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ABSTRACT 
 
Melanoma cell adhesion molecule (MCAM) is highly expressed in more than 70% of 

metastatic melanoma and is correlated with invasive potential. However, the specific 

contribution MCAM makes to invasion and metastasis in melanoma is not clear. In this 

study, I have demonstrated that transfection of MCAM into MCAM-negative melanoma 

and CHO cells leads to changes in cell shape, and the modulation of cell-to-cell and 

cell-matrix interactions. MCAM positive cells were slower to spread on collagen type I, 

collagen type IV and laminin 1 than MCAM negative cells, although these differences 

were not apparent on vitronectin, fibronectin and laminin 10. In contrast, MCAM 

expression had little effect on cell adhesion to any of the matrices tested. MCAM 

positive (compared to negative) cells also showed morphological changes and a 

rearrangement of the actin cytoskeleton when plated on a matrix containing laminin 5. 

Taken together, these data suggest that MCAM expression modulates β1-integrin-

mediated spreading on matrix, but has little effect on αvβ3-mediated cell-matrix 

interactions. As this study provided little evidence to suggest that MCAM transfection 

altered β1 integrin expression levels on melanoma cells, it is proposed that a 

competitive interaction between the cytoplasmic domains of MCAM and β1 integrin 

may affect mature focal adhesion assembly. 

 

MCAM expression in melanoma cells was also associated with decreased cell 

movement over matrix into a scratch-wound site and an increased tendency to form cell 

cords on Matrigel. These two assays gauge the propensity of a cell to engage in cell-cell 

versus cell-matrix interactions, and suggest that MCAM positive cells favour cell-cell 

adhesion. Interestingly, MCAM transfection was also associated with an increased 

ability of melanoma cells to migrate through a basement membrane towards a chemo-

attractant. Overall, it is proposed that MCAM-mediated cell-cell adhesion, along with 

reduced cell-matrix interactions, may facilitate the collective migration and invasion of 

melanoma cells, a characteristic displayed by some metastatic melanoma cells in vivo. 

 

Although the role of MCAM as an adhesion molecule has received significant attention, 

little research has focused on the interactions of the MCAM cytoplasmic tail. A yeast 

two hybrid analysis conducted by our colleagues suggested that the intracellular domain 

of MCAM bound to a novel protein called ApxL2, a member of the small Shroom 

family of actin-binding proteins. I found that ApxL2 and MCAM co-immuno-
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precipitated, partially co-localized within the cell and produced a positive BRET 

(bioluminescence resonance energy transfer) ratio, suggesting that these two proteins do 

interact in vivo. In addition, ApxL2 and MCAM were present in the Triton-X-100-

insoluble fraction of cell lysates, along with molecules known to associate with the actin 

cytoskeleton. Therefore, it seems likely that the intracellular domain of MCAM 

interacts with the actin cytoskeleton, and that this interaction is mediated, at least in 

part, by ApxL2. 

 

Analysis of the intracellular domain of MCAM revealed the presence of tyrosine and di-

leucine endocytosis signals. Interestingly, disruption of these two motifs did not seem to 

impair the internalization of MCAM from the cell surface. The di-leucine motif, 

however, was necessary for the recycling of MCAM back to the surface following 

endocytosis. Lastly, MCAM was found to exists as dimers within the cell membrane in 

the absence of ligand, although the exact location of the dimerization motif is not yet 

clearly defined.  

 

Collectively, findings from my study suggest: 

• MCAM expression in melanoma cells facilitates cell-cell interactions, whilst 

concomitantly modulating cell-matrix interactions. MCAM transfection also 

leads to enhanced migration of melanoma cells through a basement membrane.  

Thus, MCAM expression may increase the ability of melanoma cells to migrate 

as a collective, a feature of highly invasive cancer. 

• The intracellular domain of MCAM interacts with ApxL2, a novel member of 

the Shroom family of actin-binding proteins. It is likely that ApxL2 links a 

proportion of MCAM within the cell to the actin cytoskeleton, contributing to 

cell shape determination and other processes, such as migration. 

• MCAM exists as dimers on the cell surface and is internalized at least partially 

by a clathrin-mediated mechanism. 
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GFP   Green fluorescence protein  

HBS   HEPES buffered saline 
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HRP   Horseradish peroxidase 
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IL   Interleukin 
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LB   Luria-Bertani 

L-PHA   Leukoagglutinin phytohaemagglutinin 

mA   milliAmperes 

mAb   Monoclonal antibody 

MAPK Mitogen-activated protein kinase 

MCAM  Melanoma cell adhesion molecule 

MgCl2   Magnesium chloride 

min   Minute 

MMP   Matrix metalloproteinase 

MnCl2   Manganese chloride 

mRNA   messenger RNA 

MW   Molecular weight 

Na2CO3  Sodium carbonate 

NaHCO3  Sodium bicarbonate 

Na2HPO4  Sodium phosphate 

NCAM  Neural cell adhesion molecule 

NHS   N-hydroxysuccinimide 

NP40   Nonidet P40 



 xi

PAGE   Polyacrylamide gel electrophoresis 

PBS   Phosphate buffered saline 

PBS/BSA  PBS/0.5% (w/v) BSA 

PBS-T   PBS-Tween 

PCR   polymerase chain reaction 

PDGF   Platelet-derived growth factor 
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PI3K   Phosphoinositide 3-kinase 
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SFM   Serum free media 
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TAE   Tris-acetate-EDTA gel running buffer 

TE   Trypsin EDTA 
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TIMP   Tissue inhibitor of metalloproteinase 

Tris   Tris (hydroxymethyl) aminomethane 

Tween 20  Polyoxyethlene sorbitan monolaurate  

Tx-100   Triton-X-100 

U   units on enzyme 

UTR   untranslated region 

UV   Ultraviolet 

VCAM  Vascular cell adhesion molecule 

VEGF   Vascular endothelial cell growth factor 

VGP   Vertical growth phase 
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1.0  Introduction 
Malignant melanoma is a significant public health problem. Melanoma has shown a 

recent, rapid increase in incidence rates, it tends to affect a comparatively young cohort 

of patients (resulting in many years of life lost), and current therapeutics are of limited 

value once metastatic progression has begun.  

 

Melanoma was first described as a medical entity by John Hunter in 1787, and the term 

“melanoma” was originally used by Sir Robert Carswell in the 19th century (“melas” for 

“black” and the Greek root for “growth”). However, it was not until the 1920’s that 

melanoma became accepted as the definitive term for this disease (Ratner, 2004; 

Schalick, 1998). In 1857, William Norris recommended the removal of at least several 

inches of normal tissue surrounding a primary melanoma after he observed local 

recurrance following an excision with minimal margins and wide tumour dissemination 

that was unresponsive to medical or surgical treatment. Sampson Handley in 1907 

recommended even more aggressive treatment – wide excision of the primary lesion, 

region lymph node removal and possible amputation. These suggestions formed the 

basis of melanoma treatment for more than 50 years (Ratner, 2004).  

 

1.1  Biology, epidemiology and treatment of melanoma 
1.1.1  Basic biology of melanoma 
Cutaneous malignant melanoma is a complex and aggressive form of skin cancer arising 

from melanocytes. Melanocytes are derived from multipotent neural crest cells, which 

are precursers to several cell types, including neurons and glial cells (Nesbit et al., 

1998). In the skin, melanocytes lie on the basement membrane that separates the 

epidermis from the dermis and are surrounded by keratinocytes (Figure 1.1). 

Melanocytes are stimulated by exposure to sunlight to produce and supply melanin to 

the epidermis as a means of protection against ultraviolet (UV) radiation (Marieb, 

2004). 

 

Melanoma develops when healthy melanocytes acquire genetic mutations and progress 

to become dysplastic nevi, primary melanoma and eventually metastatic cancer (Figure 

1.2) (Kim et al., 2002). Once a melanoma acquires invasive potential and begins to 

grow down into the dermis (vertical growth phase), treatment options are limited 

(section 1.1.5). Melanoma develops in approximately equal proportions either from a 
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pre-existing nevi or as a de novo lesion. Current research suggests that although primary 

melanomas developing from pre-existing nevi tend to be slightly more advanced at 

presentation, there is little data to suggest there are any differences in disease 

progression or prognosis between the two types (Massi et al., 1999; Weatherhead et al., 

2007).  

 

Melanoma is classified into four subtypes: superfical spreading, nodular, acral 

lentiginous and lentigo maligna. Superficial spreading melanoma is the most common 

subtype and accounts for approximately 70% of cases (Langley et al., 1998). Nodular 

melanoma presents in a further 10-15% of cases, and tends to have both a rapid onset 

and swift progression to malignancy. Lentigo maligna melanoma is uncommon, seen 

mostly in elderly people, and can remain in situ for many years. The least common type 

of melanoma is acral lentiginous, which occurs predominantly on the palms and soles 

and mainly in people of African or Asian ethnicity. It is also the only subtype of 

melanoma whose aetiology is not attributed to sun exposure (Langley et al., 1998; 

MacKie, 2000). 

 

Although surgical excision of an early stage primary melanoma can often be curative, 

melanoma tends to metastasize quickly and may have already spread at the time of 

diagnosis. Moreover, even early-stage melanoma can produce metastases long after 

initial presentation, with an average time to recurrent disease in adults of 8.4 years 

(Ceballos et al., 1995; Sharpless and Chin, 2003).  

 

1.1.2  Risk factors 
1.1.2.1  Environmental risk factors  

The largest environmental risk factor in the development of melanoma is exposure to 

the sun (UV radiation) (Tucker and Goldstein, 2003). This was first suggested in the 

1950’s by Vincent McGovern, an Australian histopathologist, and more than two thirds 

of melanomas are now believed to be caused by excessive sun exposure (Fry and Verne, 

2003; Marks, 1999). However, the exact pathobiology behind this causal association 

remains unclear. UVB radiation has long been associated with melanoma and can cause 

direct DNA damage that, if not repaired, can become a mutation that leads to cancerous 

changes. The involvement of UVA radiation in melanoma is more controversial. UVA 

penetrates more deeply into the skin than UVB and generates reactive oxygen species, 

and it is these that are believed to damage DNA (Jhappen et al., 2003; Marks, 1999). 
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Many studies have suggested than sun exposure and sunburn in childhood is the most 

important risk factor in developing melanoma later in life (Marks, 1999; Marrett et al., 

2001). However, a review published by Tucker and Goldstein (2003) describes a 

number of studies that found sun exposure experienced as a child or as an adult carries 

the same melanoma risk. The authors suggest that the apparently increased risks 

associated with childhood sun exposure are simply because most (more than 80%) of a 

person’s total life exposure to the sun occurs during this time (Tucker and Goldstein, 

2003). They suggest that it is cumulative UV exposure that is important, and that UV 

radiation may contribute to all stages of melanom from nevi through to invasive cancer, 

not just in “nevi initiaion” as has been previously proposed (Tucker and Goldstein, 

2003). 

 

1.1.2.2  Host risk factors 

Several “melanoma genes” significantly increase the risk of developing melanoma 

(section 1.1.5.1). However, more than 90% of melanomas occur sporadically and may 

be associated with other personal risk factors. The major host risk factors for melanoma 

are the presence of a large number of benign moles (nevi), freckles, 3 or more atypical 

(dysplastic) nevi and 3 or more episodes of major sunburn. Not surprisingly, these risk 

factors are most common in people with fair skin (MacKie, 1998; Tucker and Goldstein, 

2003).  

 

Of these risk factors, atypical nevi have received the most attention. Population studies 

estimate that 15-20% of healthy individuals have at least one atypical mole compared to 

50% of melanoma patients. Atypical mole syndrome (AMS) is characterized by large 

numbers of atypical nevi in an unusual distribution and is a strong risk factor for 

developing melanoma. Although AMS is familial, it is not linked to mutations in any of 

the known “melanoma genes” (section 1.1.5.1) (Pho et al., 2006). 

 

1.1.3  Epidemiology 
It has been well documented that incidence rates of melanoma in developed nations 

have been rapidly increasing for a number of decades. Although some of this can be 

attributed to enhanced awareness and better surveillance, it is also clear there has been a 

real increase in the number of people presenting with melanoma (Marrett et al., 2001). 

Australia and New Zealand have the highest rates of melanoma in the world (more than 

double that of the USA, the next highest). The lifetime risk of developing a melanoma 
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in Australia is estimated to be 1 in 34 for women and 1 in 25 for men, making it the 3rd 

and 4th most common cancer in women and men respectively (Lens and Dawes, 2004). 

 

In recent years there has been a leveling in melanoma incidence rates, especially in 

women born since 1950. This decline in incidence has been attributed to increased 

public awareness and sun-safe behaviours, as Australia has had an aggressive skin 

cancer awareness campaign since the late 1970s. In addition, more people now present 

with less advanced primary lesions, which has led to a plateau and even a small 

decrease in overall mortality rates (MacKie, 1998; Marks, 1999). For example, 5-year 

survival rates have improved significantly, to 90% for Australian men and 95% for 

women (Council, 2007). Although these figures are encouraging, they are also 

somewhat misleading. For patients with metastatic disease, the 5 year survival rate is 

only 14% (Pho et al., 2006) and due to the tendency of melanoma to metastasize after 

many years of latency (section 1.1.1), the overall case fatality rate in 1999 was still 

nearly 20% (Marks, 1999; Sharpless and Chin, 2003). 

 

1.1.4  Genetic changes and melanoma 
1.1.4.1  Heritable “melanoma genes” 

In kindreds who show a significant history of melanoma, the risk of developing this 

disease is 30-70 times that of the general population (Pho et al., 2006). Whilst these 

individuals are at a far greater risk of developing melanoma, studies have shown that the 

mortality outcomes are similar in familial and sporadic melanoma, suggesting the 

biological behaviour of the cancer is similar (Pho et al., 2006). 

 

There are currently four melanoma susceptibility genes identified, three high penetrance 

loci (meaning a mutation in the gene is likely to cause disease) and one low penetrance. 

The best characterized high penetrance genes are p16/ARF (alternate reading frame) 

which codes for two distinct melanoma predisposition genes, cyclin-dependent kinase 

inhibitor 2A (CDKN2A, also called p16 or INK4a) and ARF or p14 (Pho et al., 2006; 

Slominski et al., 2001). Mutations in p16 are found in a high proportion of melanoma 

cell lines, and a range of other tumour types, suggesting it is an important acquired 

mutation in metastatic change. The third high penetrance gene is cyclin dependent 

kinase (CDK4). All three genes are involved in cell cycle control via two separate but 

linked control mechanisms, with inactivation of these genes contributing to uncontrolled 

cell proliferation (Figure 1.2, 1.3 a). Mutations in these genes are inherited in an 
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autosomal dominant fashion and confer an estimated 67% lifetime risk of developing 

melanoma (Hayward, 2003; Pho et al., 2006; Sharpless and Chin, 2003). 

 

The final inherited variant implicated in melanoma to date is the melanocortin receptor 

gene (MC1R) which is involved in the regulation of skin pigmentation. This is a low 

penetrance locus and certain variants have been associated with red hair, poor tanning 

and increased melanoma risk (Pho et al., 2006). However, more than 50% of families 

with a strong history of melanoma do not have an identifiable germline mutation in any 

of the three high-penetrance genes, suggesting there may be a number of undiscovered 

loci. Genome wide scans are ongoing to identify more predisposing genes (Hayward, 

2003; Pho et al., 2006). 

