake by 90% and acLDL by 50%, suggesting that class B receptors, in particular for oxLDL, might be the main receptors for these ligands. However, this need to be confirmed by further experiments including specific inhibition of member(s) of this receptor family. 

The data in this chapter overall suggests that SCC4 cells are able to bind and internalise acLDL and oxLDL, probably through scavenger receptor mediated mechanisms. The evidence presented in this and other studies suggests that oxLDL internalisation is mediated by class B scavenger receptors by both macrophages and other cells types. SCC4 cells do not express SR-A1 and so might not internalise modified LDL via this receptor. However, according to the gene expression data in chapter three, these cells are likely to express other scavenger receptors with affinity for acLDL or oxLDL and this is why use of SR-B blocking agents such as fucoidan did not completely inhibit LDL internalization (although this was inhibited by 90% for oxLDL by fucoidan). In addition, receptor compensation mechanism exists whereby lack of LDL or loss of one scavenger receptor is compensated for by increased expression of other scavenger receptors. The fact that acLDL and oxLDL appear, in part, to be trafficked into different cellular compartments, suggest that they have different cellular uptake and processing mechanisms, as described in macrophages. 

The underlying issue is that SCC4 cells appear to alter their scavenger receptor class B expression in order to maintain LDL uptake, suggesting that uptake of modified LDL is very important to the cell. These modified LDL are able to activate signaling transduction pathways, in particular, FAK and JNK. The SR-B2 activation of the MAPK family may result in diverse biologic and cellular outcomes, depending on member or members of that family involved in triggering of the particular cellular machinery (Jimenez et al., 2000, Moore et al., 2002, Yipp et al., 2003). Since modified LDL activate signaling pathways in SCC4 cells then it is likely that this will affect their cell phenotype and function. The following chapter will examine whether acLDL or oxLDL alters the function of SCC4 cells and whether this has consequences for OSCC cell biology and cancer progression. 
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Functional effects of scavenger receptor-ligand interaction by oral keratinocytes












[bookmark: _Toc488167618][bookmark: _Toc497199193]Introduction
Class B scavenger receptors can bind a wide range of ligands (Canton et al., 2013), in particular oxLDL and acLDL (Jay et al., 2015, Yu et al., 2015). Binding of oxLDL by scavenger receptors results in various biologic effects depending on cell type that in some contexts can be contrasting, e.g. proliferation, apoptosis, enhanced cell to cell adhesion and loss of cell to cell of adhesion (Zettler et al., 2003, Zettler et al., 2004, Chen and Khismatullin, 2015, Uray et al., 2004, Nath et al., 2015).

Elevated levels of oxLDL have been observed in patients with increased oxidative stress and abundance of LDL, which can occur in obese individuals (Furukawa et al., 2004, Couillard et al., 2005). Additionally, elevated serum levels of oxLDL have been correlated to increased risk as well as driving progression of some solid tumours including glioblastoma, breast, colon and ovarian cancers (Delimaris et al., 2007, Hale et al., 2014). Moreover, the interaction of modified LDLs with scavenger receptors, especially SR-B2, have been shown to be responsible for driving cancer invasion and metastasis (Nath et al., 2015). However, expression of scavenger receptors has only been reported for a limited number of epithelial tumour cells and their role in the biology of oral keratinocytes in the literature is lacking. 

Data presented in this study has so far has shown increased expression of scavenger receptor subtypes by oral cancer cells that these cells internalise both acLDL and oxLDL, and that receptor ligation induces a robust intracellular signalling response, particularly JNK activation. The fact that SCC4 cells appear to have a compensation mechanism to maintain modified LDL uptake suggests that this process is important to their cancer cell biology. Cancer progression occurs in several sequential steps including loss of controlled proliferation, loss of cell attachment to their original location, increase motility and invasion to adjacent tissues, blood or lymphatic vessels, establishment of a new cellular colony in a distant site (Jiang et al., 2015b, Ruoslahti, 1996). A major role in cancer progression is metastasis and the change of cancer cells from an epithelial to mesenchymal phenotype to allow this process to occur. Recent evidence suggests that binding of oxLDL to SR-B2 drives epithelial to mesenchymal transition (EMT) in hepatocellular carcinoma cells (Nath et al., 2015). 

Since the data presented in this study implies that modified LDLs, scavenger receptors ligands, activate JNK; it is tempting to speculate that this process alters SCC4 cell functions such as adhesion, migration and invasion and potentially EMT. Therefore, this chapter aimed to examine the biological changes that are driven by scavenger receptor activation as a direct consequence of binding modified LDLs. To examine this hypothesis cell-cell adhesion, migration and invasion and EMT were measured in SCC4 cells in response to modified LDL and were compared to modified LDL responses driven in immortalised normal oral keratinocytes, OKF6 (cells that closely resemble normal oral keratinocytes), in order to see if these functional changes are cancer cell specific. 






















[bookmark: _Toc488167619][bookmark: _Toc497199194]Materials and methods
Please refer to the following sections for materials and methods used for relevant experiments in this chapter:
2.1.4 2.1.9, 2.2, 2.3, 2.4 and 2.5 for cell culture
2.8, 2.9, and 2.10 for quantitative polymerase chain reaction analysis
2.17 for blocking scavenger receptors with fucoidan
2.14 for flow cytometry
2.18 for JNK inhibition
2.21 for invasion assay
2.22 for migration assay
2.23 for metabolic assay 
2.24 for adhesion assay
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[bookmark: _Toc488167620][bookmark: _Toc497199196][bookmark: _Ref497203683]Titration of JNK inhibitor
Data from chapter 4 showed activation of JNK in SCC4 cells after treatment with both acLDL and oxLDL. JNK activation has been linked to several functional changes in cancer cells including enhanced migration and invasion (Henderson et al., 2015, Wang et al., 2014a). To investigate the functional importance of JNK activation in oral keratinocytes and whether this has an impact on cell function when cells are treated with modified LDLs, SP600125, a specific small molecule JNK inhibitor, was used (Bennett et al., 2001). Initially a cell migration experiment was performed to determine the optimal concentration of SP600125 to be used in subsequent functional experiments. Assessing cell migration was chosen, as a methodology to test this because increased cancer migration is a hallmark of cancer invasion leading to metastasis, and JNK activation has been linked cancer cell migration (Henderson et al., 2015, Wang et al., 2014a).

SCC4 cells were pre-treated with increasing concentrations of SP600125, incubated with 40 µg/mL oxLDL or acLDL, and then used in various functional assays (migration, invasion, etc.). Based on previous reports, pre-treatment with SP600125 was carried out for 45 minutes (Caunt et al., 2008, Kenzel et al., 2006, Adhikary et al., 2008). In this experiment SCC4 Cells were treated with DMSO as a vehicle control since this reagent was used to reconstitute the JNK inhibitor. It was expected that the DMSO probably have negligible effects on cell function as it was used at a dilution of 1 in 1000 in these experiments and by convention human cells (even sensitive primary cells) can tolerate 0.1% DMSO (Wang et al., 2012). 

[bookmark: _Toc488167621][bookmark: _Ref493932504]Titration for SP600125 in cells treated with acLDL
As shown in Figure ‎5.1, and as expected cells treated with DMSO vehicle control showed no change in their ability to migrate when compared to untreated control cells (15.4 ± 2.8 and 15.2 ± 2.164 cells per field of view, respectively). Cells treated with acLDL alone or acLDL in the presence of DMSO both showed a significant increase in cell migration (29.8 ± 5.7, p<0.0001 and 26 ± 6.2, p<0.01, respectively) compared to control and vehicle control cells. Cells cultured in the presence of acLDL but pre-treated with SP600125 resulted in a dose-dependent inhibition of cell migration (Fig 5.1). Pre-treatment with 5 µM SP600125 showed no significant reduction in migration (p>0.1) whereas cells pre-treated with 25, 50 and 75 µM caused a significant in their ability to migrate compared to cells treated with acLDL alone (16 ± 2.2; 9.8 ± 1.9 and 6.2 ± 2 cells per field of view respectively, all at least p<0.01) (Figure ‎5.1).



[bookmark: _Ref479628473][bookmark: _Toc480465772][bookmark: _Toc488170818][bookmark: _Toc497199252]Figure ‎5.1 Effect of JNK inhibitor SP600125 on the migration of acLDL-treated SCC4 cells.
 Analysis of the effect of SP600125 on the migration of SCC4 cells treated with acLDL. A significant reduction in cell migration was observed when cells were treated with ≥25µM of SP600125 compared to cells treated with acLDL only. The reduction in migration was up to 80% when treated with 75 µM SP600125. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05, **p < 0.01, and ****p < 0.0001. Asterisk(s) directly above the bar is relative to the control sample.



[bookmark: _Toc488167622][bookmark: _Ref493932508]Titration for SP600125 in cells treated with oxLDL
SCC4 cells treated with the vehicle control, DMSO, showed no change in their migratory capacity when compared to untreated control cells (14.6 ± 4.2 versus 18.2 ± 3.42 cells per field respectively; Figure ‎5.2). In contrast, cells treated with oxLDL alone or oxLDL+DMSO both showed a significant increase in cell migration compared to control cells (30.4 ± 4.5 and 33.6 ± 3.2 versus 14.6 ± 4.2; p < 0.0001). In contrast to acLDL, cells pre-treated with as little as 5 µM SP600125 showed a significant reduction in migration compared to cells treated with oxLDL alone (p<0.0001); displaying migration levels that were similar to controls. The inhibitory actions of SP600125 was dose-dependent, with migration capacity being progressively inhibited with increasing concentrations of SP600125, even below the levels observed for untreated or DMSO vehicle control cells (Fig. 5.2). 

Based on data shown in sections ‎5.3.1.1 and ‎5.3.1.2, 25 µM was the lowest concertation of SP600125 that resulted in inhibition of oxLDL or acLDL mediated migration, back to levels comparable to untreated/DMSO treated cells. Thus, 25 µM was chosen as the concentration for pre-treating cells with SP600125 in future experiments requiring JNK inhibition.



[bookmark: _Ref479630599][bookmark: _Toc480465773][bookmark: _Toc488170819][bookmark: _Toc497199253]Figure ‎5.2 SP600125 effect on the migration of oxLDL treated cells.
 Analysis of the effect of SP600125 on migration of SCC4 cells treated with oxLDL. Cells treated with 5 µM of SP600125 showed significant inhibition in their ability to migrate which was about 50% compared to cells treated with oxcLDL only. Cells treated with 75 µM of SP600125 showed around 80% reduction in migration ability. Data are representative from three independent experiments performed in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where **p < 0.01, and ****p < 0.0001. Asterisk(s) directly above the bar is relative to the control sample.