 

1.1.4.2  Acquired genetic changes 

Alterations in two genes or their downstream effectors are almost always present in 

melanoma. The first of these is the p16/ARF locus (described above) which affects cell 

cycle control by two different means (Figure 1.3 a), and the second is the ras pathway 

(Figure 1.3 b). Ras controls several important pathways and has the dual effects of 

enhancing cell proliferation and down-regulating apoptosis via different downstream 

mechanisms (Haluska et al., 2006; Polsky and Cordon-Cardo, 2003; Smalley and 

Herlyn, 2005; Smalley et al., 2006). The ras pathway is discussed with respect to 

melanoma therapeutics in section 1.1.5. 

 

There are also a number of large-scale chromosomal changes (rearrangements, deletions 

or  duplications) characteristic of metastatic melanoma. The most commonly affected 

chromosomes are 1, 6, 7, 9, 10 and 11. These regions may contain tumour suppressor or 

other genes important in the development of melanoma (Kim et al., 2002; Robertson et 

al., 1999; Slominski et al., 2001). 

 

1.1.5  Diagnosis and treatment of melanoma 
Any suspicious lesion is first excised and examined by a histopathologist. If the lesion is 

melanoma, and there is no evidence of cell invasion towards the margins of the biopsy, 

no further action is taken. Surgical management of primary lesions has become 

increasingly conservative over the last few decades, resulting in less disfigurement 

(section 1.0) for the same therapeutic benefit. If further spread is suspected, sentinal 
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lymph node biopsy is performed to check for the presence of melanoma cells, followed 

by lymph node removal and a total body scan if necessary. 

 

Although surgical excision of early melanoma is relatively successful there has been 

little progress in the last 30 years in therapeutic options for metastatic melanoma 

(Atkins et al., 2006; Hersey, 2006; Weinstock, 2006). Metastatic melanoma can 

progress very rapidly and has proved resistant to a range of therapeutic options, 

including radio- and immuno-therapy and multiple-agent chemotherapy (Flaherty, 2006; 

Smalley and Herlyn, 2005). The only standard treatment approved for metastatic 

melanoma is decarbazine, a chemotherapeutic agent that inhibits cell replication via an 

unknown mechanism. However, decarbazine shows response rates of only 5-10% and 

median progression-free survival of approximately 2 months. At best, decarbazine can 

be considered of limited value to most patients with metastatic melanoma, at worst there 

are suggestions that it may select for cells with a more aggressive phenotype and be 

hazardous and counter-productive (Lev et al., 2004).  

 

Therapies that aim to augment immune function have also shown some success. This 

approach was explored because melanoma occurs more often than expected in people 

undergoing immunosuppression (commonly following liver or kidney transplantation) 

and responds well to cessation of this therapy (Ceballos et al., 1995; Laing et al., 2006; 

Mire et al., 2006). As a single agent, high dose interleukin-2 (IL-2) produced durable 

responses in 16% of patients with melanoma where surgery was not possible, indicating 

there may be a subset of patients with advanced melanoma for whom IL-2 is curative 

(Atkins, 2006). Unfortunately, the toxic side effects of high dose IL-2 limit its use to 

selected patients in specialist treatment centres. Interferon alpha (IFNα), with a 

response rate of 10-15%, has also been approved for use in the USA as an adjunct 

therapy for patients with less advanced disease (Atkins, 2006).  

 

However, for the vast majority of people with metastatic melanoma there is no effective 

treatment, meaning new therapeutic options are critical (Smalley et al., 2006). A host of 

new approaches are in various stages of clinical development, including melanoma 

vaccines, small molecule inhibitors of cell surface receptors, anti-angiogenic agents and 

inhibitors of anti-apoptotic pathways (Flaherty, 2006; Sosman and Puzanov, 2006).  

 



 9

The rationale behind targeting apoptotic pathways is solid. Although different forms of 

chemotherapy have a number of biological targets, it is generally believed that they all 

cause cell death by damaging various cellular components so much that a final common 

pathway leading to apoptosis is induced (Hersey and Zhang, 2001). However, genetic 

changes in melanoma often occur simultaneously in molecules involved in a range of 

different proliferative and apoptotic mechanisms, including the p16, p53, Ras-RAF-

MAPK and P13K-AKT pathways (Figure 1.3). Thus, melanoma displays an overall 

resistance to apoptosis.  

 

Early clinical trials of chemotherapy combined with agents against BRAF (MAPK 

pathway) or Bcl-2 (a mitochondrial protein involved in final stage apoptosis signaling) 

have shown some encouraging results (Bedikian et al., 2006; Hersey, 2006), indicating 

that “sensitizing” the cells to chemotherapy has potential therapeutic benefits. Since 

melanoma cells are likely to escape apoptosis through abberations in more than one 

pathway, it is likely that mulitple inhibitors will need to be used simultaneously to 

combat different apoptotic mechanisms (Sosman and Puzanov, 2006).  

 

Given that angiogenesis (the growth of new blood vessels), is a critical step in 

melanoma transformation (section 1.2.1), anti-angiogenic agents are another promising 

therapeutic appoach. Agents in clinical trial include therapeutics targeted against ανβ3 

integrin and vascular endothelial growth factor (VEGF)(Sosman and Puzanov, 2006). 

VEGF is a potent endothelial profilerating factor released by melanoma cells and 

blockade of the VEGF ligand greatly impairs angiogenesis. Anti-VEGF therapy has 

been successful alone and in combination with chemotherapeutics in a number of other 

cancers. Growth factor receptors are another possible target on melanoma cells, 

although inhibitors of the cell surface receptors c-kit and epithelial growth factor 

receptor (EGFR) have had limited success in small clinical trials (Sosman and Puzanov, 

2006). 

 

Interestingly, a number of melanoma antigens are recognized by T-cells. This 

antigenicity, plus the relative success of non-specific immunotherapy in some patients, 

has led to a lot of interest in the development of melanoma vaccines. Different 

vaccination approaches tested in Phase I-II clinical trials include whole tumor cells, 

antigen peptides, antigen-pulsed dendritic cells, recombinant viruses, plasmids or naked 

DNA, and heat-shock proteins. Unfortunately, despite the encouraging immunological 
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and clinical results obtained in these small studies (Pilla et al., 2006; Saleh et al., 2005), 

melanoma-specific vaccines have failed to prove their efficacy in the few large Phase III 

clinical trials performed (Pilla et al., 2006). However, the possibility of activating the 

immune system to recognize and destroy tumor cells remains a valuable area of 

research. For example, a recent trial investigating the augmentation of immune response 

via co-administration of aluminium hydroxide and IL-2 with a multiple-antigen 

melanoma vaccine showed some promising results. IL-12 with alum was associated 

with an increased response to melanoma antigens compared with IL-12 with GM-CSF, 

with immune response associated with time to relapse (Hamid et al., 2007).  

 

Combination therapies that attack several facets of melanoma survival at once are 

undoubtedly the best option. Combining chemotherapy and anti-apoptosis agents is an 

exciting first step, but more options should be explored, for example – adding an anti-

angiogenic therapeutic to that regime or exploring cell adhesion receptor blockade as a 

means of hampering invasion. For example, anti-melanoma cell adhesion molecule 

(MCAM) antibodies have shown some encouraging results in the laboratory (McGary et 

al., 2003; Mills et al., 2002; Yan et al., 2003).  For example, Mills et al. (2002) found 

that tumour growth and experimental lung metastasis in mice were significantly 

inhibited when mice where treated with the α-MCAM antiobody ABX-MA1.  

 

Different approaches are also likely to be most effective at different stages in melanoma 

progression, although investigation of stage-specific interventions is difficult in a 

clinical trial setting. Finally, given the ability of melanoma to metastasize early in 

disease progresssion and remain dormant for many years (Coomber et al., 2003), 

prophylactic administration of an anti-metastases/anti-melanoma therapeutic following 

the removal of a primary lesion is a tantalizing prospect. 

 

1.2  Metastatic progression in melanoma 
Currently, the main focus of melanoma research is the exploration of proteins and 

pathways contributing to metastasis, with a view to identifying novel therapeutic targets 

within the metastatic cascade. Metastasis consists of linked sequential steps, involving 

numerous tumour-host interactions (Figure 1.4 a)(Bogenrieder and Herlyn, 2003). For a 

malignant cell to grow and metastasize, it must possess a range of characteristics that 

facilitate interaction with both the extracellular matrix (ECM) and stromal cells (Fidler, 

2003). For example, a tumor cell or mass must be capable of progressive growth and 
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vascularization, invasion through matrices, haematogenous spread, evasion of host 

defences and finally, new tumour formation. Deficiency at any one of these steps halts 

metastatic progression (Figure 1.4 b). The following section describes these essential 

steps in metastasis, making brief reference to relevent molecules where appropriate.  

 

1.2.1  Initial growth and angiogenesis 
Transformation from benign to malignant cell begins with genetic and epigenetic 

changes that favour uncontrolled cellular proliferation (Figures 1.2, 1.4). However, 

beyond a size of ~2 mm3, a growing tumour cannot obtain sufficient oxgygen and 

nutrients, nor get rid of waste products, via diffusion from existing host vasculature 

(Bergers and Benjamin, 2003). The point at which a tumour induces new vessels to 

form is called the “angiogenic switch” and depends on the balance between 

angiogenesis stimulators, inhibitors and modulators associated with the tumour cells and 

surrounding stroma (Bergers and Benjamin, 2003; Coomber et al., 2003). There are a 

number of pro-angiogenic factors produced by melanoma cells, including vascular 

endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), interleukin 8 

(IL-8) and platelet derived growth factor (PDGF) (Figure 1.2) (Streit and Detmar, 

2003). In melanoma, angiogenesis usually begins during the radial growth phase and is 

associated with inflammatory regression and progression of the tumour into the vertical 

growth phase (Streit and Detmar, 2003).  

 

1.2.2  Tumour invasion 
The critical steps in tumour cell invasion are described as: detachment of tumour cells 

from each other, attachment of cells to ECM components, degradation of ECM and 

migration of tumour cells (Figure 1.4) (Cotran et al., 1999; Woodhouse et al., 1997). 

The detachment of tumour cells, ECM degradation and the involvment of soluble 

motility factors are discussed below. However, as concepts central to this thesis, cell 

adhesion, spreading and migration will be discussed separately in sections 1.4.1 and 

1.4.2. 

 

Upon leaving the primary tumour, melanoma cells must migrate over both ECM 

components and neighbouring cells. This process involves transient interactions 

between tumour cells and the stroma (Woodhouse et al., 1997), local proteolysis of the 

ECM, and reorganization of the cellular actin cytoskeleton in response to signals from 

adhesion receptors (Zaidel-Bar et al., 2004).  



 12 

The main requirement for cell detachment from a primary tumour is the disruption of 

the normal stabilizing interactions present in the microenvironment. In epithelial tissue, 

E-cadherin expression is important for maintaining tissue integrity and regulating 

melanocyte activity (Hsu et al., 2000). One of the earliest steps in melanoma 

progression is the switch from E- to N-cadherin expression on melanocytic cells. This 

change in cadherin profile decreases the interaction between melanoma cells and 

keratinocytes while increasing the interaction between melanoma cells and fibroblasts 

(Figure 1.5). Other cell surface molecules, such as MCAM, are also upregulated during 

malignant transformation and may contribute to homophilic melanoma cell interaction. 

This change in adhesive preference facilitates the movement of melanoma cells out of 

the epidermis (Li et al., 2003b; Zigrino et al., 2005). 

 

Remodeling and degradation of matrix barriers such as the basement membrane and 

interstitial matrix is the next critical step in invasion and metastasis of melanoma cells. 

There are several classes of enzymes that degrade the ECM: matrix metalloproteinases 

(MMPs), tissue serine proteases (including thrombin, plasmin and urokinase 

plasminogen activator), heparanase, cathepsins and the ADAMS (proteins that contain 

A Disintegrin and A Metalloprotease domain) (Bogenrieder and Herlyn, 2003; 

Woodhouse et al., 1997; Zigrino et al., 2005).  

 

The MMPs are a multigene family (26 identified to date) of proteolytic enzymes that 

have been extensively studied and are associated with invasion in a broad range of cell 

types (Overall and Dean, 2006). MMPs differ in both substrate specificity and tissue 

distribution (Bachmeier et al., 2005; Hofmann et al., 2000b; Hofmann et al., 2005). 

Melanoma cells express a range of MMP family members, including MMP-1, -2, -9, -13 

and membrane-type MMP1 (MT-MMP1), as well as tissue inhibitors of matrix 

metalloproteinases (TIMPs) (Bachmeier et al., 2005; Hofmann et al., 2005). It has also 

become increasing apparent that stromal cells (for example, fibroblasts) and 

inflammatory leukocytes produce significant amounts of MMPs and play an important 

role in cell invasion (Almholt and Johnsen, 2003; Lynch and Matrisian, 2002; Weaver 

and Gilbert, 2004). 

 

Melanoma cells also interact with the microenvironment via the release of soluble 

autocrine and paracrine factors. Autocrine factors act on the melanoma cells themselves 

to promote cell proliferation or migration, whereas paracrine factors affect the 
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surrounding ECM and stromal cells. Growth factors released by melanoma cells include 

basic fibroblast growth factor (bFGF), platelet derived growth factor (PDGF), VEGF 

and scatter factor/hepatocyte growth factor (SF/HGF) (Bogenrieder and Herlyn, 2003; 

Labrousse et al., 2004). SF/HGF acts in an autocrine manner by binding to receptors on 

the surface of the melanoma cells, suppressing apoptosis via the PI3K/AKT pathway 

and also promoting motility (Bogenrieder and Herlyn, 2003; Woodhouse et al., 1997). 

PDGF acts as a paracrine factor to the surrounding stromal cells and causes re-

organization of the stroma, facilitating tumour cell invasion, whereas VEGF is an 

important stimulator of angiogenesis (section 1.2.1) (Labrousse et al., 2004). 

 

Stromal cells also produce growth factors and cytokines, such as IL-8 and insulin 

growth factor 1(IGF-1), that act as paracrine motility factors on melanoma cells 

(Bogenrieder and Herlyn, 2003; Woodhouse et al., 1997). Furthermore, ECM proteins 

can themselves act as motility factors. As matrix proteins are cleaved by proteolytic 

enzymes secreted by both tumour and stromal cells, the soluble matrix proteins can 

stimulate melanoma cells to migrate via chemotaxis and/or haptotaxis, linking ECM 

degradation to motility (Bogenrieder and Herlyn, 2003; Woodhouse et al., 1997).  

 

1.2.3  Tumour cell dissemination 
The classical model of melanoma cell dissemination involves intravasation, haemato-

geneous spread, extravasation and the formation of new tumours in distant organs 

(Figure 1.4 a). To enter the lumen of a blood capillary, tumour cells must first traverse 

the basement membrane and then migrate between the endothelial cells lining the vessel 

wall. A number of cell adhesion molecules on melanoma cells have been reported to be 

involved in transendothelial migration including N-cadherin, MCAM and αvβ3 integrin 

(McGary et al., 2002; Qi et al., 2005; Voura et al., 1998; Voura et al., 2001).  