[bookmark: _Ref493933265][bookmark: _Toc497199197][bookmark: _Toc488167623]Effect of modified LDLs on SCC4 proliferation
Modified LDLs, especially oxLDL were proposed to induce proliferation in a dose-dependent manner in some cancer cell lines e.g. LNCaP and PC-3 (Wan et al., 2015). To test the effect of incubating SCC4 cells with modified LDLs on cell proliferation, cells were incubated with 40 µg/mL (optimised in the previous chapter) of each of these LDLs in serum-containing media for 48 hours (enough time to allow the cells to proliferate). After incubation, PrestoBlue® was added directly to cells in culture medium for 15 minutes, and then fluorescence was measured spectrophotometrically. PrestoBlue® measures cell metabolic activity and this is used as an indirect measurement of cell proliferation as an increase in cell number is directly proportional to the increase in metabolic activity. As shown in Figure ‎5.3, cells incubated with 40 µg/mL acLDL showed almost similar levels of metabolic activity compared to controls. Cells incubated with 40 µg/mL oxLDL showed a significant increase (p=0.0012) in the recorded fluorescence (4164 ± 521) when compared to the control group (2075±258), which is approximately a 50% increase in metabolic activity, suggesting that there is a 50% increase in cell number (i.e. increased proliferation) by SCC4 cells in response to oxLDL but not acLDL. 

[bookmark: _Toc497199198]Effect of modified LDLs on OKF6 proliferation
To compare the effect of modified LDLs treatment on cellular proliferation in OSCC to normal oral keratinocytes, immortalised normal oral keratinocytes (OKF6 cells; used as a surrogate cell type to NOK as the latter were not available at the time) was used under same experiment conditions as described in section ‎5.3.2. OKF6 cells were treated with 40 µg/mL acLDL or oxLDL, and metabolic activity measured. Cells incubated with acLDL showed a slight but significant (p=0.0319) increase in metabolic activity compared to controls (3941±262.7 compared to 3254±216.9 respectively). On the other hand, cells incubated with oxLDL showed no noticeable increase in their metabolic activity (3701 ± 351) compared to control group (p=0.087) (Figure ‎5.4). These data suggest that OKF6 cells display increased proliferation in response to acLDL but not oxLDL. The data obtained for OKF6 was opposite to that observed for the SCC4 cancer cells, suggesting that different modified LDL have different effects on cell metabolism/proliferation in cancer compared to normal cells, which could be due their uptake and metabolism by different routes in these cells.







[bookmark: _Ref495310325][bookmark: _Toc497199254]Figure ‎5.3 Effect of modified LDLs on SCC4 metabolic activity/proliferation.
  The differences in the effect on the metabolic activity of SCC4 cells when incubated with either acLDL or oxLDL for 48 hours. When compared to control group, cells incubated with oxLDL showed significant increase in their metabolic activity, while cells incubated with acLDL showed a non-significant increase in metabolic activity (proliferation). Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where **p < 0.01. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.









[bookmark: _Ref495310269][bookmark: _Ref495310261][bookmark: _Toc497199255]Figure ‎5.4 Effect of modified LDLs on OKF6 metabolic activity.
  The differences in the effect on the metabolic activity of OKF6 cells when incubated with either acLDL or oxLDL for 48 hours. Cells treated with acLDL showed significant increase in their metabolic activity (proliferation) when compared to the control group, while cells incubated with oxLDL showed a non-significant increase compared to control group and to those incubated with acLDL. Data are representative from three independent experiments performed in quadruplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05. Asterisk(s) directly above the bar is relative to the control sample.


[bookmark: _Ref493934934][bookmark: _Toc497199199]Effect of modified LDLs on cell-to-cell adhesion
Loss of adhesion, either cell-to-cell or cell-to-matrix, is crucial step in cancer progression (Jiang et al., 2015b, Ruoslahti, 1996), and JNK activation has previously been described as primary regulator of intercellular adhesion (You et al., 2013a, You et al., 2013b). To confirm that the activation of JNK affects cell-to-cell adhesion in normal and cancerous oral keratinocyte, a cell-to-cell adhesion assay was used. To measure cell-to-cell adhesion, cells were incubated with serum-free medium overnight then treated with 40 µg/mL modified LDL, SP600125 alone, a combination of SP600125 and modified LDL, fucoidan alone, or a combination of fucoidan and modified LDL. Cells were treated with optimised concentrations of fucoidan and SP600125 as determined in section ‎4.3.7 and ‎5.3.1 respectively. Single cell suspensions of treated and untreated cells were labelled with calcein-AM for 30 minutes and reseeded, at a density of 5x105 cells/200 µL, into 48-well plates that has been previously seeded with 1x105 of the same cell type (i.e. fluorescently labelled SCC4 cells placed onto monolayers of SCC4 cells), overnight in serum-free medium. After one-hour incubation, non-adherent cells were washed away and the fluorescence of adherent cells was measured using a spectrophotometer. The effect of treatment with either acLDL or oxLDL was compared in SCC4 and OKF6 to probe for differences and similarities in responses to these treatments on cell-to-cell adhesion in cancerous and immortalised normal oral cell lines.  

[bookmark: _Toc488167624]Effect of acLDL on SCC4 cell-cell adhesion
Figure ‎5.5 shows that cells treated with acLDL only had a small but non-significant reduction in their ability to adhere to other cells, with recorded fluorescence values of 12783 ± 2105 compared to 16720 ± 3217 by control cells. SCC4 cells treated with SP600125 alone showed a significant (p<0.05) reduction in their adherence capacity compared to the control group with a recorded fluorescence of 11306 ± 3342 but not to acLDL treated cells. There was no significant difference in fluorescence values and therefore cell-to-cell adhesion between cells pre-treated with SP600125 followed by incubation with acLDL, cells treated with fucoidan only and cells pre-treated with fucoidan followed by incubation with acLDL compared to the control group (Fig. 5.3). These results indicate that acLDL does not affect the ability of SCC4 cells to adhere to each other.





[bookmark: _Ref480464637][bookmark: _Toc497199256][bookmark: _Toc480465785][bookmark: _Toc488170820]Figure ‎5.5 Effect of acLDL on SCC4 cell-cell adhesion. 
 The effect of acLDL on SCC4 cells ability to adhere to other cells. There was no significant difference in cell-to-cell adhesion in test groups when compared to the control group, with the exception of cells treated with SP600125, which showed a significant reduction in their ability to adhere to other cells when compared to untreated cells. Data are representative from five independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p<0.05. Asterisk directly above the bar is relative to the control sample.


[bookmark: _Toc488167625][bookmark: _Ref493934693]Effect of oxLDL on SCC4 cell-cell adhesion
SCC4 cells treated with oxLDL showed a significant reduction in their ability to adhere to other SCC4 cells (p=0.018), with a recorded fluorescence of 12787±2421 compared to control group (18515±2747) that equates to a 30% reduction in cell-to-cell adhesion ( Figure ‎5.6). Cells treated with SP600125 alone or pre-treated with SP600125 followed by oxLDL showed a significant reduction in their ability to adhere to other cells (p=0.03 and p=0.001) with a recorded fluorescence of 103134±3396 and 11045±1994, respectively. Cells incubated with fucoidan alone or fucoidan followed by incubation with oxLDL were similar to the control group. The results presented in this section showed that treatment of SCC4 cells with oxLDL reduced their ability to adhere to each other. In addition, pre-treatment with fucoidan prevented loss of cell-to-cell adhesion, suggesting that, in SCC4 cells, loss of cell-to-cell adhesion could be mediated by scavenger receptors. This hypothesis is based on data presented in this study, which showed that fucoidan blocked oxLDL-scavenger receptor interactions by 90%. JNK inhibition did not prevent loss of cell-to-cell adhesion suggesting that this signalling pathway may not be involved in this event. 


[bookmark: _Ref480464589][bookmark: _Toc480465786][bookmark: _Toc488170821][bookmark: _Toc497199257] Figure ‎5.6 Effect of oxLDL on SCC4 cell-cell adhesion ability
[bookmark: _Hlk480464984] The effect of oxLDL on SCC4 cells ability to adhere to other cells. There was a significant reduction in ability of cells to adhere to other cells when treated with oxLDL, SP600125, or combination of SP600125 and oxLDL compared to the control group. Pre-treating cells with fucoidan and incubating them with oxLDL resulted in insignificant reduction in their ability to adhere to other cells when compared to the control group or cells treated with fucoidan only. Data are representative from five independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05, and **p < 0.01. Asterisk(s) directly above the bar is relative to the control sample.




[bookmark: _Toc488167626]Effect of acLDL on OKF6 cell-cell adhesion
The effect of acLDLs treatment on cell-cell adhesion in immortalised normal oral keratinocytes was performed to compare with the effect of this treatment on cancer cells. Therefore, immortalised normal oral keratinocytes (OKF6) cells were also tested for their cell-to-cell adhesive capacity using the same protocol and conditions as for SCC4 cells. As shown in Figure ‎5.7, Unlike cancer cells, OKF6 cells incubated with acLDL alone displayed a 62% increase (5366±738.5 compared to 2034±465 control) in their ability to adhere to other OKF6 cells when compared to the control group (p=0.0002). Cells incubated with SP600125 showed similar levels of adherence to controls (1228±489.7; p=0.57), whereas cells pre-treated with SP600125 and then incubated with acLDL showed a significant increase in cell-cell adhesion compared to control (p<0.05), but more importantly adhesion was inhibited compared to cells treated with acLDL alone (3492 ± 628.3; p<0.0001). Cells treated with fucoidan alone showed no significant difference in fluorescence compared to the control group (933.7 ± 489.8; p=0.2782). In contrast, cells pre-treated with fucoidan then stimulated with acLDL showed a dramatic and significant (70%, p<0.0001) decrease in cell-cell adhesion compared to cells treated with acLDL alone (Figure ‎5.7). 

These data suggest that treatment with SP600125 or fucoidan significantly affect the acLDL-mediated adhesion of OKF6 cells. Moreover, results from this section showed that treatment of OKF6 cells with acLDL enhanced their ability to adhere to each other and this effect is likely mediated by class B scavenger receptors because cell-to-cell adherence was significantly prevented by fucoidan (although other receptors may be involved as fucoidan only inhibited acLDL internalisation by 50%). Loss of acLDL-mediated JNK activation also prevented cell-to-cell adhesion suggesting a major role for this pathway in stimulating adhesion. The data for OKF6 is in stark contrast to SCC4 for acLDL where acLDL had little impact on cancer cell-to-cell adhesion. This could be due to activation of different surface receptors expressed by these cells. 




[bookmark: _Ref495475153][bookmark: _Ref480457670][bookmark: _Toc480465778][bookmark: _Toc488170822][bookmark: _Toc497199258]Figure ‎5.7 Effect of the uptake of acLDL on OKF6 cell-to-cell adhesion.
 OFK6 cells incubated with acLDL displayed a significant increase in cell-to-cell adhesion compared to the control group. Cells incubated with fucoidan, and SP600125 showed a non-significant change in adhesion compared to control group. Cells pre-incubated with fucoidan or SP600125 then treated with acLDL showed a significant reduction in the recorded fluorescence compared to cells incubated with acLDL only. Data are representative from three independent experiments performed in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05, ***p < 0.001, and ****p < 0.0001. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.

Effect of oxLDL on OKF6 cell-to-cell adhesion
OKF6 cells incubated with oxLDL only (Figure ‎5.8) showed no statistical difference in adhesion compared to untreated controls (2557 ± 312 compared to 2204 ± 325.9 respectively; P=0.5). Similarly, cells treated with SP600125 alone or pre-treated with SP600125 followed by oxLDL showed no significant differences in cell-to-cell adhesion compared to controls or cells treated with oxLDL alone. There was a significant difference (p<0.05) in adhesion between cells incubated with fucoidan alone (1446 ± 308.1) and cells incubated with oxLDL alone, but there was no significant difference between cells incubated with fucoidan and the control group (p=0.16) or with cells incubated with fucoidan followed by oxLDL (p=0.11). Once again, these results are in stark contrast to those obtained for oxLDL on SCC4 cells where oxLDL significantly reduced cell-to-cell adhesion that was prevented with fucoidan treatment. Taken together these data suggest that normal (OKF6) cells and cancer cells differ in their response to acLDL and oxLDL with regard to cell-to-cell adhesion. 



[bookmark: _Ref480457610][bookmark: _Toc480465779][bookmark: _Toc488170823][bookmark: _Toc497199259]Figure ‎5.8 Effect of the uptake of oxLDL on OKF6 cells adhesion.
  OKF6 cells incubated with oxLDL, fucoidan, SP600125, oxLDL and SP600125 or oxLDL and fucoidan showed non-significant changes in the recorded fluorescence compared to control group and cells treated with oxLDL only. While cells incubated with fucoidan showed a significant reduction in their adhesion ability compared to cells incubated with oxLDL only. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p<0.05. Asterisk above the horizontal line is relative to the two bars at the ends of the line.



[bookmark: _Toc488167628][bookmark: _Ref493942116][bookmark: _Ref493942448][bookmark: _Toc497199200]Effect of modified LDLs on SCC4 cell migration
Enhanced migratory ability is crucial for cancer spread (Jiang et al., 2015b, Ruoslahti, 1996), and JNK signaling pathway was reported to modify this ability in cancer cells (Olson and Nordheim, 2010). To test that the activation of scavenger receptors by binding to their ligands and/or JNK activation affects OSCC motile ability, cell migration assay using modified Boyden chamber was carried out. Overnight serum-starved cells were incubated with 40 µg/mL of either oxLDL or acLDL for 15 and 10 minutes respectively (a time previously shown to activate cell signalling) with or without prior pre-treatment with SP600125 or fucoidan. Cells were then seeded into inserts of a modified Boyden chamber and incubated overnight after which non-migrating cells were removed and migrating cells were fixed using 100% methanol alcohol, stained using crystal violet and then counted by light microscopy.

[bookmark: _Toc488167629]Effect of acLDL on SCC4 cell migration
As shown in Figure ‎5.9, cells incubated with acLDL alone showed a significant (p = 0.0451) increase in their ability to migrate that was approximately 30% more than that of the control group (average number cells per field of view 34 ± 8.5 in acLDL treated cells compared to 22±4.3 in the control group). Cells incubated with SP600125 or fucoidan alone did not alter migration compared to control cells, whereas cells pre-treated with either SP600125 or fucoidan and then incubated with acLDL both displayed a significant reduction (21±4.2, and 21± 5.4 cells/field of view respectively, p<0.05) in the levels of migration compared to SCC4 cells treated with acLDL alone.  The results from this section showed that treatment of SCC4 cells with acLDL enhanced their ability to migrate and that this effect was inhibited by fucoidan and SP600125, suggesting that migration is stimulated in SCC4 cells possibly via scavenger receptors and acLDL mediated JNK signalling. 

[bookmark: _Toc488167630]Effect of oxLDL on SCC4 cell migration
SCC4 cells treated with oxLDL displayed a significant increase (p<0.001) in the level of migration compared to untreated cells, with the number of cells per field of view being 32 ± 8.6 for treated cells and 16 ± 3.4 for untreated cells (Figure ‎5.10). Cells treated with SP600125 or fucoidan alone showed no difference in migration compared to controls. On the other hand, cells pre-treated with SP600125 or fucoidan then incubated with oxLDL showed a significant reduction in their ability to migrate compared to cells treated with oxLDL alone (11± 5.3, p<0.0001 and 19 ± 8.6, p=0.017 respectively). These pre-treated cells migrated at similar levels to untreated controls.  The results from this section showed that treatment of SCC4 cells with oxLDL had similar impact seen upon treating them with acLDL. This type of treatment enhanced SCC4 cells ability to migrate and that this effect was inhibited by fucoidan and SP600125, suggesting that migration stimulated in SCC4 cells is likely via class B scavenger receptors (fucoidan, considered a SR-B inhibitor and previously prevented oxLDL uptake by 90%) and oxLDL-mediated JNK signalling. 

[bookmark: _Ref480458874][bookmark: _Toc480465781][bookmark: _Toc488170824][bookmark: _Toc497199260]Figure ‎5.9 Effect of acLDL on SCC4 cells migration.
  The effect of acLDL on SCC4 cells migratory ability. Cells treated with acLDL showed a significant increase in their ability to migrate compared to control and other test groups. Cells pretreated with SP600125 or fucoidan then incubated with acLDL showed a significant reduction in their ability to migrate compared to cells treated with acLDL only. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.


[bookmark: _Ref480459674][bookmark: _Toc480465782][bookmark: _Toc488170825][bookmark: _Toc497199261]Figure ‎5.10 Effect of oxLDL on SCC4 cells migration.
  Bar graph representing the effect of oxLDL on SCC4 cells migration. Cells treated with oxLDL showed a 100% increase in their ability to migrate compared to control group. There were no significant differences in migration ability of cells in all test groups compared to control group. Cells pre-treated with either SP600125 or fucoidan prior to incubation with oxLDL showed a significant reduction in their ability to migrate compared to cells treated with oxLDL only. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05, ***p < 0.001, and ****p < 0.0001. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.


[bookmark: _Toc488167631][bookmark: _Toc497199201]Effect of modified LDLs on migration of OKF6 cells 
The effect of acLDLs treatment on migration of immortalised normal oral keratinocytes was performed to compare with the effect of this treatment on cancer cells. Therefore, the migration of immortalised normal oral keratinocyte cells (OKF6) was examined using the same methodology as described in section ‎5.3.5, to determine if the response of normal keratinocytes was similar or different to that of OSCC cells. 

[bookmark: _Toc488167632]Effect of acLDL uptake on OKF6 migration
As shown in Figure ‎5.11, OKF6 cells incubated with acLDL displayed a significant (40%) increase in cell migration compared to untreated controls (72.5±7.1 compared to 43±12.1 cells per field of view respectively, p<0.01). Cells incubated with SP600125 (40.4±12.6) alone did not alter the level of migration compared to control, whereas cells treated with fucoidan alone showed almost 50% reduction (24.6±9.5) in their ability to migrate compared to control cells. The average number of migrating cells in samples pre-treated with SP600125 or fucoidan followed by acLDL was significantly lower than for cells treated with acLDL alone (p<0.05 and p<0.001, respectively). In fact, these results showed that cells treated with SP600125 or fucoidan followed by acLDL show a 25% and 50% reduction in their ability to migrate respectively when compared to cells incubated with acLDL alone. Overall, the results from this section showed that treatment of OKF6 cells with acLDL increases their migratory ability and that this effect is inhibited by fucoidan and JNK inhibition, suggesting that scavenger receptors and the acLDL-mediated JNK signalling are involved in normal oral keratinocyte acLDL-induced migration. These data are similar to those described for SCC4 cells. 

[bookmark: _Toc488167633]Effect of oxLDL uptake on OKF6 migration
Cells treated with oxLDL, SP600125 or fucoidan alone, or pre-treatment with SP600125 or fucoidan followed by incubation with oxLDL showed no statistical difference in levels of migration compared to untreated controls (Figure ‎5.12). Cells treated with fucoidan alone were the only treatment group to display a significant reduction in migration with the number of migrating cells being 31±6.5 per field of view compared to 56±7.0 for control cells (p<0.01). The results from this section showed that treatment of OKF6 cells with oxLDL had no significant impact on their migratory ability. This is in complete contrast to the effects of oxLDL on SCC4 cells, which showed that oxLDL dramatically increased adhesion and that this could be inhibited by fucoidan and JNK inhibition. These data show clear differences in the response of normal and cancer cells to oxLDL in terms of cell migration. 




[bookmark: _Ref479630523][bookmark: _Toc480465775][bookmark: _Toc488170826][bookmark: _Toc497199262]Figure ‎5.11 Effect of acLDL on OKF6 migration.
 Analysis of OKF6 migration assay using a modified Boyden chamber. Data shown in the graph represent the average number of cells in 5 random fields. The acLDL treated cells showed a significant increase in migration ability compared to control cells. Cells treated with fucoidan in presence acLDL showed a lower ability to migrate than cells preincubated with acLDL only. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where **p < 0.01, and ***p < 0.001. Asterisks directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.




[bookmark: _Ref495475245][bookmark: _Ref479630221][bookmark: _Toc480465774][bookmark: _Toc488170827][bookmark: _Toc497199263]Figure ‎5.12 Effect of oxLDL on OKF6 migration. 
Analysis of OKF6 migration assay using a modified Boyden chamber. Data shown in the graph represent the average number of cells in 5 random fields. Cells treated with fucoidan alone are the only group to show a significant reduction in migration compared to control. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where **p < 0.01. Asterisks directly above the bar are relative to the control sample.

[bookmark: _Toc488167634][bookmark: _Toc497199202]Effect of modified LDLs on SCC4 cell invasion 
The ability to invade though adjacent tissues enables cancer to progress and spread (Jiang et al., 2015b, Ruoslahti, 1996), and JNK activation has been suggested to be an important promoter in the invasion process of some cancer types (Juneja et al., 2011, Xu et al., 2009). To confirm whether activation of scavenger receptors by binding to their ligands and/or resulting in JNK activation has an effect on OSCC invasive ability, invasion assays were conducted using SCC4 cells with modified LDLs. To do this, modified Boyden chambers were coated with Matrigel® to simulate cell invasion through the ECM (Justus et al., 2014). This was performed to test whether incubating modified LDLs with SCC4 cells affected their ability to invade into a matrix. For both acLDL and oxLDL, overnight serum-starved cells were incubated for 10 minutes with 40 µg/mL of either oxLDL or acLDL for 15 and 10 minutes respectively with or without prior pre-treatment with SP600125 or fucoidan. Cells were added to inserts of modified Boyden chambers lined with matrigel and incubated overnight in 5% CO2 at 37°C. After incubation, non-invading cells were removed and invading cells were fixed using 100% methanol, stained with crystal violet then counted using a light microscope.