   

Upon entering the vasculature, malignant cells must survive the passage through the 

circulatory system to reach a target tissue. Most cells die during this process, either from 

attack by immune cells or due to apoptosis. Apoptosis occurs due to a lack of anchorage 

(anoikis), rheological stress and mechanical damage. Cancer cells show enhanced 

survival in the circulation if they form tumour emboli (Glinsky, 2006). Heterotypic 

aggregation between platelets and tumour cells plays an important role in cell survival 

in the vasculature and is mediated by interactions involving integrins and other adhesive 

molecules (Glinsky, 2006). Studies have also shown that the interaction between tumour 
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cells and platelets facilitates the spreading of malignant cells once they attach to the 

microvascular endothelium (Im et al., 2004).  

 

The ability of tumour cells to form cell aggregates via homotypic cell adhesion 

correlates with metastases. It has been suggested that multi-cellular groups of cells are 

more likely to become trapped in the microvasculature than single cells, facilitating 

extravasation. However, there is limited evidence that tumour cells form emboli whilst 

floating in the circulation and Glinsky et al. (2003, 2006) suggests adhesion between 

tumour cells occurs more in the context of a floating tumour cell interacting with one 

that has already adhered to a vessel wall. 

 

Although haematogeneous spread is the major route of melanoma metastasis, melanoma 

cells can also disperse through the lymphatic system. Dissemination of tumour cells to 

the regional lymph nodes is the first step in melanoma metastasis and is an important 

prognostic factor, but little is known about how melanoma cells gain access to the 

lymphatic system (Streit and Detmar, 2003). Two lymphatic growth factors (VEGF-C 

and VEGF-D) plus their receptor (VEGFR-3) have recently been described in human 

melanoma. Tumour-associated lymphangiogenesis is induced by these growth factors 

(and others) and leads to the proliferation and enlargement of lymphatic vessels both 

surrounding and within melanocytic tumours (Oliver and Detmar, 2002; Streit and 

Detmar, 2003). Malignant cells entering the lymphatic system may either form 

secondary tumours in regional lymph nodes or be transported to the blood vasculature.  

 

There is also evidence that melanoma cells utilize a mechanism of extravascular 

migration. Lugassi et al. (2002, 2006) describe a tumour-endothelial cell interaction 

where tumour cells do not cross the vascular basement membrane but instead spread 

along the outer surface in close association with endothelial cells (the “angio-tumoural 

complex”) (Barnhill and Lugassy, 2004; Lugassy et al., 2002; Lugassy et al., 2006). 

Lugassy et al. (2002) suggest that the behaviour of melanoma cells is similar to that of 

astrocytomas, which can co-opt normal blood vessels and grow un-encapsulated along 

existing vascular within the brain (Bergers and Benjamin, 2003).  

 

1.2.4  Arrest, extravasation, dormancy, formation of metastases  
Circulating tumour cells eventually arrest in the capillary beds of distant organs and 

attach firmly to the endothelium. Molecules involved in this process include members 
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of the immunoglobulin superfamily (IgSF), galectins, selectins, CD44 and integrins 

(Glinsky, 2006; Glinsky et al., 2003). The tumour cells then leave the vasculature via 

transendothelial migration to invade the target organ.  

 

Paget first proposed the “seed and soil” hypothesis in 1889 to explain the non-random 

pattern of metastases to visceral organs and bones. Paget believed that the outcome of 

metastases was not due to chance, but that certain tumour cells (the “seed”) have 

affinity for the environment of certain organs (the “soil”) (Fidler, 2003). Bogenrieder 

and Herlyn (2003) suggest three hypotheses to explain the “seed and soil” phenomena. 

The first is that tumour cells extravasate from the microvascular everywhere, but grow 

only in organs providing an appropriate environment. The second is that tumour cells 

adhere to selective sites on the endothelial lumenal surface, and the third is the selective 

chemotaxis of circulating tumour cells to the organ producing appropriate soluble 

attraction factors (Kaplan et al., 2006). All of these mechanisms play a role in 

experimental metastasis.  

 

Interestingly, secondary tumours can present years after identification of the primary 

tumour and appear to be characterized by discontinuous growth and periods of 

quiescence (Bogenrieder and Herlyn, 2003). Tumour dormancy may be due to pre-

angiogenic metastases that grow and acquire the ability to become vascularized, or to 

solitary cells that persist for extended periods without dividing (Bogenrieder and 

Herlyn, 2003). Dormancy may also represent an adaptive response allowing cells to 

pause growth whilst coping with stresses caused by dissemination or treatment 

(Ranganathan et al., 2006). Recently, a molecular mechanism for tumour dormancy 

involving the urokinase receptor, integrin and MAPK signaling was identified 

(Bogenrieder and Herlyn, 2003; Laufs et al., 2006). 

 

1.3  Cell adhesion molecules (CAMs) 
Central to the metastatic process are the changing adhesive preferences of cancer cells 

and the cell surface adhesion molecules that control their interactions with the ECM and 

neighbouring stromal cells. Thus cell adhesion molecules play a critical role in 

metastasis, and do much more than just mediate adhesion (Bogenrieder and Herlyn, 

2003; Li et al., 2003b). The binding of ligands to the extracellular domains of adhesion 

molecules stimulates interactions between the adhesion molecules and the actin 

cytoskeleton, as well as the activation and recruitment of signaling molecules. This can 
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lead to profound changes in cell shape and behaviour (Anfosso et al., 2001; Giancotti 

and Ruoslahti, 1999; Hall et al., 1996; Humphries et al., 2004). 

 

1.3.1  Classes of cell adhesion molecules 
The main classes of adhesion molecules important in melanoma and metastasis include 

the integrins, cadherins, immunoglobulin superfamily (IgSF) members and CD44 

(Figure 1.6). Each class contributes to cell-cell and cell-matrix adhesions, and there may 

also be significant interaction and cross-talk both within and between adhesion 

molecule families. 

 

1.3.1.1  Integrins 

Arguably, integrins are the most important family of proteins in cell-matrix interactions. 

These cell surface receptors mediate complex interactions between a cell and the 

surrounding matrix in a cell type specific manner (Felding-Habermann, 2003). 

Furthermore, some integrins are involved in cell-cell interactions via interactions with 

transmembrane proteins, and contribute to matrix degradation via MMP activation. 

 

The integrins are transmembrane glycoproteins expressed by the cell as non-covalently 

associated α and β heterodimers. Currently, 8 β and 18 α chains have been identified. 

These α and β chains associate to produce 24 different cell surface receptors that bind to 

a range of matrix proteins and cell surface proteins in a cation-dependent manner 

(Figures 1.6 & 1.8, Table 1.1) (Hynes, 2002). Integrins play a critical role in cell 

signaling and contribute to the regulation of cell adhesion, morphology, migration, 

differentiation and metastasis (Bogenrieder and Herlyn, 2003; Hynes, 2002; Woodhouse 

et al., 1997). Changes in integrin expression levels have, for many years, been 

associated with increased metastatic ability in tumour cells. Integrins can be either up- 

or down-regulated, or show changes in their activation status, affecting their 

cytoskeletal or extracellular ligand binding properties (Mizejewski, 1999). Melanoma 

progression has been correlated with up-regulation of α2β1, α3β1, α4β1 and 

α2β3 integrin heterodimers, as well as changes in α6β1 (Mizejewski, 1999).  

 

The vitronectin receptor, ανβ3, has been extensively implicated in melanoma 

metastasis. It is mainly observed on cells progressing from the radial to the vertical 

growth phase (Danen and Sonnenberg, 2003). Interaction between ανβ3 integrin and 
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the extracellular matrix promotes cell attachment, spreading and migration (McGary et 

al., 2002). In addition, ανβ3 undergoes heterophilic binding with two members of the 

IgSF, PECAM-1 and L1-CAM, which are both expressed by endothelial cells. Voura et 

al. (2001) implicated L1-CAM as the central ligand required for ανβ3-mediated 

transendothelial migration and demonstrated that melanoma cells lacking ανβ3 

expression show an impaired ability to undergo transendothelial migration. 

Furthermore, ανβ3 is also involved in the activation of MMP-2 activity and thus local 

matrix proteolysis (Brooks et al., 1996). 

 

Integrins are essential for tumour progression because of their ability to mediate both 

physical interations with the ECM and “outside in” signaling. Integrin-mediated cell 

adhesion can trigger calcium fluxing, activate tyrosine and serine/threonine protein 

kinases and inositol lipid metabolism, and regulate the activity of the Rho family of 

small GTPases (Rho, Rac and Cdc42). The Rho GTPases bind to and activate a range of 

effector molecules, which modulate the organization of the actin cytoskeleton and cell 

movement (Clark and Brugge, 1995). Integrin engagement also leads to phosphorylation 

of focal adhesion kinase (FAK), which then signals via the Ras-Raf-MAPK pathway. 

 

Integrins are also involved in “inside-out” signaling. This occurs when different 

receptors on the same cell induce intracellular pathways that cause conformational 

changes in the cytoplasmic tail of β integrin subunits. This promotes integrin receptor 

clustering and matrix interactions (McGary et al., 2002). Through both inside-out and 

outside-in signaling, integrins and other cell surface molecules (such as growth factor 

receptors) work together to respond to the environment and regulate cell fate decisions, 

including survival, proliferation and differerentiation (Danen and Sonnenberg, 2003). 

 

1.3.1.2  Cadherins 

The cadherins are a large superfamily of calcium-dependent adhesion proteins that 

mediate cell-to-cell interactions. This protein family plays a major role in development 

and morphogenesis, and in adults is responsible for maintaining the structural integrity 

of tissues (Leckband and Prakasam, 2006). The cadherin superfamily (comprising at 

least 80 members) includes the classical cadherins, desmocadherins, protocadherins and 

other cadherin-like proteins (Yagi and Takeichi, 2000). Most cadherins are 

transmembrane proteins characterized by a unique cadherin motif (EC domain) which 

contains calcium-binding motifs (Yagi and Takeichi, 2000).  
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The classical cadherins are the best-described sub-family and include E-, P- and N-

cadherin. They share a common basic structure consisting of five tandemly arranged EC 

domains, a transmembrane domain and a relatively long cytoplasmic tail (Figure 1.6). 

The sequence of the cytoplasmic tail is conserved within the subfamily and it interacts 

with both catenin p120ctn and β-catenin. β-catenin then binds to -catenin, and this 

complex associates with vinculin and other cytoskeletal proteins, resulting in the 

organization of adherens junctions (Yagi and Takeichi, 2000). The formation and 

tyrosine phosphorylation of the cadherin-catenin complex is important in the 

maintenance and stabilization of cell-to-cell adhesion. There is also some evidence that 

the cytoplasmic tail of E-cadherin may link to the actin cytoskeleton via the ezrin-

radixin-moesin (ERM) family of proteins (section 1.3.4) (Leckband and Prakasam, 

2006; Yagi and Takeichi, 2000). 

 

In melanoma cells, the switch from E- to N-cadherin expression is considered crucial in 

the development of an invasive phenotype. Melanocytic cells that lose E-cadherin 

expression are released from E-cadherin mediated keratinocyte control and are free to 

move out of the epidermis and invade the dermis (Figure 1.5). N-cadherin expression in 

melanoma cells may also confer independent growth and invasive potential by 

mediating interactions between melanoma cells, fibroblasts and endothelial cells (Hsu et 

al., 2000; Li et al., 2001; Li et al., 2003b; Zigrino et al., 2005).  

 

For many years there has been a consensus that sub-type specificity exists between 

different cadherins, that is, E-cadherin preferentially interacts with E-cadherin and so 

on. Foty and Steinberg (2004, 2005) challenged this assumption with some elegant 

experiments showing that within the classical cadherin subclass, “heterocadherin” and 

“homocadherin” interactions occurred with similar strength and kinetics. Thus, the 

degree of cadherin-mediated adhesion between different cell types may be a function of 

total cell surface cadherin levels, rather than the amount of each subtype (Foty and 

Steinberg, 2004; Foty and Steinberg, 2005). This suggests that the contribution of 

cadherins to invasion and metastasis (in melanoma and more generally) is more 

complex than previously understood. 

 

1.3.1.3    CD44 

CD44 is a widely distributed transmembrane glycoprotein and is the main hyaluronan 

receptor on most cell types. A single gene encodes CD44 but extensive alternate 
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splicing produces a large number of variant transcripts. The most abundant form of 

CD44 (standard CD44, CD44s) consists of 10 exons (1-5, 16-18 and 20) that code for a 

protein with a theoretical mass of 37 kDa. Alternate splicing mainly involves the 

inclusion of various combinations of exons 6 to 15 within the membrane proximal 

region of the extracellular domain (Goodison et al., 1999). The transmembrane and 

cytosolic domains are conserved between isoforms and species, suggesting these 

domains are critical for CD44 function (Thorne et al., 2004). (Albelda, 1993; Thorne et 

al., 2004) 

 

CD44 undergoes extensive post-translation modifications, including several forms of 

glycoslylation, such that the observed molecular mass of CD44s is 80 kDa, and the 

largest possible protein containing all variant exons is over 200 kDa. The degree of 

glycosylation can affect the ligand binding of the protein and thereby alter its function. 

There is also evidence that CD44 clustering on the cell surface (multimerization) 

enhances ligand binding (Goodison et al., 1999).  

 

The main role of the cytoplasmic tail of CD44 is to transduce signals from extracellular 

stimuli to the intracellular environment. It binds directly to a number of intracellular 

proteins including ankyrin and the ERM (ezrin, radixin and moesin) family (section 

1.3.4). Ankyrin and ERM proteins then bind elements of the actin cytoskeleton, 

connecting CD44 to the intracellular scaffold (Goodison et al., 1999; Ichikawa et al., 

1998) 

 

The variant isoforms of CD44 are upregulated on malignant tumours including 

melanoma, lymphoma, gastric carcinoma, breast and colon cancer (Goodison et al., 

1999). Moreover, the expression of CD44 isoforms is related to the stage of melanoma 

progression. Melanocytes express no variant isoforms, but variant v10 was found to be 

upregulated in thick primary melanomas and skin metastases, whereas variant v5 was 

upregulated in melanoma lymph node metastases (Seiter et al., 1996). These CD44 

splice variants show changes in their binding affinity for hyaluronan and can also bind 

alternative ligands. These changes may alter cell-matrix interactions, and contribute to 

enhanced tumour motility and metastatic potential relative to cells with lower levels of 

CD44v (Birch et al., 1991; Sy et al., 1996) 
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1.3.1.4  Immunoglobulin superfamily (IgSF) 

It has been estimated that over 700 human genes contain Ig domains, making the IgSF 

one of the largest protein super-families in the genome (Brummendorf and Lemmon, 

2001). The immunoglobulin unit is an amino acid domain arranged in a sandwich of 

two antiparallel β strands linked by a disulfide bond (Figure 1.6) (Albelda, 1993). The 

IgSF comprises a variety of cell surface receptors that mediate cation-independent homo 

and heterotypic cell adhesion and are involved in a variety of biological processes in a 

wide range of tissues. Some examples of this family include melanoma cell adhesion 

molecule (MCAM), neural cell adhesion molecule (NCAM), platelet endothelial 

adhesion molecule (PECAM-1), basal cell adhesion molecule (BCAM/Lutheran 

protein), activated leukocyte cell adhesion molecule (ALCAM), intracellular adhesion 

molecules (ICAM-1,2,3), carcino-embryonic antigen (CEA-CAM) and vascular cell 

adhesion molecule (VCAM-1) (Albelda, 1993). 