[bookmark: _Toc488167635]Effect of acLDL on SCC4 cell invasion 
Figure ‎5.13 shows that cells treated with acLDL displayed a marked and significant increase (p=0.038) in their ability to invade through Matrigel®, with the average cells per field of view being 45±10.3 compared to 29±8.7 for untreated controls. Treatment of cells with SP600125 or fucoidan alone did not alter their invasion capacity and were similar levels to controls. On the other hand, cells pre-treated with SP600125 or fucoidan prior to incubation with acLDL displayed a significant reduction in their ability to invade compared to cells incubated with acLDL alone (p=0.018 and p=0.0018 respectively) with the number of cells per field of view being 18 ± 7.7 and  27 ± 3.5 respectively. The results from this section showed that treatment of SCC4 cells with acLDL enhanced their ability to invade and that this effect was inhibited by fucoidan and SP600125, suggesting that like migration, invasion is stimulated in SCC4 cells possibly via scavenger receptors and acLDL-mediated JNK signalling. 

[bookmark: _Toc488167636][bookmark: OLE_LINK2]Effect of oxLDL on SCC4 cell invasion
SCC4 cells when treated with 40 µg/mL oxLDL displayed a significant increase (p=0.025) in their ability to invade through Matrigel® (number of cells per field of view 37 ± 8.8 compared to 23 ± 4.7 in the control group). Treatment of cells with SP600125 or fucoidan alone did not alter their invasion capacity and were not significantly different from control levels. In contrast, like acLDL-treated cells, SCC4 cells pre-treated with SP600125 or fucoidan prior to incubation with oxLDL displayed a significant reduction in their ability to invade compared to cells incubated with oxLDL alone (p=0.03 and p=0.013 respectively). Prior treatment with SP600125 showed the most reduction in invasion (17± 6.2) with fucoidan closely following (22 ± 7.3) compared to oxLDL alone (37 ± 8.8) (Figure ‎5.14). The results from this section showed that treatment of SCC4 cells with oxLDL had similar impact seen upon treating them with acLDL. Pre-treating SCC4 cells with oxLD enhanced their ability to invade and that this effect was inhibited by fucoidan and SP600125, suggesting that like migration, invasion is likely stimulated in SCC4 cells via class B scavenger receptors (fucoidan, considered to be a SR-B inhibitor and previously prevented oxLDL uptake by 90%) and oxLDL-mediated JNK signalling.

[bookmark: _Ref480461144][bookmark: _Toc497199264][bookmark: _Toc480465783][bookmark: _Toc488170828]Figure ‎5.13 Effect of acLDL on SCC4 cell invasion. 
 Bar graph representing the effect of acLDL on SCC4 cell invasion. Cells treated with acLDL had a significant increase in their ability to invade compared to control group. Additionally, cells pre-treated with SP600125 or fucoidan prior to incubation with acLDL showed a significant reduction in their ability to invade compared to cells treated with acLDL only. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05 and ***p < 0.001. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.




[bookmark: _Ref495475497][bookmark: _Toc497199265][bookmark: _Toc480465784][bookmark: _Toc488170829]Figure ‎5.14 Effect of oxLDL on SCC4 cell invasion. 
 The effect of oxLDL on SCC4 cell invasion. Cells treated with oxLDL alone had a significant increase in their ability to invade as compared to control group. Incubating SCC4 cells with SP600125 or fucoidan prior to their treatment with oxLDL resulted in a significant reduction in their ability to invade when compared to cells treated with oxLDL only. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05. Asterisk(s) directly above the bar is relative to the control sample and above the horizontal line is relative to the two bars at the ends of the line.







[bookmark: _Toc488167637][bookmark: _Toc497199203][bookmark: _Hlk480391262][bookmark: _Hlk486002340]Effect of modified LDL uptake on the invasion capacity of OKF6 cells 
The same invasion assay undertaken for SCC4 cells was replicated for OKF6 cells to examine whether incubation with modified LDL had an effect on immortalised normal oral keratinocyte invasion capacity. 

[bookmark: _Toc488167638]Effect of acLDL on OKF6 cell invasion
As shown in Figure ‎5.15, there was a significant increase in invasion of OKF6 cells where incubated with acLDL compared to control cells (75.6 ± 19 compared to 42.5 ± 8 cells per field of view respectively). Cells treated with SP600125 alone were similar to control cells. Similarly, incubating SCC4 cells with fucoidan alone showed no difference to controls (31.6 ± 6.8). Interestingly, cells treated with SP600125 followed by acLDL showed elevated levels of invasion similar to levels reached by acLDL alone (87 ± 9.1) and significantly greater than control or SP600125-treated cells (p<0.01). In contrast, OKF6 cells pre-treated with fucoidan and acLDL displayed a 30% reduction in invading cells than acLDL alone (52.4 ±14.2) but this was not significantly different from treatment with acLDL alone. The results in this section showed that treatment of OKF6 cells with acLDL enhanced their ability to invade through Matrigel®, which was similar to what was seen in SCC4 cells. However, JNK inhibition was not required for invasion because use of SP00125 did not prevent acLDL-mediated invasion. Moreover, fucoidan did not significantly prevent invasion, suggesting the scavenger receptors blocked by this molecule are not responsible for the invasion by OKF6 cells. This is in contrast to SCC4 cells where both fucoidan and JNK activation appear to be involved in invasion. 

[bookmark: _Toc488167639]Effect of oxLDL on OKF6 cell invasion
There was no significant change in the number of invading cells per field of view when cells were treated with oxLDL alone (93 ± 12.3) compared to controls (85.8 ± 10.5; Figure ‎5.16). Similarly, cells treated with SP600125 alone or pre-treated with SP600125 followed by oxLDL showed almost similar invasion to controls. Treatment with fucoidan alone significantly reduced invasion (p<0.05) compared to control whereas pre-treatment with fucoidan prior to incubation with oxLDL did not (Figure ‎5.16). The results from this section showed that treatment of OKF6 cells with oxLDL had no significant impact on their invasion ability. This is in complete contrast to SCC4 cells where oxLDL induced invasion and this was prevented by fucoidan and JNK inhibition. Similar to migration, these data show clear differences in the response of normal and cancer cells to oxLDL in terms of cell invasion.



[bookmark: _Ref480457734][bookmark: _Toc480465777][bookmark: _Toc488170830][bookmark: _Toc497199266]Figure ‎5.15 Effect of acLDL uptake on OKF6 cell invasion.
 The effect of acLDL on OKF6 cell invasion. Cells incubated with acLDL showed a significant increase in their ability to invade through Matrigel® compared to control group. Use of SP600125 followed by acLDL did not result in a significant change in invasion compared to cells treated with acLDL only. Pre-treating cells with fucoidan and incubating with acLDL caused non-significant changes in invasion ability compared to control group. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05 and **p < 0.01. Asterisk(s) directly above the bar is relative to the control sample.










[bookmark: _Ref495475772][bookmark: _Ref480401207][bookmark: _Toc480465776][bookmark: _Toc488170831][bookmark: _Toc497199267]Figure ‎5.16 Effect of oxLDL on the invasion ability of OKF6 cells. 
Cells incubated with oxLDL displayed no significant change in the cells ability to invade in any of the test groups compared to the control group with the exception of fucoidan alone that showed a reduction in invasion compared to controls. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test. Asterisk directly above the bar is relative to the control.







[bookmark: _Toc488167642][bookmark: _Toc497199204]Effect of modified LDLs on EMT markers
The results thus far showed that treatment of OSCC (SCC4) with modified LDLs, especially oxLDL, resulted in enhanced proliferation, reduction in cell-to-cell adhesion and increased migratory and invasive abilities of these cells. Taken together, these changes in cell functional capabilities complies with the acquisition of metastatic phenotype through EMT (Nath et al., 2015, Bogenrieder and Herlyn, 2003). Additionally, the implication of JNK phosphorylation in driving EMT, through activation of SR-B2 by oxLDL has been previously reported (Nath et al., 2015). Accordingly, detection of the effect of binding and uptake of modified LDL on SCC4 cell phenotype was investigated, to show whether binding resulted in promotion of EMT markers in these cells. Two markers of EMT, previously linked to oral cancer progression and metastasis (Zhou et al., 2015, Hong et al., 2009), were probed using qPCR. The first marker selected was vimentin, which is a cytoskeletal marker of EMT linked to increased motility of cells. The second marker was E-cadherin, which is a cell surface protein marker, linked to cell-to-cell adhesion (Zeisberg and Neilson, 2009). Both motility and cell-to-cell adhesion are altered by acLDL and oxLDL in this study and differences exist between SCC4 and OKF6 cells. 

Cells were incubated with either acLDL or oxLDL for 24 and 48 hours and probed for the expression of the two selected markers using qPCR. SCC4 cells treated with 40 µg/mL of oxLDL or acLDL for 24 hours showed no significant changes in levels of E-cadherin (relative gene expression at 0.9 ± 0.2 and 1.03 ± 0.22 respectively) compared to untreated cells (relative gene expression of 1.2 ± 0.2) (Figure ‎5.17). However, after 48 hours incubation with oxLDL there was a significant reduction (p=0.039) in the relative gene expression for E-cadherin (0.7 ± 0.1) compared to controls. Incubating SCC4 cells for 48 hours with acLDL showed no significant changes in E-cadherin expression (0.75 ± 0.06) compared to control group (p=0.064). 

Incubating SCC4 cells with either of oxLDL or acLDL resulted in a significant increase in the expression of vimentin compared to untreated cells (Figure ‎5.18). Cells treated with oxLDL or acLDL showed a 5.5 - 6 fold increase in relative gene expression of vimentin (0.55 ± 0.14 and 0.62 ± 0.1 respectively) compared to untreated cells (P = 0.049 and 0.02 respectively) and this increase was time-dependent. There was more than a 10-fold increase in vimentin mRNA detected in cells treated with acLDL after 48 hours, which was significantly higher than untreated cells (p=0.0004). Cells treated with oxLDL for 48 hours showed an 8-fold increase in vimentin gene expression, which is again significantly higher than that shown by untreated cells (p=0.0014). 

Data presented in this section showed that SCC4 cells treated with oxLDL and acLDL might undergo EMT. These results support previous data shown in this chapter indicating enhancement in cell motility and loss of cell-cell adhesion, especially in SCC4 cells treated with oxLDL.


























[bookmark: _Ref483656432][bookmark: _Toc488170834][bookmark: _Toc497199268]Figure ‎5.17 E-cadherin mRNA levels in SCC4 cells treated with modified LDLs
[bookmark: _Hlk483657862]  E-cadherin mRNA levels were determined using qPCR in cultured SCC4 cells treated with either oxLDL or acLDL for 24 and 48 hours. Incubating cells with oxLDLfor 48 hours resulted in significant reduction of E-cadherin on the gene level compared to untreated cells. Other test samples did not show significant changes compared to control group. Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05. Asterisk directly above the bar is relative to the control sample.













[bookmark: _Ref483656472][bookmark: _Toc488170835][bookmark: _Toc497199269]Figure ‎5.18 Vimentin mRNA levels in SCC4 cells treated with modified LDLs
 Vimentin mRNA levels were determined using qPCR in cultured SCC4 cells treated with either oxLDL or acLDL for 24 and 48 hours. All test samples (treated with OXLDL or acLDL for 24 and 48 hours) showed significant enhancement in vimentin expression on the gene level compared to control sample (untreated). Data are representative from three independent experiments run in triplicate. Error bars denote the mean ± SD. Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test where *p < 0.05, **p < 0.01, and ***p < 0.001. Asterisk(s) directly above the bar is relative to the control sample.










[bookmark: _Toc488167643][bookmark: _Toc497199205]Discussion
This chapter looked at the effect of modified LDL on cell function with reference to cancer cells (SCC4) and normal oral keratinocytes. To do this, two cell lines were used; tongue OSCC cell line, SCC4, and OKF6, an immortalised normal oral keratinocytes. OKF6 cells are normal oral keratinocytes derived from the floor of the mouth that have been have been TERT-2 immortalised and these have been shown to have a cell biology and function very similar to NOK (Dickson et al., 2000). These cells were treated with two scavenger receptors ligands, oxLDL and acLDL, in presence or absences of the class B scavenger receptor inhibitor fucoidan, to investigate whether functional changes in treated cells are mediated by these receptors. SP600125, a chemical JNK inhibitor was also included in these experiments to investigate if JNK activation, shown in modified LDL-treated SCC4 cells in chapter 4, has an impact on functional changes in these cells. Overall, results showed that upon treatment with oxLDL, SCC4 cells developed a phenotypic change that is probably driven by down-stream signalling pathways mediated by scavenger receptor and JNK activation. Treated SCC4 cells showed enhanced proliferation, reduced cell-cell adhesion, increased migratory and, invasion abilities. These cells also showed enhanced vimentin and attenuated E-cadherin expression, which might suggest an EMT gene expression profile by these cells. This was in contrast to OKF6 cells that largely did not display these phenotypes, in particular when incubated with oxLDL, the ligand that is present in nature within tissues. In summary, the data strongly suggest that oxLDL can potentiate EMT transition that may lead to increased metastasis of OSCC cells. 

SP600125 was used in experiments requiring JNK inhibition. SP600125 is an anthrapyrazolone, originally derived from anthrapyrazoles, a DNA-binding anticancer agent with broad-spectrum activity (Bennett et al., 2001, Showalter et al., 1987). In 2001, Bennett et al., reported that SP600125 specifically inhibited JNK phosphorylation and was described as a reversible ATP competitive inhibitor that has cytostatic rather than cytocidal effects on the proliferation of T cells (Bennett et al., 2001). SP600125 was reported to have significant inhibition of JNK (Ki = 0.19 µM) with more than 20-fold selectivity versus a range of enzymes and kinases tested including P38 and P44/42 (Bennett et al., 2001). However, recent studies showed that SP600125 might have off-target effects at high concentrations and target other kinases (e.g. Serine/threonine-protein kinase, ribosomal protein S6 kinase, 5' adenosine monophosphate activated protein kinase, CDK2, and Casein kinase I isoform delta) causing their inhibition (Bain et al., 2003, Fabian et al., 2005). These data suggest that these effects of SP600125 could be mediated by combined inhibition of JNK and other kinases activated by various stimuli. This needs to be confirmed in oral keratinocytes treated with modified LDLs by examining for activated kinases in the presence and absence of SP600125 or by using siRNA to inhibit JNK signalling.

DMSO was used as solvent vehicle to introduce SP600125 into culture medium of cells requiring JNK inhibition. Cells treated with DMSO only in a control group were not used in adhesion assays requiring use of SP600125. This is because DMSO was used at a dilution factor of 1:1000 (0.1%); such low dilutions of DMSO tend not to cause adverse effects on cells where traditionally values of 0.1% are often taken as the lower limit of DMSO use. It is worth noting that DMSO control samples were used in migration assays and had no detectable impact on migratory capacity of these cells, yet future experiment using DMSO as a treatment in a control group in cell adhesion assay could support the suggestion that DMSO used at this concentration has no effect on this cell capability. 

Cancer cells have the ability to adapt their metabolic activity to keep pace with the increased demand of energy that rapidly dividing cells require (Cairns et al., 2011), such as elevated glycolytic activity in various cancer cells, known as the Warburg Effect (Warburg et al., 1927, Person, 1957). This metabolic adaptation was described as a principal characteristic of the neoplastic cell phenotype (Fantin et al., 2006, Liberti and Locasale, 2016). Moreover, many cancer cells show an alteration in metabolism of fatty acids to support cell proliferation required for tumour growth (Currie et al., 2013). An increase in metabolic activity can also be used to measure an increase in cell number (i.e. cell proliferation) as these two parameters are directly associated. Additionally, Modified LDLs have been suggested to enhance proliferation in some cancer cell lines (Wan et al., 2015). Due to these reasons, proliferative capacity of OSCC, SCC4, was researched in this chapter in the presence and absence of modified LDLs. 

SCC4 incubated with oxLDL showed a significant increase in their metabolic activity compared to untreated cells and cells incubated with acLDL and this was directly associated with an increase in cell number in treated versus untreated cells. These data suggests that oxLDL could cause SCC4 cell proliferation. This effect of oxLDL on SCC4 cell proliferation is in agreement with previous studies that showed oxLDL to have similar impact on MCF-7 cells (human breast adenocarcinoma) (Cedó et al., 2016), as well as smooth muscle cell (SMC) proliferation (Auge et al., 1996). Moreover, human fibroblasts and SMC treated with 50 µg/mL oxLDL for 24 and 48 hours also showed a significant increase in their proliferative ability, which was in in agreement with our data. This enhancement was found to be due to a significant increase in the levels of proteins regulating entry to, as well as the progression of, the cell cycle (like cyclin-dependent kinase, cell division cycle 2) (Zettler et al., 2003). Moreover, oxLDL was found to enhance cell cycle progression of prostate cancer cell lines (LNCaP and PC-3) in a dose-dependent manner. However, in these cells this effect was linked to the binding of oxLDL to oxidized low-density lipoprotein (lectin-like) receptor 1(Wan et al., 2015) although class B scavenger receptors were not studied.  

SR-B2 expressed by glioblastoma cancer stem cells has been linked to tumour initiation and metabolic activity that negatively correlated to patient survival (Hale et al., 2014), directly linking scavenger receptor expression with increased metabolism. These findings supporting the notion that SCC4 cells (that showed abundance of SR-B2 expression compared to all tested cells in the screening test in chapter 3) may have responded to incubation with modified LDLs through SR-B2. However, specifically blocking this receptor will need to be performed in order to confirm this hypothesis.

 In contrast to SCC4 cells, treatment of immortalised normal oral keratinocytes with oxLDL resulted in no significant changes in their metabolic activity (cell number) but incubation with acLDL did, albeit slightly, indicating that SCC4 (cancer) and OKF6 (normal) cells respond differently to different modified LDL. This discrepancy in cell responses could be due to differences in the level of expression of scavenger receptors interacting with both oxLDL and acLDL or differences in signalling activation upon ligand binding by OKF6 and SCC4 cell lines. It may also be linked to the availability of these modified lipids in the natural environment. OxLDL is found naturally in the serum and is often found elevated in people with cancer and obese individuals. In contrast, acLDL is a laboratory-based molecule with little evidence of this being found in nature. Therefore, it could be argued that cell responses to oxLDL are more important.

In epithelial-derived cancers, cell-cell adhesion is a key factor in maintaining the integrity of tumour mass at the primary site (Cavallaro and Christofori, 2004). Any dysregulation of this cell-cell interaction could result in an increased potential for the dissemination of cancer cells to distant organs (Bogenrieder and Herlyn, 2003). 

Incubating SCC4 cells with oxLDL but not acLDL resulted in a significant reduction in their ability to adhere of SCC4 cells to adhere to each other, suggesting that ligand binding and internalisation by scavenger receptors may contribute to loss of cell-to-cell adhesion, and using SP600125 in conjunction with modified LDLs did not revert this effect, whereas fucoidan did. Interestingly, it appears that activation of the JNK signalling pathway may be important in mediating constitutive SCC4 cell-to-cell adhesion, as inhibition of JNK by SP600125 alone partially inhibited adhesion irrespective of the presence of modified LDL. 

Adherence junctions that are responsible for cell-to-cell adhesion in epithelial cells are formed by the interaction of E-cadherin molecules found on opposing cell surfaces, and the subsequent formation of complexes between E-cadherin and intracellular α- and β-catenin. Here, E-cadherin interacts with the C terminus of β-catenin that in turn interacts through its N-terminal region with α-catenin, which is directly linked to the actin cytoskeleton (Drees et al., 2005). 

In keratinocytes, the engagement of E-cadherin-β-catenin complex by activated JNK results in the phosphorylation of  β-catenin at threonine 41 and serine 37, disrupting cell-to-cell adhesion. This can be reversed by the use of SP600125, and thus inhibiting β-catenin phosphorylation results in enhanced E-cadherin-β-catenin complex localisation to cell contact loci, increasing cell to cell adhesion (Lee et al., 2009), which is in contrast to data shown in this chapter. Additionally, Huang et al., showed that JNK phosphorylation, by several cell lines like MDA-MB-231 and CHO-K1 results in the activation of paxillin through phosphorylation at Ser 178, subsequently causing ubiquitination of paxillin that eventually lead to focal adhesion disassembly (Huang et al., 2004). These data appear to suggest that JNK activation is required for loss of adhesion in this experimental setting, indicating that cell signalling may be cell type specific. 