 

Of the IgSF members, ALCAM and BCAM show the greatest structural similarity to 

MCAM. All three proteins belong to a small subgroup within the IgSF characterized by 

5 extracellular Ig domains, comprising two membrane-distal variable (V) type and three 

membrane proximal constant (C2) type Ig folds. These three proteins show amino acid 

similarity in their extracellular and transmembrane domains but vary in the cytoplasmic 

region (Swart, 2002).  

 

ALCAM (CD166) is involved in cell-cell adhesion and tends to be expressed in cells 

undergoing dynamic growth or migration, such as during neuronal development or 

tumour formation. ALCAM mediates both homophilic (ALCAM-ALCAM) and 

heterophilic (ALCAM-CD6) cell-cell interactions via its N-terminal Ig domain “V1” 

(Swart, 2002). ALCAM is rarely expressed in nevi, is often upregulated on melanoma, 

and is believed to favour growth of the primary tumour (Haass et al., 2005). 

 

BCAM/Lutheran protein (LU) mediates cell-matrix interactions through binding the α5 

subunit of laminins 10/11 (refer Chapter 4). BCAM and LU are two splice variants of 

the same gene. They have identical extracellular domains, BCAM differs from LU in 

that it lacks the last 40 amino acids of the cytoplasmic domain (Eyler and Telen, 2006; 

Zen et al., 1999). These two splice variants are present on red blood cells and both bind 

laminins 10/11 equally well (Zen et al., 1999). MCAM, the remaining member of this 

subgroup, is described fully in section 1.3.2. 
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Other IgSF members implicated in melanoma progression are L1-CAM, VCAM-1, 

ICAM-1 and CEA-CAM. L1-CAM mediates cell-cell adhesion by both homophilic (L1-

CAM-L1-CAM) and heterophilic (L1-CAM-ανβ3 integrin) interactions, and is 

associated with metastatic spread (Haass et al., 2005). VCAM-1 is a cytokine inducible 

cell adhesion molecule found primarily on vascular endothelial cells. It binds to α4β1 

integrin on the surface of melanoma cells and is believed to facilitate melanoma cell 

attachment to the vascular endothelium just prior to extravasation. ICAM-1 and CEA-

CAM expression also correlate with melanoma progression and increased risk of 

metastasis, although the specific roles of these proteins remain unknown (Haass et al., 

2005). 

 

1.3.2  Melanoma cell adhesion molecule (MCAM) 
1.3.2.1  Structure 

MCAM, also known as MUC18, Mel-CAM, CD146 and S-Endo 1, was identified from 

a human melanoma phage library in 1989 (Lehmann et al., 1989). MCAM is located on 

chromosome 11q23.3, is comprised of 16 exons and encodes a transmembrane protein 

with a predicted molecular weight of 80 kD (Kuske and Johnson, 1999; Sers et al., 

1993). The large extracellular region of MCAM consists of five Ig-like homology 

domains (V-V-C2-C2-C2) (Figure 1.7). Each domain contains 43-70 amino acids 

arranged in β-pleated sheets stabilized by a disulfide cross-bridge (Sers et al., 1993). 

These cross bridges are critical for correct and stable folding of the extracellular domain 

and may limit the molecular extension capabilities of MCAM, affecting MCAM-ligand 

binding (Carl et al., 2001). MCAM also contains a single transmembrane domain and a 

short cytoplasmic tail composed of 63 amino acids. The cytoplasmic tail contains two 

putative endocytosis motifs, one of which is responsible for basolateral targeting of 

MCAM in polarized epithelial cells (Guezguez et al., 2006). The intracellular domain 

also contains five potential recognition sites for protein kinases (Rummel et al., 1996), 

although there is no direct evidence that these sites become phosphorylated (Anfosso et 

al., 1998; Shih, 1999). In human endothelial cells, however, cross-linking of MCAM 

using an anti-MCAM monoclonal antibody results in the phosphorylation of a panel of 

intracellular proteins, including p125FAK and paxillin, which are involved in the 

formation of focal adhesions (Figure 1.7) (Anfosso et al., 1998). 
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Bardin et al. (1998) demonstrated that MCAM is synthesized by endothelial cells as a 

precursor protein (100 kDa) that is further processed in the Golgi apparatus into a 

mature glycoprotein (120 kDa) which is expressed at the cell surface. MCAM also 

exists as a soluble protein (105 kDa) in the culture media of endothelial cells. Full 

length MCAM in solution preferentially forms dimers, although the physiological 

significance of this is unknown (Shih, 1999) 

 

A new splice variant of membrane-bound MCAM has been reported (Alais et al., 2001). 

Alternative splicing of the C-terminal cytoplasmic tail of MCAM generates MCAM 

“long” or “short” (MCAM-L and MCAM-S respectively). MCAM-L is the original 

MCAM variant described (Sers et al., 1993) and includes the 63 amino acid cytoplasmic 

tail. MCAM-S is formed by deletion of exon 15, resulting in a truncated cytoplasmic tail 

that lacks both of the endocytosis motifs and one of the PKC sites. (Figure 6.1, Chapter 

6). The presence of a long and short cytoplasmic tail is a common feature of Ig 

superfamily proteins and probably allows for differential intracellular signaling.  

 

MCAM is highly glycosylated, with carbohydrate modifications accounting for up to 

35% of its observed molecular weight of 115 kDa. Sialic acid and the HNK-1 antigen 

(CD57) are among the carbohydrates moities carried by MCAM, although this varies in 

a cell-type specific manner. For example, MCAM expressed by melanoma cells carries 

HNK-1 whereas MCAM expressed by the implantation site trophoblastic cells does not. 

Furthermore, Shih et al. (1994, 1997) report that HNK-1 is important for the adhesive 

properties of MCAM and acts as an adhesive ligand in cell-cell interactions.  

 

1.3.2.2  Expression profile 

Neoplasms 

As MCAM was first identified in melanoma cells, its expression has been extensively 

studied in melanoma and precurser lesions. MCAM is rarely expressed on benign nevi 

but is present on 70-80% of malignant melanoma, indicating that MCAM expression is 

strongly correlated with metastatic progression in this disease (Johnson et al., 1997; 

Lehmann et al., 1989; Luca et al., 1993; Xie et al., 1997). Recently, a study of 76 

archival tissue specimens of primary melanoma substantiated and extended this claim. 

This analysis demonstrated that MCAM expression levels were highly correlated with 

tumour thickness, but also that MCAM was an independent prognostic marker more 

accurate than all other clinicopathological characteristics (Pacifico et al., 2005). Patients 
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with MCAM positive lesions had a significantly higher probability of a poor outcome 

than those with MCAM negative lesions. For example, the 5-year survival rate for 

MCAM positive patients was only 46% compared to 94% for the MCAM negative 

melanoma patients (Pacifico et al., 2005). 

 

MCAM displays ectopic upregulation in a range of other neoplasms, including 

angiosarcoma, Karposi’s sarcoma, leiomyosarcoma, osteosarcoma, placental site 

trophoblastic tumours and choriocarcinomas. Some squamous cell, prostate, salivary 

gland and small cell lung carcinomas also show MCAM reactivity, as well as a minority 

of leukaemias (Pires et al., 2003; Shih et al., 1998; Shih et al., 1996; Wu et al., 2004; 

Wu et al., 2001). Interestingly, MCAM expression in breast cancer progression shows 

the opposite trend, with MCAM reactivity reported in normal and benign proliferative 

epithelium but frequently lost in in situ and infiltrating breast carcinomas (Shih et al., 

1997b). 

 

Normal tissue 

 In early human embryos, MCAM has been detected in endothelial cells, Schwann cells, 

ganglion cells, glial cells in the developing nervous system, smooth muscle and some 

skeletal muscle cells (Shih et al., 1998; Shih et al., 1996). MCAM is a marker of the 

myogenic lineage in both human and chick embryos (Cerletti et al., 2006; Pujades et al., 

2002) and downregulation of MCAM promotes myotube formation from immature 

myoblasts (Cerletti et al., 2006). 

 

In adults, MCAM immunoreactivity is demonstrated in the endothelium of all blood 

vasculature (Bardin et al., 2001; Bardin et al., 1996), smooth muscle, Schwann cells, 

ganglion cells, cerebellar cortex, mammary ductal epithelium, the external sheath of hair 

follicles, the implantation site intermediate trophoblast, myofibroblasts and bone 

marrow fibroblasts (Filshie et al., 1998; Shih et al., 1998; Shih et al., 1996). Soluble 

MCAM is present in human plasma from healthy control subjects, and increased levels 

of serum MCAM can indicate endothelial damage or remodeling in disease processes as 

diverse as rheumatoid arthritis, inflammatory bowel disease and chronic renal failure 

(Bardin et al., 2003; Bardin et al., 2006; Daniel et al., 2005; Neidhart et al., 1999). 
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1.3.2.3  Regulation of expression  

The mechanisms behind MCAM upregulation in melanoma are largely unknown, 

although over-expression of MCAM in melanoma cells is not due to gene duplication or 

rearrangement or to mutations in the MCAM promoter region (Bar-Eli, 2001; Karlen 

and Braathen, 1999; Luca et al., 1993). The putative MCAM promoter region lacks 

TATA or CAAT boxes, is GC-rich, contains only one transcription start site and 

potential binding motifs for the SP-1 transcription factor, the cAMP response element-

binding protein (CREB) and four activator protein-2 (AP-2) binding elements (Bar-Eli, 

2001; Sers et al., 1993). The role of AP-2 in regulating MCAM expression in melanoma 

has been debated in the literature. Bar Eli (2001) reviewed several previous studies and 

suggested that the loss of AP-2 is a critical step in melanoma progression, resulting in 

upregulation of MCAM and MMP-2, and down-regulation of c-KIT and E-cadherin. 

However, Mintz-Weber and Johnson (2000) reported that the loss of AP-2 is not 

required for MCAM expression in melanoma cells and suggest that elements relevant for 

MCAM expression may also be located outside the 0.9 kb promoter region studied. 

 

At the cellular level, MCAM expression is modulated by a variety of exogenous factors. 

MCAM expression in melanoma cells is enhanced by ectopic expression of CEA-CAM 

(Grimm and Johnson, 1995) but down-regulated by direct cell-cell contact with 

keratinocytes expressing E-cadherin (Hsu et al., 2000; Li et al., 2002; Shih et al., 

1994b). Keratinocytes also secrete endothelin-1 (a 21 amino acid peptide) in response to 

UV light. Endothelin-1 binds to receptors on the cell surface of melanocytes and 

upregulates MCAM expression whilst decreasing E-cadherin activity (Mangahas et al., 

2004).  

 

Li et al. (2003) recently proposed that a reciprocal regulation loop exists between AKT 

and MCAM, forming a bidirectional signaling network. Constitutive activation of AKT 

is a common feature of melanocytic lesions and can be due to mutations in several 

molecules (section 1.1.4.2). Interestingly, forced over-expression of active AKT in 

melanoma cells was associated with increased MCAM expression. Moreover, MCAM 

transduction in melanoma cell lines also resulted in a significant increase in 

phosphorylated (activated) AKT, accompanied by the phoshorylation (and inhibition) of 

the pro-apoptotic protein BAD. These transduced cells showed increased survival in the 

presence of staurosporine, indicating increased activity of anti-apoptotic mechanisms 

(Li et al., 2003a).  
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1.3.2.4  MCAM Functions 

Cell proliferation 

Several studies have hinted at an anti-apoptotic/proliferative role for MCAM in 

anchorage-independent scenarios. Using an MCAM-specific genetic suppressor element 

(GSE), Satyamoorthy et al. (2001) showed that inhibition of MCAM increased 

apoptosis of melanoma cells in organotypic skin reconstructs. Cell growth was not 

inhibited when GSE-treated cells were maintained in monolayers but growth was 

inhibited when cells were maintained in anchorage-independent agar culture 

(Satyamoorthy et al., 2001) or injected into immunodeficient mice (Satyamoorthy et al., 

2001; Xie et al., 1997). Knockdown of MCAM in endothelial cells via a targeted siRNA 

approach was also associated with suppression of cell proliferation (Kang et al., 2006). 

 

Cell to cell interactions 

The classification of MCAM as an adhesion molecule was initially by sequence 

homology to other adhesion molecules of the Ig superfamily. The adhesive function of 

MCAM was first demonstrated by Shih et al. (1994, 1997a) who found that both 

MCAM positive and negative melanoma cells could bind to purified solid-phase 

MCAM. As both MCAM positive and negative cells bound equally well to MCAM, 

these experiments suggested that purified MCAM was interacting with an unknown, 

heterophilic ligand on the cell surface, rather than with itself (Shih et al., 1997a; Shih et 

al., 1994b). This data was supported by cell aggregation experiments that showed U937 

leukaemia cells transfected with full-length MCAM formed heterotypic aggregations 

with MCAM negative SB2 melanoma cells but not with each other (Shih et al., 1997a). 

Johnson et al. (1997) reported a similar result when mixing MCAM negative and 

MCAM positive melanoma cells, 50% of aggregates contained MCAM positive cells 

only, 50% contained MCAM positive and negative cells, and no aggregates contained 

only MCAM negative cells. Taken together, these data suggest that most melanoma 

cells co-express MCAM and the MCAM ligand, and that cell aggregation is partially 

mediated by a heterophilic interaction between the two. The MCAM-ligand association 

was also found to be temperature but not cation dependent, ruling out the involvement 

of integrins or cadherins, and raising the possibility that MCAM may bind to another Ig 

superfamily member (Johnson et al., 1997). 

 

MCAM has been shown to play a role in the cohesion of human endothelial cells, 

although it does not localize to adherins junctions (Anfosso et al., 2001; Bardin et al., 
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2001). In endothelial cell cultures, MCAM expression at the cell junctions was 

dependent upon the establishment of cell-to-cell contacts. No surface expression of 

MCAM was detected on human umbilical vein endothelial cells (HUVECs) in sparse 

culture, whereas MCAM became increasingly concentrated at the sites of cell contact as 

the monolayer reached confluence (Bardin et al., 2001). Engagement of the extracellular 

domain of MCAM on endothelial cells initiates a complex outside-in signaling pathway 

involving the association of p59fyn with the MCAM cytoplasmic tail, calcium flux and 

the phosphorylation of p125FAK, Pyk2 and paxillin, leading to focal contact formation 

(Figure 1.7). MCAM was also found to co-localise and co-precipitate with F-actin 

(Anfosso et al., 2001). Taken together, these data suggest that the localization and 

function of MCAM at the endothelial cell junction involves dynamic interaction and re-

organization of the actin cytoskeleton (Anfosso et al., 2001). 