The discrepancy between these data and results of shown in this chapter could be due to presence of an alternative mechanism governing the role of JNK in SCC4 cells regarding their adhesion ability. This could be due to the activation of β-catenin through a signalling pathway other than JNK, possibly requiring regulation of other cytoskeletal modifiers such as RhoC that confers a metastatic phenotype in several cancers (Clark et al., 2000). Additionally, RhoA can also regulate cadherin accumulation at cell-to-cell contact sites (Braga et al., 1997), and this could also be implicated in the modulation of SCC4 adhesion. Pre-treatment of SCC4 cells with fucoidan followed by incubation with oxLDL resulted in restoration of cell-to-cell adhesion to levels comparable to the control group, suggesting that this could be a scavenger receptor mediated process, and since fucoidan preferentially inhibits class B scavenger receptors, it is likely, although not certain, that this process is mediated by SR-B receptors. 

In contrast to SCC4 cells, incubation of immortalised normal oral keratinocytes, OKF6, with acLDL but not oxLDL resulted in a significant increase in their ability to adhere to each other. In addition, pre-treatment of OKF6 cells with either SP600125 or fucoidan reversed this effect suggesting that in these cells, increased adhesion due to acLDL but not oxLDL, treatment is could be a scavenger receptor and JNK-mediated process. 

The variability of expression levels of members of class B scavenger receptors on each of these two cells (shown in chapter three) could explain the different responses established to each of these two ligands. This is supported by previous reports suggesting that signalling pathways triggered due to activation of SR-B1 or SR-B2 have some differences (Rahaman et al., 2006, Seetharam et al., 2006, Assanasen et al., 2005a, Valacchi et al., 2011). However, these aspects require further study by targeting signalling cascades initiated upon binding of these ligands and the effect of final destination intracellularly in other cells including OKF6 cells. These data indicate an important role for members of class B scavenger receptor in cell adhesion when bound to their ligands.

Treating SCC4 cells with acLDL and in particular oxLDL resulted in a significant increase in the ability of these cells to migrate, and pre-treating these cells with either SP600125 or fucoidan significantly reduced LDL-induced migration. A similar pattern was seen with OKF6 cells with acLDL but interestingly not oxLDL where the overall effects were not as dramatic. These data suggest that the uptake of modified LDLs, particularly oxLDL, by SCC4 cells play an important role in enhancing their ability to migrate and that this effect is mediated possibly by scavenger receptors via a JNK-dependent pathway.  This is in agreement with previous data were activation of JNK was linked to increased cell migration in several cell lines (Abassi and Vuori, 2002, Hauck et al., 2001). Additionally, it was shown that TGF-β1-mediated JNK activation and signalling was required for enhanced vimentin expression and actin re-organisation, inducing the cell migration capacity of murine keratinocytes (Santibanez, 2006). Moreover, it was suggested that in Nara Bladder Tumour No. 2 (NBT-II) cells, JNK activation enhanced cell migration through phosphorylation of serine 178 on paxillin by maintaining labile adhesions that enabled rapid cell migration (Huang et al., 2003). These data suggest an important link between JNK activation and cell migration, supporting our findings that inhibition of JNK prevents oxLDL-mediated SCC4 cell migration. 

In contrast, binding of oxLDL to SR-B2 has been shown to trigger intracellular signalling events that inhibit macrophage migration.  Here the ligand-receptor interaction activates Rac that in turn inactivates non-muscle myosin II by inhibiting phosphorylation of myosin regulatory light chain (MRLC), resulting in loss of macrophage polarity that is essential for migration (Park et al., 2012). This discrepancy in data suggest that different cells might have different responses to binding of these ligands, probably mediated by various signalling cascades triggered by different receptors, and hence further studies including more OSCC cell lines are needed to confirm our finding. The difference in the effect of oxLDL compared to acLDL on the migration of OKF6 as well as to the effect of oxLDL on cancer cells could be due to the difference in response to ROS produced in each scenario. ROS levels were linked to oxLDL uptake in macrophages. It has been reported that ROS levels increased to about 262.4% of the controls in RAW264.7 macrophages when treated with oxLDL (Lee et al., 2014), suggesting there might be, to some extent, elevated levels of ROS in SCC4 cells when treated with oxLDL.

 Elevated ROS levels have been detected in most of cancer cells (Liou and Storz, 2010), due to several reasons like enhanced cancer cell metabolic activity, increased receptor signalling, mitochondrial dysfunction, and crosstalk with immune cells (Storz, 2005, Szatrowski and Nathan, 1991).  These high levels are delicately controlled and utilised by these cells to drive tumour development and progression through several pathways. An example is activation of several MAPKs by ROS in cancer cells resulting in controlling several functional aspects including; cell proliferation, cell survival, cell cycle regulation (Khavari and Rinn, 2007, Mochizuki et al., 2006, Brenneisen et al., 2002, Brunet et al., 1999), and drug resistance development during cancer therapy (Ahmed et al., 2006). 

Similar ROS-induced pathways could be present in oxLDL-simulated SCC4 cells. On the other hand, elevated ROS levels in immortalised HaCat skin keratinocytes were reported to cause protein carbonylation and cellular damage (Kim et al., 2012). It could be that modified LDL act differently on cancer and normal/immortalised cells, causing different end functional effects, which may explain the discrepancy in our findings in SCC4 and OKF6 cells treated with oxLDL. This requires further investigation to confirm levels of ROS in keratinocytes incubated with oxLDL as well as exposing these cells directly to various levels of ROS and measuring its impact on their functional behaviour including proliferative capabilities. 

Cancer cell invasion can be defined as the penetration of tissue barriers like the basement membrane followed by their intrusion into the underlying matrix by tumour  cells (Kramer et al., 2013). Both acLDL and oxLDL increased SCC4 cell invasion into Matrigel-coated membranes and we hypothesized that it was dependent on both scavenger receptors and JNK activation as blocking these molecules significantly reduced invasion. In contrast, acLDL but not oxLDL induced invasionof OKF6 cells that could be dependent on scavenger receptor but not JNK activation. In support of data shown in this chapter, oxLDL has been found to enhance the migration and invasion properties of LNCaP and PC-3 (prostatic adenocarcinoma cell lines) in a dose-dependent manner using a transwell assay (Wan et al., 2015). Gradinaru et al., found that oxLDL increased SMCs secretion of matrix metalloproteases-1 and 9 (MMP) as well as inducing apoptosis (Gradinaru et al., 2015).  MMPs are key enzymes that are known to facilitate cancer invasion by remodelling components of ECM (Kramer et al., 2013, Klein et al., 2004). Moreover, JNK activation has been shown to increase secretion of MMPs in several cell types (Fromigue et al., 2008, McMurtry et al., 2009, Cheung et al., 2006).  Therefore, it is possible that the uptake of the modified LDLs increases the gene expression and secretion of MMPs by SCC4 cells, facilitating the movement of these cells into the remodelled matrix. It would be interesting to confirm this hypothesis by performing qPCR, zymography and immunoblotting experiments on oxLDL stimulated SCC4 cells to examine MMP expression under these conditions. In addition, MMP inhibitors could be used to determine if ac/oxLDL-mediated invasion is via MMP activation. 

Incorporation of oxLDL in the growth medium of immortalised oral keratinocytes, OKF6 did not alter migration or invasion and this could be because of increased ROS levels. Excessive ROS results in impaired keratinocyte function as previously described (Moseley et al., 2004, Ponugoti et al., 2013). Another explanation for differences in oxLDL effect on OKF6 compared to SCC4 could be differences in scavenger receptor expression (SR-B2 was elevated in SCC4 compared to OKF6). Additionally, oxidative stresses, especially accumulation of high levels of endogenous H2O2, can result in post-translational aberration of SR-B1 due to aldehyde-adduct formation and subsequent degradation of this receptor by ubiquitination (Sticozzi et al., 2012). Therefore, it is possible that oxLDL-generated ROS is detrimental to the function of OKF6 cells whereas cancer cells can tolerate and even respond more readily in its presence as mentioned earlier. Further experiments using cellular ROS detection assay in oxLDL treated cells are needed to test the effect of ROS on oral keratinocytes (normal and diseased).   

For cancer cells to develop migratory properties they must acquire a phenotype to allow increased motility (Arias, 2001), a transformation called EMT. Cells undergoing EMT undergo gene reprogramming to not only acquire increased migratory and invasion abilities, but also enhanced apoptosis resistance and an elevated ECM remodelling capacity (Kalluri and Neilson, 2003) that allow cancer cells to disseminate away from their primary site (Kalluri and Weinberg, 2009, Arias, 2001). Several EMT biomarkers have been identified in cancer cells, some of which are attenuated whilst others are acquired or enhanced during this process (Zeisberg and Neilson, 2009). These include genes related to cell adhesion and motility, such as surface protein (e.g. E-cadherin attenuation and β6 integrin enhancement (Hay and Zuk, 1995, Bates et al., 2005), cytoskeletal markers (e.g. cytokeratin attenuation and vimentin enhancement (Yang et al., 2004b, Kalluri and Neilson, 2003)) and transcriptional factors (e.g. Snail and Twist enhancement (Boutet et al., 2006, Yang et al., 2004b). 

Two of these markers, vimentin and E-cadherin, were probed in SCC4 cells following incubation with acLDL or oxLDL. In these experiments, E-cadherin expression was significantly reduced whereas expression of vimentin showed a significant increase. These data suggest that there is positive correlation between uptake of modified LDLs and initiation of EMT. 

In support of data shown in this chapter, JNK signalling pathway was described as an important player in maintaining the mesenchymal phenotype of human epidermoid carcinoma that have multidrug resistance, through two EMT transcriptional factors, snail and twist1 (Zhan et al., 2013). Additionally, Santibanez (2006) showed that activation of JNK by TGF-β1 decreased expression of E-cadherin whilst increasing expression of the mesenchymal markers vimentin and fibronectin, inducing EMT in mouse transformed keratinocytes (Santibanez, 2006). This suggests that JNK activation could be required for EMT in keratinocytes. Conversely, murine mammary epithelial cells treated with the JNK inhibitor, SP600125, displayed sustained proliferative activity, adhesion independent growth and expression of EMT markers mediated by ERK activation and inhibition of Src, FAK and paxillin tyrosine-phosphorylation (McNally et al., 2011). Similarly, the use of SP600125 in Drosophila melanogaster border cells lead to their acquisition of a mesenchymal phenotype and reduction in cell-to-cell contacts (Llense and Martin-Blanco, 2008), suggesting that acquisition of an EMT phenotype may occur via inhibition rather than activation of the JNK pathway. The discrepancy in these studies suggest that promoting EMT in different cells could be achieved though different routes. It would be interesting to evaluate EMT markers in OKF6 as well as NOK treated with modified LDLs to see whether EMT induction by these ligands is unique to OSSC or not.