 

Cell invasion, metastasis 

MCAM expression has been linked to invasion in normal biology, as well as in 

melanoma. In early pregnancy, MCAM-mediated migration of implantation site 

intermediate trophoblast cells is critical in the development of maternal/foetal 

circulation (Shih et al., 1998; Shih et al., 1996). The main function of the intermediate 

trophoblast cells is to invade the endometrium and transform the spiral arteries into 

large-bore vessels for easy utero-placental blood flow. This placental invasion is 

relatively superficial and tightly spaciotemporally regulated (Chakraborty et al., 2002; 

Shih, 1999). The pregnancy disorder pre-eclampsia is characterized by shallow 

trophoblast invasion into the spiral arteries, and interestingly, intermediate trophoblasts 

from pre-eclamptic placentas fail to express MCAM (Liu et al., 2004). These data 

further support a role for MCAM in cell invasion 

 

In laboratory experiments, MCAM expressing cells showed increased homotypic 

adhesion, increased attachment to endothelial cells (both discussed above) and a 

decreased ability to adhere to laminin 1 (Xie et al., 1997). Forced expression of 

HEMCAM (the avian homologue of MCAM, section 1.3.2.5) also led to a decreased 

ability of cells to adhere to laminin 1, this was accompanied by an overall decrease in 

cell surface levels of the laminin-binding integrins α3β1, α6β1 and α7β1 (Alais et al., 

2001). MCAM transfection into MCAM negative melanoma cells is also associated 

with an increased ability of cells to migrate through Matrigel-coated filters and 

increased expression of the matrix-degrading MMP-2 (Xie et al., 1997). 
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The contribution of soluble MCAM to cellular interactions and invasive potential is 

unexplored, although soluble forms of adhesion molecules may function as competitive 

inhibitors of membrane-bound forms, thus regulating cell adhesion. For example, the 

soluble form of P-selectin is able to inhibit the adhesion of neutrophils to endothelial 

cells and soluble CD31 inhibits heterotypic adhesion mediated by cell surface CD31 

expressed on transfected cells (Bardin et al., 1998). 

 

The inhibition of MCAM expression via siRNA knockdown or GSE suppressor 

elements (Kang et al., 2006; Satyamoorthy et al., 2001) showed a positive association 

between MCAM expression and cell adhesion, cell migration and invasion. MCAM 

expression enabled melanoma cells to separate from the epidermis and invade the 

basement membrane zone and dermis whereas melanoma cells with little or no MCAM 

were poorly invasive (Satyamoorthy et al., 2001). This suggests MCAM may play a role 

in the early stages of melanoma invasion and metastasis. 

 

A number of groups have examined the role of MCAM in metastasis in animal models. 

Schlagbauer-Wadl et al. (1999) transfected two MCAM negative human melanoma cell 

lines with either full length MCAM or control plasmid and injected subcutaneously into 

SCID mice. Although MCAM expression caused increased homophilic cell adhesion, 

there was no correlation between MCAM expression and tumour size at the injection 

site and no formation of spontaneous metastases. In an experimental metastasis assay, 

where melanoma cells were introduced intravenously, one of the MCAM positive cell 

lines consistently produced lung metastases and one did not. Xie et al. (1997) also found 

that MCAM positive, but not negative, transfectant cells produced lung metastases 

when intravenously injected into nude mice. In contrast to Satyamoorthy et al. (2001), 

these results suggest MCAM expression in human melanoma cells has an influence on 

the latter stages of metastasis only, but also suggests it is not sufficient for this process 

(Schlagbauer-Wadl et al., 1999). A number of other studies indicate that MCAM 

expression is not involved in the transformation from nevus to melanoma, but makes an 

important contribution to the invasive phenotype later in malignant progression (Figure 

1.2) (Meier et al., 2003; Watson-Hurst and Becker, 2006). 

 

High MCAM expression on endothelial cells of the blood vasculature has led to 

speculation that MCAM on endothelia binds to the unknown ligand on melanoma cells, 

facilitating transendothelial migration and metastatic spread (Sers et al., 1994). 
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Although there is no direct evidence of this, the use of blocking antibodies against 

MCAM has produced some interesting data. Mills et al. (2002) showed that anti-

MCAM antibody treatment inhibited homophilic interaction of melanoma cells and 

melanoma cell attachment to endothelial cells in vitro. Furthermore, when mice injected 

with metastatic melanoma cells subsequently received intraperitoneal injections of the 

anti-MCAM mAb ABX-MA1 antibody versus a control, the ABX-MA1 antibody 

resulted in inhibition of tumour growth and up regulation of apoptosis. This antibody 

also inhibited the formation of experiment lung metastases (Mills et al., 2002). McGary 

et al. (2003) reported similar results when the ABX-MA1 antibody was used to treat 

immunodeficient mice injected with MCAM positive osteosarcoma cells (McGary et al., 

2003). However, the inhibition of tumour growth and metastasis that occur following 

blockade of MCAM function is probably due to both anti-angiogenic effects and 

specific anti-tumour effects in these models. 

 

Angiogenesis 

An anti-MCAM monoclonal antibody (AA98) displayed anti-angiogenic properties in 

vitro and in vivo (Yan et al., 2003). Mice were injected with cells derived from 

leiomyosarcoma, pancreatic cancer or hepatocellular carcinoma, and tumours were 

allowed to reach 0.3–0.5 cm in diameter before they were treated with either the AA98 

mAb or a control mouse IgG. The animals treated with the anti-MCAM antibody 

showed more than a 50% reduction in tumour size and no metastases, compared to mice 

receiving control treatment, where 60-80% of animals showed metastatic spread (Yan et 

al., 2003). These effects are likely to be due to anti-angiogenic effects on blood 

vasculature rather than specific anti-tumour activity, given there is no evidence of 

MCAM expression on either hepatocellular or pancreatic cancer. Further studies 

revealed that the suppression of NF-κB is crucial to the anti-angiogenic effects of AA98 

(Bu et al., 2006). These studies suggest that an anti-MCAM antibody may be effective 

against a range of metastatic disease in addition to melanoma, due to its effect on 

endothelia and angiogenesis. 

   

1.3.2.5  Gicerin, an MCAM homologue 

MCAM homologues have been identified in mouse, rat, dog, cow and birds. The avian 

homologue of MCAM is known as gicerin (HEMCAM) and has been studied quite 

extensively. Although the homology between MCAM and gicerin is relatively low in 

the extracellular region, the transmembrane and cytoplasmic domains show 66% and 
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69% homology respectively (Alais et al., 2001; Vainio et al., 1996). Gicerin, like 

MCAM, displays alternate splicing in the C-terminal to produce isoforms containing 

either a long or short cytoplasmic tail (Taira et al., 1995). Interestingly, there is evidence 

that gicerin contains a moesin binding site in the membrane-proximal region of the 

cytoplasmic tail (Okumura et al., 2001). Moesin belongs to the ERM family of proteins 

that link transmembrane proteins to the actin cytoskeleton (section 1.3.4). 

 

Gicerin binds to neurite outgrowth factor (NOF), which is an extracellular matrix 

protein belonging to the laminin family (Hayashi and Miki, 1985). Interestingly, Taira 

et al. (1999) report that both the long and short cytoplasmic tail isoforms of gicerin bind 

NOF equally well, indicating that the extracellular domain of gicerin is sufficient to 

mediate the interaction. 

 

Most studies investigating gicerin propose that this molecule, like MCAM, displays 

heterotypic binding to an unknown ligand (Alais et al., 2001; Taira et al., 2005; Taira et 

al., 1995). The exception is a study by Vainio et al. (1996) that suggests that gicerin 

contributes to cell-cell adhesion via a homophilic (gicerin-gicerin) interaction. 

Homophilic interactions are known to occur between some members of the 

immunoglobulin superfamily, such as PECAM-1 and NCAM (Rao et al., 1992; Rao et 

al., 1994; Sun et al., 1996), however, this putative gicerin-gicerin association has not 

been reported by other groups (Taira et al., 1995; Taira et al., 1999). 

 

1.3.3  Post-translation modifications of cell adhesion molecules 
Most secreted and cell surface proteins undergo post-translational modification 

involving the addition of carbohydrate structures (glycosylation). Thus, the outer 

surface of the cell is encased in an oligosaccharide shell known as the glycocalyx. The 

importance of the carbohydrate component of glycoproteins is particularly evident 

during development and differentiation, where glycosylation structures play a critical 

role in cell adhesion (Laidler et al., 2006). In addition, dramatic alterations of cell 

surface carbohydrate structures are considered a universal feature of malignancy and 

increased cell invasion (Hakomori, 1996). However, how altered glycosylation 

contributes to metastasis is not clear. 

 

Although there are numerous biosynthetic reactions involved in glycosylation and 

oligosaccharides can present a large variety of structures in relatively short chains 
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(Matthews and van Holde, 1990), only certain carbohydrate structures have been 

correlated with malignant transformation and tumour progression (Kim and Varki, 

1997). Changes in glycosylation can include the loss of expression of certain structures, 

excessive expression of others (for example β1-6 branched oligosaccharides), 

incomplete or truncated structures, or the appearance of new structures (for example, the 

Tn antigen and Lewis X/a structures, respectively) (Kim and Varki, 1997). 

 

One of the most common alterations observed in cell surface glycosylation as cells 

become malignant is increased levels of β1-6 branched N-acetylglucosamine (GlcNAc) 

side-chains (Laidler et al., 2006). This has been observed in breast, colon and squamous 

cell carcinoma as well as in melanoma (Fernandes et al., 1991; Krishnan et al., 2005; 

Laidler et al., 2006; Takano et al., 1990). The effect of increased expression of β1-6 

branches was investigated in an epithelial cell line, and was associated with a loss of 

contact inhibition in cell growth and reduced cell adhesion to fibronectin and collagen 

type IV (Demetriou et al., 1995). 

 

A number of cell surface molecules are known to carry β1-6 branches, such as the 

integrin subunits α2, α3, α5, and β1, as well as N-cadherin and lysosomal-associated 

membrane proteins (LAMP-1 and LAMP-2) (Laidler et al., 2006; Ochwat et al., 2004). 

Experiments performed by Dr Vaishali Patel in A/Prof Coombe’s laboratory also 

identified β1-6 branches on αV, CD44 and MCAM (Patel, 2004).  

 

1.3.4  Cell adhesion molecules and the cytoskeleton 
Although the role of cell adhesion molecules in cell-cell and cell-matrix interactions 

(and thus tissue architecture) has long been recognised, it is only in the last decade that 

it has become clear that cell adhesion molecules are also critically involved in both 

cytoskeletal organisation and multiple signal transduction processes (Juliano, 2002). 

Regulated attachment of membrane proteins to F-actin is essential for many 

fundamental processes such as cell shape, cell adhesion and cell motility (Bretscher et 

al., 2002; Louvet-Vallee, 2000). Moreover, there is increasing support for the concept 

that the cytoskeleton is a crucial scaffold for various signalling pathways (Juliano, 

2002). 
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The interaction between integrins and the cytoskeleton in focal adhesions, and cadherins 

with catenin p120ctn and β-catenin, are well described in the literature (Figure 1.6, 

sections 1.3.1.1, 1.3.1.2). However, there is relatively little known about the interactions 

of IgSF members with the actin cytoskeleton, although L1-CAM and NCAM are 

believed to interact with ankyrin (Figure 1.6) (Juliano, 2002) and an interaction between 

BCAM and spectrin has also been described (Kroviarski et al., 2004). ICAM-1, L1-

CAM and the MCAM homologue gicerin all interact with the ERM family of actin 

binding proteins (Figure 1.9) (Bretscher, 1999; Okumura et al., 2001). Interestingly, the 

ERM proteins also bind to CD44 and E-cadherin, and thus appear to form a common 

and critical link between the actin cytoskeleton and a range of cell membrane receptors. 

The ERM proteins show some similarities to a novel actin binding protein, ApxL2, 

described in Chapter 6. Thus, they are briefly described here. 

 

The basic structure of the ERM proteins include an N-terminal FERM (four point one, 

ezrin, radixin, moesin) domain which binds membrane-bound and adaptor proteins, and 

C-terminal F-actin binding site (Figure 1.9). The ERM proteins also contain a C-

terminal C-ERMAD (carboxy-ERM-association) domain and an α-helical coiled-coil 

region linking the FERM and C-ERMAD domains (Bretscher et al., 2002; Louvet-

Vallee, 2000). ERM proteins are known to form homo- and hetero-dimers, as well as 

intramolecular associations where the N-terminal FERM domain interacts with the C-

terminal C-ERMAD domain of the same molecule. In this monomeric state, the proteins 

are inactive as both the FERM domain and the F-actin binding site are masked.  

 

When the ERM proteins are in an active conformation, the FERM domain can bind 

membrane-bound receptors either directly (for example, CD43, CD44 and ICAM-1) or 

indirectly through adaptor proteins such as EPB50 (for example, the cystic fibrosis 

transmembrane receptor, CFTR)(Bretscher et al., 2002; Louvet-Vallee, 2000; Yonemura 

et al., 1998). In addition to linking cell membrane proteins with the cortex, ERM 

proteins also associate with cytoplasmic signaling molecules. Specifically, ERM 

proteins are believed to be involved in a feedback loop with the Rho family of proteins 

which are crucial in the regulation of actin cytoskeleton dynamics and cell movement 

(Bretscher et al., 2002; McClatchey, 2003). 
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1.3.5  Endocytosis of cell adhesion molecules 
The plasma membrane segregates the intracellular and extracellular milieu and regulates 

the entry of molecules into the cell via a process known as endocytosis (Conner and 

Schmid, 2003). Endocytosis can be divided into two broad categories, phagocytosis, the 

uptake of large particles (which is restricted to specialized mammalian cells such as 

macrophages), and pinocytosis, the uptake of fluid and solutes. Pinocytosis occurs in all 

mammalian cells via at least four different mechanisms: macropinocytosis, clathrin 

mediated endocytosis (CME), caveolae-mediated endocytosis, and clathrin and 

caveolae-independent endocytosis (Figure 1.10 a) (Conner and Schmid, 2003; Muro et 

al., 2003). The latter three constitute specific interactions, with dilute solute captured by 

high affinity receptors. These mechanisms have been studied extensively and are 

described in Chapter 7 (Conner and Schmid, 2003). These highly regulated pathways 

control complex physiological processes including hormone-mediated signal 

transduction, immune surveillance, antigen presentation, and the homeostasis of cells, 

tissues and organs (Conner and Schmid, 2003; Szymkiewicz et al., 2004). 

 

Although the control of membrane protein expression is a complex and tightly 

controlled process, it is essentially a balance between endo- and exocytosis (Muro et al., 

2004). Endocytosis removes plasma membrane receptors from the cell surface and can 

be induced by ligand-receptor binding or occur in a ligand-independent, constitutive 

manner, a process that is more common than previously understood (Royle and Murrell-

Lagnado, 2003). The molecular mechanisms of exocytosis are not well understood but 

involve the fusion of cytoplasmic vesicles and endosomes with the plasma membrane. 

In addition, exocytosis is also involved in the transport of newly synthesized proteins to 

the cell membrane (Royle and Murrell-Lagnado, 2003) 

 

The basic organization of the endocytic pathway is relatively simple (Figure 1.10 b). 

Once a membrane protein has been internalized it appears in the early endosomes and 

from there may be subject to at least two different fates (Gruenberg and Maxfield, 

1995). Receptors may traffick from early to recycling endosomes (either directly or 

through the trans-Golgi network) and back to the plasma membrane for re-use. An 

extension of the recycling pathway is the “retention model” where cell membrane 

proteins are stored in organelles separate from the recycling pathway (often in a peri-

nuclear location) but can be freed to re-enter the pathway in response to specific stimuli 

(Royle and Murrell-Lagnado, 2003). Alternatively, proteins may be retained within the 
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cell, move from early to late endosomes, and on to lysosomes and proteosomes for 

degradation (Kurten, 2003; Muro et al., 2004). 