Taken together, the data in this chapter show that when binding modified LDL, in particular oxLDL, SCC4 cells undergo a phenotypic change that is most likely driven by scavenger receptor-mediated activation of down-stream signalling pathways leading to altered gene transcription. Data presented here shows that this leads to decreased adhesion, increased migration, invasion, metabolism (proliferation) and an EMT gene expression profile by SCC4 cells. Overall, a profile that resembles cancer cells moving toward a metastatic phenotype, implying that oxLDL may promote OSCC metastasis. Incubation with the scavenger receptor antagonist, fucoidan and the JNK inhibitor SP600125 reduces the effects of modified LDL, suggesting that the change to a more metastatic phenotype is scavenger receptor-mediated via a JNK activated pathway, although more research is required to further elucidate the precise mechanism. This data clearly implicates an association between dietary lipid intake, lipid receptor binding, lipid metabolism and metastasis in OSCC.
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[bookmark: _Toc488167645][bookmark: _Toc497199207]Summary and general discussion
Since the description of the ‘scavenging’ concept by Brown and Goldstein in 1979 several intracellular and cell surface proteins have been discovered, characterised and grouped together into a large receptor family that consists of nine classes with several members in each class. These receptors are structurally dissimilar between classes and are linked by function rather than by molecular structure (reviewed in Chapter 1). 

Overall, this study investigated the functional expression of class B scavenger receptors in oral keratinocytes. After confirming the expression of the selected members of scavenger receptors on a panel of oral keratinocytes, their functional importance was investigated in the tongue OSCC cell line SCC4 and compared to immortalised oral keratinocytes (OKF6). Given the number of different tests undertaken in this thesis and the repetition of each test to achieve statistical significance it was decided to restrict analysis to SCC4 cells alone (cells shown to express high levels of scavenger receptors) and compare this to normal keratinocytes. Performing experiments on additional cell lines (normal and cancerous) would have provided a better representation of the OSCC picture compared to normal oral keratinocytes and minimise bias in results, since different cancer cells express different level of scavenger receptors (shown in chapter 3). Additionally, experiments were run using two-dimensional models (2D) that have limitations in representing in vivo scenarios. These limitations may include; cells in 2D models are positioned on a flat substrate in an unnatural state that may affect spatial organization and the expression of surface receptors and cell responses to drug treatment. Additionally, cell-to-cell interaction is limited to intercellular contact, while multidimensional interaction is lacking in these models resulting in a physiologic responses not accurately imitating in vivo cells (Antoni et al., 2015). These limitations can be overcome using 3D models or animal studies, which would give a better replication of the functional expression of scavenger receptors expressed by these cell in their natural environment.

Members of the scavenger receptor family continue to be described in the literature on tissues that have not been studied before. For instance, expression of SR-B1 has been observed on nasopharyngeal epithelial cells (Zheng et al., 2013), but there is little in the literature about the expression of these receptors by oral keratinocytes. To bridge this gap, chapter 1 examined the expression of a panel of scavenger receptors (A1, B1, B1.1, B2, and I1) by normal, dysplastic, metastatic, and cancerous keratinocytes at the gene and protein level. Scavenger receptor expression on oral keratinocytes was varied for different class members and between different cell types. For example, SR-A1 was not expressed by any oral keratinocyte; a finding observed for most other epithelial cells. On the other hand, SR-I1, a well-known receptor expressed by macrophages, was also detected on some keratinocytes including NOK. 

Macrophages are traditionally thought to be the cells that express scavenger receptors in most abundance; however, this study found that all oral keratinocytes expressed class B scavenger receptors. Moreover, some oral cancer cells, such as SCC4, FaDu and SCC2, displayed much higher expression of SR-A6, SR-B1, SR-B1.1 and SR-B2 than macrophages. Expression of scavenger receptors by other epithelial cells has been reported including cancer cells (Zani et al., 2015, Yu et al., 2015), suggesting that binding of scavenger receptor specific ligands and their internalisation, in particular modified lipids, is important for cell function. 

This study focussed on SR-B1 and SR-B2 because their ligands are well-characterised, reagents readily accessible and their expression and function has been linked to cancer biology in other epithelial cells (Danilo et al., 2013, Twiddy et al., 2012, Uray et al., 2004). Expression of SR-B1 and SR-B2 was higher in some head and neck cancer cells than normal keratinocytes at the mRNA and protein level, and this was more pronounced when examining expression in primary oral cancer tissue by immunohistochemistry, although this preliminary data needs confirming in a larger scale study of oral cancer tissue. 

The increased level of class B scavenger receptor expression by cancer cells could be related to the functional or metabolic demand for modified lipids and fatty acids by these cells. For example, it is well known that cancer cells have a higher proliferation rate that requires a high input of energy and many cancer cells preferentially form ATP by glycolysis (Person, 1957, Liberti and Locasale, 2016), so a large amount of high energy-producing molecules are required to fulfil these needs; a role that lipid acquisition and metabolism could meet.

 It is interesting to speculate that head and neck cancer cells capture modified lipids via scavenger receptors as a means of acquiring molecules with a high-energy content to satisfy their high-energy demand as was recently shown to be the role of SR-B2 in glioblastoma progression (Hale et al., 2014). This could be done by, for example, measuring changes in expression HMGCR and other selected effectors in metabolism of cholesterol using qPCR and immunoblotting. It would be also interesting to examine whether there are any differences in scavenger receptor expression between dysplastic and oral cancer or between HPV-positive and HPV-negative head and neck cancers in vivo, to see if these could be used as biomarkers diagnostics but this was beyond the scope of this study.  The search for biomarkers of dysplasia or cancer is now an important part of cancer research. Examples of scavenger use as biomarker is the use of SR-B1 in nasopharyngeal carcinoma and prostate cancer cells were its expression linked to cancer progression (Zheng et al., 2013, Twiddy et al., 2012). It would be intriguing to know if any of the scavenger receptor family expressed by OSCC display biomarker features for disease states that may be clinically useful. 

In chapter four, a more detailed study of modified lipid binding and internalisation were performed using SCC4 OSCC cells, as these cells were found to express abundant class B scavenger receptors. Ac/oxLDL internalisation was confirmed by flow cytometry and immunofluorescence microscopy. Some of these modified lipids were taken up into lysosomes, in particular acLDL, when analysed for co-localisation using Lysotracker. However, not all lipid molecules resided in Lysotracker-positive organelles indicating that lipid molecules, in particular, oxLDL are internalised and tracked along different pathways to acLDL, and suggesting that acLDL and oxLDL may bind to slightly different receptors and have different intracellular fates. It has been shown that oxLDL is a good competitor to the uptake of acLDL while the opposite is not true (Sparrow et al., 1989, Ylitalo et al., 1999), indicating that receptors capable of the uptake of oxLDL are not necessarily capable of taking up acLDL in the same way or with the same efficiency. 
This study did not further characterise the mechanisms by which receptors are internalised and processed upon ligand binding. It could be hypothesized that ligand internalisation is via receptor-mediated endocytosis as occurs in macrophages (Zani et al., 2015). However, other mechanisms of internalisation may occur and this may be important for cellular fate and cell function, and may be different between acLDL and oxLDL. Further research is required in this area to determine if ligand uptake is similar or otherwise to pathways already identified in macrophages and how acLDL and oxLDL are trafficked to different intracellular fates, and if this is biologically important.

Fucoidan, a general SR-B competitive inhibitor, reduced the uptake of oxLDL by SCC4 cells by around 90%, showing that uptake is scavenger receptor specific. Fucoidan blocked oxLDL uptake more than acLDL uptake, again suggesting that acLDL may enter, in part, via other scavenger receptors. An attempt was made to try and determine which receptor, SR-B1 or SR-B2, was the most important for modified lipid uptake using siRNA technology.  Interestingly, siRNA knock-down of SR-B2 dramatically increased the expression of SR-B1 in the same cells and this was associated with increased modified lipid uptake. This suggests that SCC4 cells have the ability to compensate for loss of one scavenger receptor by increasing expression of another. Moreover, scavenger receptor expression was increased when cells were serum-starved. Serum contains lipid molecules of which some will be modified (Sánchez-Quesada and Villegas, 2012), and therefore cells grown in serum-containing medium have a readily available supply of lipids. 

In contrast, in serum-free medium, lipid levels are low and presumably, cells increase scavenger receptor expression in order to ‘scavenge’ lipid from the environment. The molecular mechanism by which this cell feedback works is not known and it is not known whether this phenomenon is restricted to cancer cells or is more general. For example, increased expression of scavenger receptors in response to starvation has been shown previously in skeletal muscle cells of female rats (Cheung et al., 2007), which is in agreement with our findings where SR-B2 expression was enhanced in SCC4 cells incubated in serum-free medium. The cells attempt to acquire lipid by increasing receptor expression suggesting that this is a crucial process for cell function and underscores the importance of lipid internalisation in keratinocyte biology. To show that the binding and internalisation of modified lipids ligands was related to functional characteristics of SCC4 cells, key molecules involved in signalling pathways were probed by immunoblotting. The data presented in chapter four suggest that, in SCC4 cells, ac/oxLDL signal via JNK activation, although not all signalling pathways were examined. 

Chapter 5 explored the functional responses of SCC4 cells and immortalised normal oral keratinocytes (OKF6) cells to ac/oxLDL (to give a perspective of OSCC cell functional responses to modified LDLs, as opposed to normal oral keratinocytes). Cancer cells exhibit frequent alteration in metabolic behaviour to maintain an adequate supply of energy levels, supporting growth and proliferation (Currie et al., 2013). The uptake of oxLDL has been previously linked to enhanced metabolic and proliferative activity (Wan et al., 2015, Gradinaru et al., 2015, Hale et al., 2014, Sánchez-Quesada and Villegas, 2012, Zettler et al., 2003). The increased metabolic activity in response to modified LDLs uptake in SCC4 and OKF6 is likely due to the activation of signalling pathways, like JNK/c-Jun pathway (Ma et al., 2012), involving regulation of the transcriptional factor, AP-1 (Angel and Karin, 1991, Bubici and Papa, 2014). However, the requirement for JNK activation for increased proliferation needs to be confirmed in treated versus non-treated cells using the JNK inhibitor. 

[bookmark: _Hlk482016459]Activation of JNK signalling pathway has been related to modulation of cell motility in several cell types (Silverstein et al., 2010, Huang et al., 2004, Abassi and Vuori, 2002). Moreover, transient dephosphorylation of FAK following incubation of SCC4 cells with either acLDL or oxLDL, suggests that these two events, which favour cell motility, may be linked. FAK-mediated JNK activation by EGF is required for enhanced migration in normal fibroblasts and human carcinoma cells (Richardson et al., 1997, Tamura et al., 1998, Zheng et al., 1999, Hauck et al., 2001). In addition, loss of cell motility in macrophages was due to sustained FAK activation resulting in loss of dynamic regulation of actin assembly and disassembly (Silverstein et al., 2010), suggesting dynamic rather than continuous FAK phosphorylation to be one of the principal effectors in cell migration, which might be the case for SSC4 cells treated with oxLDL observed in this study. These data are supported by the fact that FAK was found to play a role in cell migration through modulating cytoskeletal function (Akasaka et al., 1995), and that dynamic cytoskeletal actin rearrangements was linked to cell migration (Le Clainche and Carlier, 2008, Olson and Nordheim, 2010).

The incubation of SCC4 and OKF6 cells with either acLDL or oxLDL resulted in enhanced ability of cells to invade through a matrix. Matrix metalloproteinases, MMP-2 and MMP-9, are important players in tumour invasion and metastasis (Arias, 2001, Kuropkat et al., 2002, Riedel et al., 2000, Chen et al., 2009a, Liu et al., 2009) and are regulated by several transcriptional factors, including AP-1 (Angel and Karin, 1991, Tan et al., 2008, Levitan et al., 2010). The JNK-AP1 link to tumourigenesis and cancer spread is well documented (Eferl and Wagner, 2003, Papachristou et al., 2003, Chuang et al., 2014). Additionally, AP-1 has been found to be activated by oxLDL (Levitan et al., 2010), suggesting a link between the enhanced migratory and invasion abilities of SCC4 cells to enhanced JNK activation by binding oxLDL. Whether activation of SR-B1 and SR-B2 by oxLDL specifically mediates secretion of MMPs by oral cancer cells is yet to be determined, but this may be one way in which these molecules aid invasion and migration.  

The use of JNK inhibitor, SP600125, affected SCC4 cells’ (incubated with modified LDLs) enhanced migration and invasion. Which is in agreement with other studies that showed JNK can be target for malignancies treatment in human, because of its link to processes associated with cancer (e.g. migration, invasion, proliferation) (Wagner and Nebreda, 2009). Data shown in this study regarding the effect of JNK inhibition need to be confirmed via the use of additional cell lines and in vivo models. These results suggest that JNK inhibition might be an important tool in managing oral cancer spread. The increased evidence of JNK inhibition affecting several tumours, has lead to continuous efforts to develop JNK inhibitors. The majority of these target the JNK ATP binding site (ATP competitive inhibitors like SP600125) (Bogoyevitch et al., 2010). Several of these inhibitors were tested and proven effective in vivo (animal models) on various diseases (e.g. inflammatory diseases) (Hunot et al., 2004, Anand et al., 2013), although this has not been tested clinically thus far. The possibility of targeting other kinases by ATP-competitive inhibitors and causing off target effects were main concerns of clinical use of these compounds (Waetzig and Herdegen, 2005, Fabian et al., 2005). Additionally, the efficacy of these inhibitors may be reduced significantly by intracellular ATP (Bogoyevitch et al., 2010). Targeting binding sites of JNK downstream substrate could be a promising alternative, with improved efficacy and specificity, to the already available JNK inhibitors (Chen et al., 2009b). Overcoming these JNK inhibition limitations together with results presented in this study could significantly affect oral cancer treatment modalities.

Overall, SCC4 cells responded slightly differently to OKF6 cells and this suggests that cancer cells may bind and process modified lipids differently. SCC4 cells mainly responded to oxLDL whereas OKF6 cells generally responded to acLDL and not oxLDL. In particular, SCC4 cells responded to oxLDL with decreased adhesion, increased migration, invasion and proliferation, and overall, these functional affects were dependent on scavenger receptor expression and JNK activation. This data suggests that OSCC cells binding to oxLDL are less adherent to one another and have increased motility and invasiveness – characteristics of cells with increased metastatic ability (Kalluri and Neilson, 2003, Jiang et al., 2015a, Santibanez, 2006). Recently, Pascual et al showed that over expression of SR-B2 by oral epithelial cancer cells directly related to cancer cell metastasis in response to dietary lipid intake (Pascual et al., 2017). These data strongly suggest a role for scavenger receptor mediated oral cancer cell metastasis. 

The use of fucoidan in functional assays conducted in chapter 5 showed that this class B scavenger receptor inhibitor can revert the effects of oxLDL treatment on SCC4 (enhanced migratory and invasion capacities, and reduced ability to adhere to each other). The anti-cancer activity of fucoidan against various cancer types was reported and thus fucoidan was suggested as use as a synergistic compound with anti-cancer drugs (Vishchuk et al., 2013, Oh et al., 2014). However, several challenges hinder the use of fucoidan in the clinic, among these; method of delivery in vivo where it was shown that fucoidan metabolism is variable in different routes of administration leading to variable outcomes (Alekseyenko et al., 2007, Lee et al., 2008). 

Risks of unwanted side-effects is another limiting factor in clinical use of fucoidan. Some studies showed fucoidan to have an effect on coagulation and might result in the development of bleeding complications due to its anti-thrombotic property (Irhimeh et al., 2007, Millet et al., 1999). Addressing these limitations could ultimately pave the way for the clinical use of fucoidan in near future.

The results in chapter 5 indicate that there is a significant increase in vimentin expression and reduction in E-cadherin expression in SCC4 cells, upon treatment with oxLDL, suggesting this lipid can drive EMT. EMT is an essential mechanism of cancer progression and metastasis (Thiery, 2002, Kalluri and Weinberg, 2009, Alizadeh et al., 2014, Bogenrieder and Herlyn, 2003). It enables cancer cells achieve metastasis by acquiring the ability to detach from their surroundings and invade to lymphatic or blood vessels then via the circulation to form new cancer colonies in distant organ sites (Ruoslahti, 1996, Hu et al., 2012, Daenen et al., 2011, Heerboth et al., 2015). 

This thesis suggests that the induction of EMT in SCC4 cells was probably mediated by JNK activation (Choi et al., 2016, Jiang et al., 2015a), however this suggestion need to be confirmed using additional JNK specific inhibitors as well as probing for additional major EMT markers including the transcriptional factors SNAIL and TWIST (Zeisberg and Neilson, 2009).

Recent data by Nath et al (2015) has described the involvement of enhanced fatty acid uptake by SR-B2 promoting EMT in cancer cells in a mouse model (Nath et al., 2015). More recently, another study showed that dietary lipids are a primary factor in promoting metastasis in mice, where a subpopulation of CD44+ OSCC patient-derived cells and cell lines expressing SR-B2 displayed enhanced metastatic activity in response to dietary lipids in a SR-B2 dependant manner in vitro and in mouse models of cancer (Pascual et al., 2017).   

Taken together, the data from this study and those of others suggest a link between increased oxLDL in blood and obesity on one side (Syvaranta et al., 2014), and the relation of obesity to increased risk of cancer development and progression on the other (Nath et al., 2015, Wan et al., 2015). This suggests that over-expression of scavenger receptors by OSCC could contribute to the EMT induced metastasis of oral cancer by fatty acids, mediated by activation of JNK pathway. 

Since metastasis accounts for over 90% of mortality among patients with solid cancer (Monteiro and Fodde, 2010), this study could have a strong impact on modalities addressing oral cancer progression, treatment and prevention. The link between obesity and metastasis have been shown previously in breast and ovarian cancer patients (Osman and Hennessy, 2015, Liu et al., 2015), and it would be very interesting to see if there is an association between obesity and metastasis in oral cancer. Intercepting EMT supported metastasis could be one way of controlling disease progression and therefore promoting clinical prognosis. Additionally, targeting signalling pathways initiating mechanisms of EMT as result of scavenger receptor activation may be a consideration for therapy. 

To support the findings of this study further, additional OSCC cell lines could be included in the cell based assays conducted (2 dimensional models; 2D), from various anatomical parts of the oral cavity, to better represent the full picture of oral cancer. To examine biologic, functional and behavioural changes acquired by OSCC, results from same assays run using multiple immortalised normal oral keratinocyte cell lines can be included, for better reproducibility and confirmation of data acquired. Functional expression of class B scavenger receptors can also be examined on NOK collected from number of healthy volunteers to overcome individual variability and give closer to picture to the in vivo functional changes occurring in OSCC as opposed to NOK.

Furthermore, data of this study showed that multiple scavenger receptor were expressed by several cell lines included in screening tests, this can be expanded further by probing for other members of scavenger receptors family which could have detrimental impact on oral cancer biology, and hence its clinical management and prognosis.  This could be achieved either through inhibition or augmentation of their expression and/or function either on the biologic level by the introduction of receptor specific drugs or on the gene level to control their expression.

The use of 3D tissue modelling utilising OSCC cell lines could shed further light on the applicability of the suggested role of modified lipid in cancer invasion. In 3D culture systems, cell to ECM and cell to cell interactions mimic closely the in vivo environment. Additionally, cells from various stages are included in these models, for example proliferating, hypoxic, and necrotic cells (Khaitan et al., 2006, Kim, 2005), which bears close resemblance to the in vivo tumour environment, and so cellular processes of cells (like proliferation rates and cell to cell interaction) in 3D models are closely emulating what is seen in vivo (Harma et al., 2010). With all the virtues of 3D tissue modelling, these still suffers from several disadvantages, including the difficulty in extraction of cultured cells for analysis, post culturing processing, the optimization for assays examining cell-drug interaction controlling culture conditions (pH and temperature), etc. Most of these shortages can be overcome by the use of animal models. Using animal models would consolidate findings from 2D and 3D models and would be of prime importance. 

Studying the effect of modified LDLs in knock-out mice or cells with double or triple knock out scavenger receptors could be used to examine cross compensation feedback mechanism and which receptors are crucial for driving metastasis. The use of JNK-knockout animal models (Coffey, 2014), would also be useful in examining the role of engagement of scavenger receptors to their ligand as well as the role of this signalling pathway in metastasis. This can be done by, for example, injecting cancer cells subcutaneously into animals and exposing these animal models to elevated levels of modified LDLs (through diet or intravenous administration) and measuring the levels of metastasis in LDL treated vs untreated controls. Furthermore, data from these animal models can be compared to cancer-injected into scavenger receptor and/or JNK knock-out mice that have been treated with modified LDLs, to confirm the role of scavenger receptors, their ligands, and activation of JNK pathway in OSCC.

Overall, the data presented in this thesis show that oral keratinocytes possess the cellular machinery to specifically bind and internalise modified lipids and this has a significant impact on cell phenotype and function. This was particularly the case for oral cancer cells as compared to normal cells; modified lipids transformed oral cancer cells towards a mesenchymal phenotype with metastatic characteristics. If confirmed with further experiments, this discovery may have a profound effect on oral cancer research and the relationship between diet and oral cancer progression. This cellular effect increased by modified lipids may not be limited to oral cancer and may be a general response in other epithelial-based cancers, raising implications for other cancers. Targeting modified lipid uptake by cancer cells may be a potential way forward as an arm of anti-metastatic therapy. 
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