 

Endocytosis and recycling allows for the dynamic regulation of cell adhesion molecule 

expression, which has important functional implications on both cell-cell and cell-

matrix interactions. For example, in epithelia the regulation of E-cadherin expression 

modulates the strength of cell-cell contacts. This, in turn, enables tissues to 

accommodate cell growth and remodeling during development, tissue maintenance and 

tumourigenesis (Le et al., 2002). E-cadherin is actively trafficked to and from the cell 

surface through recycling endosomes in a clathrin-mediated pathway. Interestingly, 

newly synthesized E-cadherin also travels from the golgi apparatus to recycling 

endosomes before being inserted into the plasma membrane (Lock and Stow, 2005). 

Thus, it appears that the endocytic and biosynthetic pathways partially converge and act 

together to regulate E-cadherin expression in adherens junctions (Le et al., 2002; Le et 

al., 1999; Lock and Stow, 2005). Furthermore, E-cadherin internalization appears to be 

facilitated by intracellular protein kinase C activity, which also regulates the stability of 

filamentous actin, allowing for the simultaneous regulation of cell-cell contact and cell 

motility (Le et al., 2002).  

 

Endocytosis and recycling of integrins is critical to the ability of cells to spread and 

migrate. As is described in section 1.4.1 (to follow), cell movement over matrix is 

dependent upon the formation of integrin-containing focal contacts at the leading edge 

of the cell and the release of adhesive interactions at the trailing edge. This process may 

be facilitated by the internalization of integrins (such as α5β1, ανβ3) at the rear of the 

cell, the movement of these molecules to the leading edge of the cell via intracellular 

vesicular transport, followed by re-insertion into the cell membrane (Bretcsher, 1996; 

Pellinen and Ivaska, 2006). A study by Roberts et al. (2001) defined a mechanism 

whereby growth factors can regulate integrin activity during cell adhesion and 

spreading. In mouse fibroblast cells, internalized αvβ3 and α5β1 integrins were 

transported to early endosomes and then on to a perinuclear recycling compartment 

within 30 minutes of endocytosis. However, stimulation of these cells with PDGF 

caused the rapid movement of internalized αvβ3 back to the cell membrane from early 

endosomes, whereas α5β1 continued moving through to the perinuclear compartment. 

If the rapid recycling of αvβ3 was blocked, cells showed a decreased ability to spread 
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on vitronectin (a ligand for αvβ3) whereas adhesion to fibronectin (a ligand for αvβ3 

and α5β1, Table 1.1) was unchanged (Roberts et al., 2001; Woods et al., 2004). 

 

IgSF member proteins undergo endocytosis and recycling via a range of mechanisms. 

Recycling of L1-CAM in neural cells occurs via a clathrin-mediated pathway and 

appears to be stimulated by the cross-linking of L1-CAM molecules on the cell surface, 

which triggers transient de-phosphorylation of a tyrosine motif (Kamiguchi et al., 1998; 

Schaefer et al., 2002). This mechanism is proposed to be a critical regulatory point of 

L1-mediated adhesion and signaling, and an active region of L1-CAM endocytosis  

endocytosis at the rear of growth cones is believed to be important in L1-CAM-

dependent axonal growth (Kamiguchi et al., 1998; Schaefer et al., 2002). NCAM is also 

believed to recycle via a clathrin-based mechanism, although less is known about this 

process (Minana et al., 2001). 

 

PECAM-1 and ICAM-1 recycling have been studied in endothelial cells in relation to 

specialized functions such as the transendothelial migration of leukocytes and the 

delivery of artificial macromolecular ligands that act as carriers for drugs and genes. 

(Mamdouh et al., 2003; Muro et al., 2004; Muro et al., 2003). Mamdouh et al. (2003) 

describe a network of vesicle-like compartments that are located just beneath the plasma 

membrane at the intercellular borders of endothelial cells. These compartments connect 

to each other and to the plasma membrane, and are believed to contain membrane that 

expresses intercellular adhesion molecules, including PECAM-1. In an endothelial cell 

monolayer, the PECAM-1-containing membrane constitutively recycles between this 

network and the plasma membrane evenly along the endothelial cell borders. However, 

during trans-endothelial migration (TEM) the PECAM-containing membrane is targeted 

to areas of the endothelial cell junction where PECAM-expressing monocytes are in the 

act of migration. Moreover, an α-PECAM antibody specifically blocks the recruitment 

of PECAM-containing membrane to the areas of monocyte migration and abrogates 

TEM (Mamdouh et al., 2003). Thus, the controlled recycling and targeting of PECAM 

to specific regions of the membrane has profound functional effects. 

 

Interestingly, PECAM-1 surface levels are also regulated via a recently described 

mechanism known as cell adhesion molecule (CAM) mediated endocytosis. Muro et al. 

(2003) found that in endothelial cells, clustered ICAM-1 and PECAM-1 were 

internalized via a clathrin- and caveolar-independent mechanism with some similarities 
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to macropinocytosis. Macropinocytosis refers to the formation of membrane protrusions 

that collapse onto and fuse with the plasma membrane, generating large endocytic 

vesicles that sample large volume of the extracellular material (Conner and Schmid, 

2003). ICAM-1 clustering induced by a multimeric α-ICAM antibody conjugate 

triggered signalling via protein kinase C (PKC), Src family kinases and Rho-associated 

protein kinase (ROCK). This led to a rapid reorganization of the actin cytoskeleton, the 

recruitment of molecules involved in cytoskeletal linkage (such as α-actinin and ERM 

family) and the formation of endocytic compartments. Once internalized, ICAM-1 then 

recycled back to the cell surface (Muro et al., 2004). Thus, an association between the 

cell surface molecules and the actin cytoskeleton appears to be important in CAM-

mediated endocytosis. Whether CAM-mediated endocytosis is specific to endothelial 

cells remains to be determined, although PECAM-1 transfected mesothelioma cells 

show a similar endocytic pathway (Weiwrodt et al., reviewed in Muro et al., 2003).  

 

1.4  Cell adhesion and migration 
1.4.1  A new approach to cell adhesion 
Cell adhesion and spreading on the ECM is a complex, multi-step process that 

contributes to the regulation of cell motility, proliferation and differentiation. Cell 

adhesion involves a variety of molecular systems (Cohen et al., 2003), including the 

binding of ECM components by cell surface integrins (section 1.3.1.1, Table 1.1). 

Another common mechanism involves interactions between lectin-like protein receptors 

and carbohydrate ligands in the matrix. Some examples of these receptors are the 

hyaluronan receptor CD44 (section 1.3.1.3) and galectins, whose ligands are various 

glycoproteins and glycosaminoglycans (Cohen et al., 2004; Zaidel-Bar et al., 2004).  

 

Understanding the basic processes of cell adhesion requires an appreciation of how 

multiple adhesive interactions are regulated and coordinated, spatially and temporally, 

such that adhesion is selective, efficient and dynamic/reversible (Figure 1.11) (Cohen et 

al., 2004). The establishment of receptor (integrin)-matrix interactions occurs several 

minutes after the establishment of the first molecular interactions. This time-lag is 

attributed to the fact that complex and specific interactions between cell-surface 

receptors and matrix ligands require appropriate orientation of both binding partners, 

which is likely to occur in only a small fraction of receptor-ligand encounters. In 
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contrast, the binding of peri-cellular components (such as the glycocalyx) to a matrix 

surface may occur within less than a second (Cohen et al., 2004).  

 

A series of studies have shown that cell-associated hyaluronan (HA) plays a central role 

in mediating this putative early stage of cell adhesion. HA appears to bind to a variety 

of substrates, including molecularly defined crystal surfaces and conventional tissue 

culture dishes coated with fibronectin or vitronectin (Figure 1.11 a). This novel concept 

is reviewed in Cohen et al (2004) and Zaidel-Bar et al. (2004), with experimental data 

presented in Zimmerman et al. (2002) and Cohen et al. (2003, 2006). 

 

Cohen et al. (2004) propose a three-step model for cell adhesion. First, rapid and 

transient interactions occur between pericellular components (for example, cell-surface 

hyaluronan) and complementary binding domains on the substrate. These interactions 

bring the cell in close contact with the surface and trigger the approach of 

transmembrane receptors to the substrate (step two). The final step is the specific 

interaction between membrane receptors with ECM components and the formation and 

maturation of focal contacts. 

 

The term focal contact or adhesion refers to distinct regions of the plasma membrane 

where cells adhere relatively tightly to the ECM (Figures 1.11, 1.12). At these sites, 

transmembrane proteins, namely integrins, interact with ECM proteins including 

fibronectin, collagen and laminin (Burridge et al., 1988). During the ligand-binding 

process conformational changes occur in the α and β subunits, enabling the cytoplasmic 

tail of the β subunit to link with the actin cytoskeleton via the proteins such as talin, α-

actinin, paxillin, vinculin and p125FAK  (reviewed in Burridge et al., 1996). This 

intracellular macromolecular complex is known as the focal adhesion plaque and acts as 

a structural connection between the ECM and actin cytoskeleton (Figure 1.12).  

 

Zaidel-Bar et al. (2004) also propose that integrin-matrix adhesions occur in a step-wise 

fashion (Figure 1.11 b). These authors investigated the adhesion and spreading of 

porcine endothelial cells in an in vitro wounding assay (section 2.1.4.11). They found 

that the incorporation of the different components into nascent cell-ECM interaction 

sites is a hierarchical process. The earliest molecule observed was αvβ3 integrin, 

followed by talin, paxillin, and then vinculin, α-actinin and focal adhesion kinase 

(FAK) (Zaidel-Bar et al., 2004). These early adhesive structures are known as focal 
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contacts (FX) and represent relatively weak and transient interactions. Focal contacts 

form and persist for several minutes, until the leading edge of the cell advances further, 

and they are replaced by new focal contacts forming in front of them (Ballestrem et al., 

2001; Zaidel-Bar et al., 2003). When the leading edge stops advancing, many focal 

contacts disappear whilst others develop into more established structures known as focal 

adhesions (FAs). Focal adhesions are larger than focal contacts and show differences in 

their molecular composition, including the recruitment of α5β1 integrin and zyxin to the 

membrane and the formation of an actin bundle (Burridge and Chrzanowska-Wodnicka, 

1996; Zaidel-Bar et al., 2004). Focal adhesion formation appears to be in response to 

local mechanical forces driven by cellular actin contraction, although the nature of this 

mechanism is poorly understood (Geiger and Bershadsky, 2001). Careful examination 

of the heterogeneity of adhesion sites in fibroblasts has also led to the identification of a 

new type of adhesion complex, the fibrillar adhesion (FB), where α5β1 integrin 

interacts with fibronectin fibrils. Fibrillar adhesions differ from classical focal adhesions 

in that they contain higher levels of α5β1 and tensin, making them the most stable 

integrin-based adhesive contact (Figure 1.11 b) (Cohen et al., 2004; Zaidel-Bar et al., 

2004). 

 

1.4.2  Cell migration and invasion 
1.4.2.1  Basic mechanisms of migration 

To migrate, a cell must modify its shape and rigidity to interact with the surrounding 

environment. The ECM provides the substrate, as well as a barrier to, the advancing cell 

body (Friedl and Wolf, 2003). The classical model of cell migration (Figure 1.13 a) 

involves a continuous cycle of inter-dependent steps, the first involving cell 

polarization, elongation and the formation of a pseudopod (Lauffenburger and Horwitz, 

1996). The initial formation of cell extensions is a prerequisite for the onset and 

maintenance of cell motility and is driven by actin polymerisation, with little or no 

requirement for adhesion or traction. Instead, pseudopod formation occurs either 

spontaneously or in response to growth factors or cytokines (Friedl and Wolf, 2003; 

Webb et al., 2002). Growing cell protrusions then touch the surrounding ECM and 

initiate binding via adhesion molecules, namely members of the integrin family (section 

1.3.1.1). Integrins link to the actin cytoskeleton via adaptor proteins and cluster to form 

small focal complexes followed by larger focal adhesions. These focal adhesions are 

dynamic and can stably adhere to or glide across the substrate as the cell moves. 

Depending on the cell type and ECM involved, different integrin heterodimers can be 
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involved in this process, including ανβ3, α2β1, α4β1, α5β1 and α6β1. Non-integrin 

receptors, such as CD44 (section 1.3.1.3), immunoglobulin superfamily members 

(section 1.3.1.4) and surface proteoglycans can also interact with the ECM and signal 

cell motility (Friedl, 2004; Friedl and Wolf, 2003). The engagement of adhesion 

receptors leads to the recruitment of surface proteases towards the sites of attachment. 

These proteases degrade matrix components proximal to the leading edge of the cell, 

providing room for cell expansion and migration (Lauffenburger and Horwitz, 1996). 

 

There are two separate actin networks within the cell which allows for coordinated 

contraction and cell movement. The cortical actin cytoskeleton consists of fine, 

branched networks that lie just beneath the cell membrane and act to stabilize and link 

cell membrane adhesion receptors to the more robust actin stress fibre arrangement 

(Friedl and Wolf, 2003). Cell migration occurs when actin stress fibres, extending the 

length of the cell, contract under the influence of myosin and generate inward tension 

on the focal contacts at the periphery of the cell. By mechanisms that are yet to be fully 

understood, cell-ECM interactions at the back of the cell are preferentially resolved 

whilst those at the leading edge remain. The trailing edge of the cell then slowly glides 

forward (Lauffenburger and Horwitz, 1996). The speed at which a cell migrates is 

limited by the turnover rates of adhesion and de-adhesion events, and demonstrates an 

inverse relationship with focal contact strength (Friedl and Wolf, 2003; Webb and 

Horwitz, 2003).  

 

Many studies have confirmed that malignant cells demonstrate the multi-step model of 

cell migration described above, indicating that they retain the basic migration machinery 

present in normal cells. However, unlike physiological migration, tumour cell invasion 

appears to be driven by a dominance of pro-migratory signals over counteracting stop 

signals, leading to uncontrolled invasion and metastasis (Friedl and Wolf, 2003; Wolf et 

al., 2003). 

 

1.4.2.2  Diversity in tumour cell migration strategies 

Normal cells display different cell migration strategies. For example, mature focal 

contacts have only been observed in cells that are attached to a two-dimensional 

substrate. When cells reside in a three-dimensional matrix, integrins tend to cluster in 

less well-defined focal adhesions and the cortical actin cytoskeleton predominates, with 

few stress fibres apparent. A range of cytoskeletal structures can form in motile cells, 
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corresponding to the different cell migration strategies that have been described (Friedl, 

2004; Friedl and Wolf, 2003). Tumour cells are similarly capable of invading the 

surrounding stroma in diverse patterns. In vitro and in vivo observations indicate that 

tumour cells can disseminate as individual cells, as sheets, strands or cell clusters, or by 

a combination of these mechanisms. 

 

Single-cell migration can occur via different mechanisms, namely by mesenchymal or 

amoeboid movement. The migration strategy a cell adopts depends on characteristics 

such as cell type, integrin engagement, cytoskeletal structure and protease involvement 

(Figure 1.13 b). Mesenchymal cells move via classical cell movement mechanisms 

(section 1.4.2.1). They assume a spindle-like morphology, form discrete focal contacts 

involving integrins, show long stress fibres and extensive remodelling of the ECM by 

proteolytic enzymes (Figure 1.13 a). Some tumour cells, however, move using a less 

adhesive method called “amoeboid migration”. Compared to mesenchymal migration, 

amoeboid movement involves shorter-lived, relatively weak cell-matrix interactions, 

with the cell lacking mature focal contacts, actin stress fibres and proteolytic enzyme 

activity (Figure 1.13 b). Cells moving in an amoeboid fashion display a significant 

ability to change shape (due to their lack of focal contacts) and can overcome matrix 

barriers by circumnavigating them rather than by proteolytic degradation (Friedl, 2004; 

Friedl and Wolf, 2003).  

 

A variant of single cell migration involves cells moving in a single-cell chain. This 

occurs when an invasive leader cell leaves a tumour mass, and other cells follow along 

in the tracks of the remodelled ECM, analogous to cyclists riding in a slipstream. These 

chains of cells form cell contacts at “tip like” junctions, preserving some level of cell-

cell adhesion and communication. This method of migration is seen in melanoma and 

some breast and ovarian carcinomas and is often associated with high metastasic 

capacity (Friedl and Wolf, 2003). 

 

Collective movement of cells is a well-described process that occurs during embryo 

development and during the development of ducts or glands in mammary tissue. Here, 

the cell-cell adhesion that occurs in a cell group leads to a specific type of cortical actin 

arrangement along cell junctions, allowing the formation of a multicellular contractile 

body (Figure 1.14). Highly motile cells at the front generate traction via pseudopod 

activity (section 1.4.2.1) and the cells in the inner and trailing positions are dragged 
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behind (Friedl et al., 1995; Hegerfeldt et al., 2002). Cells at the leading edge engage 

β1 integrin-ECM interactions and show increased expression of MMPs, leading to ECM 

degradation. In tumours there are two distinct variants of collective cell migration – 

sheets and strands that invade locally whilst still maintaining contact with the primary 

tumour, or detached cell clusters. The detached cell clusters move away from the 

primary tumour to form distant metastases (Friedl and Wolf, 2003). 

 

Coordination of integrin and cytoskeletal activity within a cell group involves cell-cell 

adhesion and intercellular communication. In melanoma, homotypic cell-cell inter-

actions within a cell cluster involves the coordinated activity of cadherins, IgSF 

members and connexins (Friedl, 2004; Friedl and Wolf, 2003). 

 

The collective migration of tumour cells is likely to produce metastatic lesions more 

efficiently than cells migrating alone. A cell mass can produce higher local 

concentrations of migration-inducing growth factors and matrix proteases than a single 

cell, and in a cell cluster, the inner cells are protected from immunological assault. In 

addition, a mixed cell population migrating together may have an increased chance of 

survival and dissemination compared to a clonal isolate, as different cells will be able to 

survive different environmental challenges (Friedl and Wolf, 2003). An extension of 

this theory is proposed by Axelrod et al. (2006), who suggest that two nearby cells can 

protect each other from a set of host defences that neither could survive alone (Axelrod 

et al., 2006). 

 

1.4.2.3  Plasticity of cell migration 

The ability of cells to modify their migration strategies in response to changing 

environmental conditions is a growing concept in metastasis, and is likely to explain a 

number of inconsistencies between in vitro and in vivo data. For example, although 

integrin binding and protease activity is critical to the migration of cells over a two-

dimensional substrate in vitro, in vivo experiments have produced variable results. 

Integrins have been shown to have both pro-migratory and inhibitory effects in different 

cancers. Similarly, a range of cancers show increased protease activity correlating with 

invasive potential in vitro, yet clinical trials of MMP inhibitors have yielded 

inconsistent results (Overall and Lopez-Otin, 2002). 
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These observations can be partially explained by varying degrees of integrin and 

protease activity in different cancer cells. However, tumour cells could also compensate 

for the loss of certain pro-migratory abilities by developing adaptive “escape 

mechanisms”. Cells may display considerable plasticity in migration strategies (Figure 

1.14), including an ability to move from highly-adhesive (integrin-based) to low-

adhesive; from proteolytic-dependent to non-proteolytic; and from collective to 

individual migration (Friedl, 2004; Friedl and Wolf, 2003; Webb and Horwitz, 2003). 

For example, Hegerfeldt et al. (2002) report that collective migration in a primary 

melanoma explant was facilitated by β1-integrin dependent cell-cell and cell-matrix 

adhesions. Blocking β1 integrin activity resulted in the cell cluster breaking apart, with 

individual cells moving in a β1-independent, amoeboid manner (Friedl, 2004; Friedl 

and Wolf, 2003; Hegerfeldt et al., 2002). Similarly, Wolf et al. (2003) showed that the 

migration of fibrosarcoma cells was dependent on β1 integrin activity and MMP 

proteolysis at the leading edge of the cell. Inhibition of protease activity resulted in 

spherically-shaped cells that adopted an amoeboid mode of migration (Figure 1.14) 

(Webb and Horwitz, 2003; Wolf et al., 2003).  

 

Friedl (2004) describes a number of transitions that are possible in cell migration: 

epithelial-mesenchymal (which involves a loss of cell-cell interactions), mesenchymal-

amoeboid, (a weakening of cell-matrix interactions and inhibition of proteolysis), and 

collective-amoeboid (the loss of cell-cell adhesions, followed by a weakening of cell-

matrix interactions, mediated by decreased β1 integrin expression) (Figure 1.14). 

Plasticity of tumour-cell migration strategies is likely to be bi-directional, for example 

the spontaneous reversion of a small-cell lung carcinoma from an amoeboid to a 

collective phenotype was recently reported, and led to increased resistance to chemo- 

and radiotherapy (Kraus et al., 2002).  

 

1.5 Aims of this project 
Although it is well known that MCAM positively correlates with the invasive potential 

and malignant progression in melanoma, it is not clear exactly how these effects are 

mediated. This thesis aimed to investigate the contribution of MCAM to a metastatic 

phenotype by investigating: 
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• The effect of MCAM expression on the ability of cells to migrate through a 

basement membrane, interact with matrix proteins and form inter-cellular 

adhesions (Chapters 4, 5).  

• Whether MCAM expression was associated with changes in the expression 

levels of other cell-surface and secreted molecules, such as integrins, 

glycosylation structures and matrix metalloproteinases (Chapters 4, 5). 

• The subcellular localization of MCAM and mechanisms of internalization and 

recycling of MCAM from the cell surface (Chapter 7). 

• The interactions of the intracellular domain of MCAM (Chapter 6). 
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Chapter 2:   

Materials and Methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Learn to be silent. Let your quiet mind listen and absorb. 
 

 - Pythagoras 
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2.1  Tissue culture 
 

2.1.1  Cell Lines 
2.1.1.1  Melanoma Cell Lines  

2.1.1.1.1 MM253, MM96L, A2058 and SK-Mel-28  

Melanoma cell lines MM253 (human axillary lymph node melanoma metastasis), 

MM96L (xenograft of human lymph node melanoma metastasis) and SK-Mel-28 

(human melanoma metastasis) were kindly provided by Dr. Peter. G. Parsons of the 

Queensland Institute of Medical Research (QIMR), Australia. The A2058 (human 

lymph node metastasis) cell line was obtained from the European collection of cell 

culture (ECACC), Porton Down, UK.  

 

2.1.1.1.2 Per 525 cell line and derivatives 

The Per 525 (P525) cell population was derived from a lymph node biopsy taken from a 

young patient soon after a diagnosis of malignant melanoma. These cells were obtained 

from Professor Ursula Kee’s laboratory at the Telethon Institute for Child Health 

Research (ICHR) Perth, Australia; where they had been adapted for culture by Jette 

Ford. This cell population displays low, heterogeneous MCAM expression. The P525 

KW4 cell line was cloned from the P525 cell line by Mrs Kaye Winfield in A/Prof 

Deirdre Coombe’s Lab. This clonal isolate has been shown to be MCAM negative. 

 

The MCAM positive P525 KW4 6.5 and 6.6 cell lines were created by stable 

transfection of MCAM negative KW4 cells with full-length MCAM cDNA inserted into 

the pCDM8 vector (section 3.2.1.1) kindly provided by Dr David Simmons (then of the 

Imperial Cancer Research Fund, Oxford, England). The P525 KW4 3.2 cell line is an 

MCAM negative transfection control. The development and characterisation of these 

cell lines will be described in full in Chapter 3. 

 

2.1.1.1.3 SB2 cell line and derivatives 

The SB2 cell line was kindly provided by Dr. Stéphane Karlen (Dermatological Clinic, 

Inselspital, Berne, Switzerland), was derived from a primary melanoma and does not 

express MCAM. The MCAM positive SB2 14.1 and 14.8 cells were created by stable 

transfection of SB2 cells with full length MCAM cDNA inserted into the pcDNA3.1 

vector (section 3.2.2.1), also provided by Dr. Stéphane Karlen. The SB2 14.7 cells are a 

negative transfection control. A number of other SB2 cell lines were also developed 
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expressing MCAM containing a number of point mutations. The development and 

characterisation of these cell lines will be described fully in Chapter 3.  

 

2.1.1.2  Non-Melanoma Cell Lines  

2.1.1.2.1 Chinese Hamster Ovary (CHO) cell line and derivatives 

The CHO cells were purchased from the American Type Culture Collection (ATCC) 

(Manassas, VA). The mCHO6 cells were developed by transfecting CHO cells with 

full-length MCAM cDNA inserted into the pCDM8 vector (provided by Dr David 

Simmons) to create stable MCAM positive cell lines. The mCHO2 cells are a negative 

transfection control. mCHO6 and mCHO2 cells were created in A/Prof Deirdre 

Coombe’s laboratory by Ms Jade Sadleir. A second MCAM positive line (mCHO15.6) 

was re-selected and single cell cloned during this project, a process which will be 

described in Chapter 3.  

 

2.1.1.2.2 COS-7, HEK293, FSK and A431 cells 

The COS-7 cell line, a fibroblast-like line derived from African green monkey kidney, 

was purchased from the ATCC. The HEK293 cell-line, derived from human embryonic 

kidney, was kindly supplied by A/Prof Karin Eidne’s group at the Western Australian 

Institute for Medical Research (WAIMR), Perth, Australia. Primary foreskin fibroblast 

(FSK) cells were a kind gift of Dr Irene Leigh (London Hospital, Whitechapel, London, 

UK). The A431 cells were obtained from Dr Louise Sparrow (Department of Pathology, 

University of Western Australia, Perth, Australia). These cells are an epidermoid 

carcinoma cell line and produce a matrix containing laminin 5 (Kalinin).  

 

    Table 2.3. Control antibodies 

 
Name, species, isotype Applications Manufacturer 

Mouse IgG1 flow cytometry, IP Dako 

Mouse IgG2a flow cytometry, IP Dako 

Mouse IgG2b flow cytometry, IP Dako 

Rat IgG2a flow cytometry, IP Zymed 

Rat IgG2a flow cytometry, IP Zymed 
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2.1.2   Antibodies and lectins  
For a full list of all primary, secondary and control antibodies used, please refer to 

Tables 2.1, 2.2 and 2.3. 

 

2.1.3   Tissue culture media and solutions 
2.1.3.1   Basic Tissue Culture Media and additives 

RPMI 1640 medium (RPMI) was prepared by dissolving 52 g of RPMI medium powder 

(Gibco BRL, Invitrogen Corporation, Carlsbad, CA) and 9 g NaHCO3 in 5.0 L of ddH20 

water. The pH was adjusted to 7.4 with concentrated HCL and the solution filter 

sterilized using a 0.2 μm filter. The media was aliquoted in 500 ml batches, stored at 

4°C and warmed to 37°C prior to use. RPMI and Dulbecco’s Minimum Essential 

Medium (DMEM) were also purchased pre-prepared in 500 ml bottles (without L-

glutamine) from Gibco BRL, as was the Hybridoma-SFM media. 

 

Stock solutions of HEPES (1 M), L-glutamine (200 mM), sodium pyruvate (100 mM), 

minimum essential media (MEM) non-essential amino acids (10 mM) and 

penicillin/streptomycin (10 000 units/ml penicillin; 10 000 μg/ml streptomycin) were 

purchased from Gibco BRL. Foetal bovine serum (henceforth called foetal calf serum, 

FCS) was purchased from Trace Scientific (Melbourne, Australia). 

 

RPMI and DMEM complete (working) media solutions were prepared by adding stock 

solutions of HEPES, L-glutamine and sodium pyruvate at a 1:100 dilution into RPMI or 

DMEM. Thus, working media contained 10 mM HEPES, 2 mM L-glutamine and 1 mM 

sodium pyruvate, with FCS added to between 8 and 15%, depending on the cell line. 

Culturing conditions for specific cell lines are described as necessary in forthcoming 

sections. Serum free media was prepared as working media, but without FCS. Complete 

Hybridoma-SFM used for maintenance of hybridoma cell lines was prepared by adding 

5% FCS, and both L-glutamine and penicillin/streptomycin at a 1:100 dilution of the 

stock solutions. 

 

2.1.3.2  Foreskin fibroblast conditioned media 

Primary foreskin fibroblast cells (kindly provided by Dr Irene Leigh, London Hospital, 

Whitechapel, London, UK) were cultured in complete RPMI containing 10% FCS and 

maintained at less than 80% confluency for normal culture. Foreskin fibroblast (FSK) 

conditioned medium was prepared by allowing the FSK cells to reach near 100% 



 48 

confluency in RPMI containing 10% FCS media; which was then replaced with a 

mimimal volume of complete RPMI containing 1% FCS, for a further 4 days. The FSK 

conditioned media was collected and pooled from multiple cultures, clarified by 

centrifugation and filtered with a 0.2 μm filter. The FSK conditioned media was stored 

in 10 ml aliquots at -20°C, and freeze-thawed once for use in migration assays (Section 

2.1.4.9). 

 

2.1.3.3  Adhesion assay buffer 

RPMI media was supplemented with 20 mM HEPES, 2 mM L-glutamine (both from 

Gibco BRL), 0.2% (w/v) bovine serum albumin (BSA), 1 mM MgCl2 and 0.1 mM 

CaCl2 (all from Sigma Aldrich, St Louis, MO). The 100 mM stock solution of calcium 

chloride was diluted tenfold in saline buffer (0.15 M NaCl, 0.2% BSA, 2 mM HEPES) 

prior to addition to the RPMI, to avoid precipitation of the calcium salts. 

 

2.1.3.4  CyQUANT assay medium 

The CyQUANT assay medium was prepared using reagents from the CyQUANT Cell 

Proliferation Assay kit (Molecular Probes, Invitrogen Corporation). The 20x cell lysis 

stock solution was diluted 1:20 with ddH2O to produce a 1x lysis buffer. Immediately 

prior to running the assay, the CyQUANT GR dye stock solution was diluted 1:1000 

into the 1× cell lysis buffer.  

 

2.1.3.5   Phosphate Buffered Saline (PBS) 

PBS (1x) (137 mM NaCl, 2 mM KCl, 10mM phosphate) was prepared by dissolving 1 

PBS tablet (Amresco, Solon, Ohio) per 100 ml double distilled water (ddH2O) and 

sterilized via autoclaving. 

 

2.1.3.6  4% paraformaldehyde 

Paraformaldehyde (4%) was prepared by dissolving 4 g of paraformaldehyde (Sigma 

Aldrich) in 10 ml of ddH20 by adding approximately 600 μl of 1 M NaOH and heating 

to 60oC. 80 ml of PBS was added and the pH adjusted to 7.4 with 1 M HCl. The 

solution was then made to 100 ml with PBS, filter sterilized and stored in the dark at 

4oC. 
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2.1.3.7    Cell lysis buffers 

NP40 lysis buffer contained 1% NP40 dissolved in either 1x PBS or in 20mM Tris-HCL 

(pH 8.0), 150 mM NaCl (both from Sigma Aldrich). Triton-X-100 (Tx-100) lysis buffer 

consisted of 1% Tx-100 dissolved in 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM 

EDTA, 200 mM sucrose (all from Sigma Aldrich). Both buffers were kept ice-cold and 

supplemented with 1x Complete Protease Inhibitor Cocktail Mix (Roche, Basel, 

Switzerland) immediately prior to use. 

 

2.1.3.8  Antibiotics for selection of transfected mammalian cells 

Geneticin (G418) (Gibco BRL) was prepared as a 100 mg/ml stock in sterile ddH20. 

Puromycin (Sigma Aldrich) was prepared as a 1 mg/ml stock solution in ddH2O. 

 
2.1.3.9  Chemicals and matrix proteins 

Swainsonine (Gibco BRL) was prepared at 1mg/ml in sterile water and aliquots stored 

at -20°C. Fibronectin, collagen type I and collagen type IV were purchased from Sigma 

Aldrich and laminin type I and Matrigel (reconstituted basement membrane) from BD 

Biosciences (Franklin Lakes, NJ). Bovine vitronectin was kindly provided by Dr Ann 

Underwood (CSIRO Division of Bioengineering, North Ryde, Australia). 

 

2.1.4   Tissue culture methods and cell based assays 
2.1.4.1  Maintenance of cell lines 

A2058, MM96L, MM253 and SKMEL28 melanoma cell lines were grown in complete 

RPMI media (section 2.1.3.1) supplemented with 10% FCS. The P525, P525 KW4 and 

derivative cell lines were maintained in complete RPMI 1640 media supplemented with 

15% FCS. For optimal growth, these cells also required MEM non-essential amino 

acids (final concentration 0.1 mM). SB2 cell lines were maintained in complete DMEM 

(section 2.1.3.1) supplemented with 10% FCS. 

 

CHO cells and derivatives were maintained in complete RPMI media containing 10% 

FCS, as were FSK and A431 cells. COS-7 cells were cultured in complete RPMI media 

supplemented with 5-8% FCS and HEK293 cells in complete DMEM supplemented 

with 8% FCS.  
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All cell lines were cultured under sterile conditions to 80% confluency for routine 

culture, and trypsinized with 0.05% (w/v) trypsin and 0.53 mM EDTA (TE) (Gibco 

BRL). Cells were housed in a humidified 37oC incubator equilibrated at 5% CO2 

(Model MCO-17AI, SANYO Scientific, Bensenville, IL). Cells were sub-cultured such 

that they were maintained in the log-phase of their growth curve. 

 

2.1.4.2   Freezing and thawing cell lines 

Freezing 

Cells were harvested, resuspended in FCS-containing tissue culture media appropriate 

to the cell line, and then pelleted by centrifugation at 800 x g for 5 min. Media was 

carefully removed from the cell pellet by pipetting. The cell pellet was gently 

resuspended in freeze media (50% complete tissue culture media, 40% FCS, 10% 

DMSO) and transferred into cryovials. Cells were placed in a “Mr Frosty” freezing 

chamber (Nalgene Labwear, Nalge Nunc International, Rochester, NY) and placed in a -

80oC freezer before being transferred to liquid N2 storage. 

 

Thawing 

Cells in cryovials were warmed quickly by immersion in a 37oC water bath. Warm 

complete tissue culture media (1 ml) was added dropwise to the cells. The cell solution 

was then transferred into a 25 cm2 tissue culture flask (also dropwise) and a further 4 ml 

(in 0.5 ml lots) of warm tissue culture media was slowly added. The media was replaced 

after the cells had adhered (4-6 h). 

 

2.1.4.3  Cell counting 

All cell counts were performed using the COULTER® MULTISIZER (Coulter 

Electronics, now Beckman Coulter, Fullerton, CA). The instrument was set to gate out 

dead cells and cellular debris, thus all cell concentrations were calculated from a cell 

count obtained for live cells only. To count, cells were harvested and re-suspended in 

complete tissue culture media (usually 1 ml). An aliquot of this cell suspension was 

diluted 1:500 or 1:1000 in 10 ml of isotonic saline and 500 μl of this sample counted. 

The cell concentration was then calculated taking the dilution factor into account and 

adjusted as required by adding the appropriate volume of complete media. 
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2.1.4.4  Growth Curves 

Growth curves were generated by monitoring cell growth in the wells of a 24 well plate 

on a daily basis. Cultured cells were harvested using TE, washed in complete media, 

pelleted by centrifugation at 800 x g for 4 min and then resuspended in 1 ml of complete 

media. Cells were counted as described above and the cell concentration adjusted to 4.0 

x 104 cells/ml. 500 μl of the cell suspension was added to 500 μl of complete media in 

each well of a 24-well tissue culture plate (Nunc, Roskilde, Denmark). The plates were 

placed in a 37°C incubator equilibrated at 5% CO2. Each day for 5-7 days, the cells 

from 3 replicate wells were harvested, resuspended in complete media and cell number 

per well was determined. A growth curve of cell number plotted against time in hours 

was established for each cell line assayed. 

 

2.1.4.5  Single colour flow cytometry - cell surface analysis 

To characterize the expression of cell surface proteins, cells were harvested using 2.5 

mM EDTA in PBS and washed twice in cold PBS containing 0.25% (w/v) BSA 

(BSA/PBS). The cells were pelleted by centrifugation at 800 x g for 4 min and 

BSA/PBS tipped off in one movement, leaving the pellet intact. The cells were 

resuspended in 1 ml of BSA/PBS, counted and adjusted to a concentration of 4.0 × 106 

cells/ml with BSA/PBS. 60 μl of cells was aliquoted into FACS tubes and incubated 

with primary antibody (for a full list, see Table 2.1) at a saturating concentration 

between 5 and 10 μg/ml. The saturating concentration of each antibody was determined 

by titration. The cells were incubated with primary antibody for 30 minutes on ice, 

washed with 4 ml of ice-cold BSA/PBS and pelleted by centrifugation as described. 

FITC-conjugated species-specific secondary antibody (60 μl) (Table 2.2) diluted 1:20 

was added to the cells and incubated for 30 min on ice in the dark. The negative controls 

included cells incubated with either FITC-conjugated antibody alone, or with an 

isotype-matched immunoglobulin (IgG) control for each antibody tested, followed by 

FITC-conjugated antibody. The cells were washed with ice cold BSA/PBS, resuspended 

in 200 μl of BSA/PBS and fixed by adding 200 μl of 4% paraformaldehyde (section 

2.1.3.6).  

 

Flow cytometric analysis was performed using a COULTER® EPICS® XL flow 

cytometer (Beckman Coulter) and the data analysed using the FlowJo software program 

(Tree Star Inc., Ashland, OR). Briefly, 10 000 viable cells were analysed for relative 

fluorescent intensity, with cell viability determined on the basis of forward and side 
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scatter parameters. Data for all samples was expressed as the (geometric) mean 

fluorescence intensity, and corrected by subtracting the mean fluorescence intensity of 

the negative controls unless stated otherwise. 

 

The same basic protocol was used to determine the expression of cell surface 

glycosylation structures, except that the primary antibody was replaced with 

biotinylated lectins Phaseolus vulgaris leukoagglutinin phytohaemagglutin (L-PHA, 

Table 2.1) and Phaseolus vulgaris erythroagglutinin phytoagglutinin  (E-PHA, Table 

2.1). These lectins were used at a concentration of 25 μg/ml followed by FITC-

conjugated streptavidin diluted 1:15. Analysis was as described above. 

 

2.1.4.6  Single colour flow cytometry – total cell analysis 

Flow cytometry was also used to measure total (cell surface plus intracellular) 

expression of specific proteins. To measure and compare total expression to cell surface 

expression, cells were harvested and resuspended as described above and fixed in 4% 

paraformaldehyde for 30 minutes at 4oC. Cells were then washed twice and resuspended 

in either BSA/PBS alone or BSA/PBS containing 0.1-0.5 % of the permeablizing agent 

saponin (Sigma Aldrich). The percentage of saponin used was determined for each cell 

line. Cells were counted and resuspended in the BSA/PBS or BSA/PBS/Saponin at 4.0 x 

106 cells/ml and stained as described for surface flow cytometry. Samples were then 

analysed by flow cytometry as described, and total antibody staining (saponin-treated 

cells) compared to surface antibody staining. Surface staining with and without fixation 

was performed side-by-side with total cell staining (with saponin) to control for the 

possibility that cellular fixation may alter the epitope recognized by some antibodies.  

 

2.1.4.7   Cell adhesion assay 

Cell adhesion assays were performed in 96-well tissue culture plates (Nunc). 

Quadruplicate wells were coated with 40 μl of matrix proteins (section 2.1.3.9) diluted 

to 10 μg/ml in PBS and left overnight at 4°C. Excess matrix protein solution was 

removed and the wells washed twice with PBS. Wells were blocked with 1% BSA in 

PBS for 2 h at room temperature to coat any exposed plastic, and then washed three 

times with PBS. Melanoma cells to be used in the assay were harvested using 2.5 mM 

EDTA/PBS, washed twice and resuspended in Adhesion Assay Buffer (section 2.1.3.3) 

at a concentration of 2.0 x 105 cells/ml. 100 μl of this cell suspension (2.0 x 104 cells) 

was added to the coated wells and cells were allowed to adhere for 1 h at 37°C. 
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Unbound cells were removed by gently washing the wells twice in pre-warmed 

Adhesion Assay Buffer and finally in PBS. The plate was kept overnight at -70°C. The 

number of adherent cells was quantified using the CyQUANT cell proliferation assay 

kit (Molecular Probes). 100 μl of CyQUANT assay solution (section 2.1.3.4) was added 

to each well of the tissue culture plate and the plate incubated at 37°C for 10 min. The 

CyQUANT assay solution was then transferred well-by-well, into a black 96 well plate 

(Wallac, now part of Perkin Elmer, Wellesley, MA) and the fluorescence intensity 

measured using a Victor 1420 Multilabel Counter (Wallac) with 495/535 nm filters. 

Results were calculated as a percentage of a 100% control, which was prepared by 

centrifuging 100 μl of the original 2.0 x 105 cells/ml cell mixture, washing, and storing 

the pellet at -70°C. The CyQUANT cell proliferation kit fluorescently stains nuclear 

material to give an estimate of relative cell number. 

 

2.1.4.8  Cell spreading assay 

Cell adhesion assays were performed in 24-well tissue culture plates (Nunc). Duplicate 

wells were coated with 200 μl of matrix proteins at 10 μg/ml in PBS and left overnight 

at 4°C. Excess matrix protein solution was removed and the wells washed and blocked 

with BSA/PBS, as for the cell adhesion assay. Melanoma cells were prepared as for the 

adhesion assay, producing a cell suspension of 2.0 x 105 cells/ml in adhesion assay 

buffer. 500 μl of adhesion assay buffer was added to each well prior to addition of 500 

μl of the cell mixture. Cells were allowed to adhere and spread for 1 h at 37oC. The cells 

were then fixed in the wells using 2% paraformaldehyde diluted in adhesion assay 

buffer. Cells were visualized and imaged using a Zeiss Axiovert S100 microscope and 

MC80 camera unit (Carl Zeiss, Oberkochen, Germany). Images were collected onto 

slide film and professionally processed. 

 
2.1.4.9  Cell migration assay 

The invasive potential of melanoma cells in vitro was assessed using transwell cell 

culture chambers containing 8 μm pore size polyethylene terephthalate membrane filters 

in 24-well plates (BD Falcon, BD Biosciences). The transwell filters were coated with 

30 μl of Matrigel (BD Biosciences) diluted 3:1 with cold, sterile PBS and placed at 

37°C for 60 min to allow the Matrigel to set. Melanoma cells in log-phase growth were 

harvested with 2.5 mM EDTA/PBS, washed in serum free RPMI or DMEM and 

adjusted to 1.5 x 105 cells/ml. 200 μl of cells were added to the Matrigel-coated upper 

chamber of the transwell filter. The transwell filter was transferred into wells of a 24-
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well plate well which contained a chemo-attractant, 820 μl FSK conditioned media 

(section 2.1.3.2) and 80 μl 100% FCS (total volume of 900 μl). The plates were 

incubated at 37°C for 24 h to allow cell invasion. The upper surface of the each filter 

was then wiped clean of Matrigel and cells with cotton swabs and washed once with 

PBS. Media from the lower wells was aspirated and wells washed gently with PBS. The 

transwell filters were placed back into their corresponding wells and the plate placed at -

70oC overnight. A CyQUANT assay was then performed by adding 200 μl of 

CyQUANT assay media to the bottom of each well, which was sufficient to stain the 

cells on the bottom of the well and the cells on the underside of the filter. The 

CyQUANT assay media containing cells was transferred to a black 96 well plate and 

fluorescence measured as described for the adhesion assay (section 2.1.4.7). The 

percentage of cells migrating through to the underside of the transwell filter and to the 

bottom of the well was calculated relative to values obtained for 100% control wells. 

100% wells acted as a control for cell growth and were generated by placing 200 μl of 

melanoma cells directly into wells containing the chemo-attractant, at the same time as 

cells were added to the transwell filters. 

 

2.1.4.10   Matrigel cell-network assay 

Wells of a 96 well plate were coated with 40 μl of ice-cold Matrigel (BD Biosciences) 

diluted 3:1 with cold PBS. The Matrigel was polymerized by incubating the 96-well 

plate at 37oC for 30 min. Melanoma cells were harvested with 2.5 or 10 mM EDTA, 

washed and resuspended in complete RPMI media. The cell concentration was adjusted 

to between 2.0 and 5.0 x 105 cells/ml (dependent on cell line) and 100 μl of this 

suspension was added to each well. The cells were incubated at 37oC under normal 

tissue culture conditions and the formation of cell networks monitored regularly for 24 h 

using a Zeiss Axiovert S100 microscope. Photographs were taken using the MC80 

camera unit. 

 

2.1.4.11  Wound healing assays 

Cells were obtained from culture in log-phase growth and 3.0 × 105 cells were seeded 

into 12 well tissue culture plates (Nunc). Cells were allowed to form a confluent 

monolayer and a wound was then made by scoring a P1000 pipette tip diagonally 

through each well. The wells were washed and the media replaced with fresh complete 

media to remove any floating cells or cellular debris created by the wounding 

procedure. The plates were returned to a 37oC incubator and the wounded area 
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monitored and photographed at approximately 6 hourly intervals using a Zeiss Axiovert 

S100 microscope and MC80 camera unit. 

 

2.1.4.12  Immunofluorescent staining 

Immunofluorescent staining was performed using either Permanox Lab-Tek chamber 

slides (Nunc) or fibronectin-coated glass coverslips (22 mm2). Glass coverslips were 

prepared by placing them into the wells of 6-well plates and coating overnight at 4°C 

with 500 μl of      5 μg/ml fibronectin. Excess fibronectin was aspirated and the glass 

coverslips washed with PBS before being overlaid with 500 μl of complete RPMI or 

DMEM, as appropriate. Approximately 2 x 104 melanoma cells were seeded into each 

well of the chamber slides and 1 x 105 melanoma cells into each well of the 6 well 

plates. The cells were allowed to recover and spread for 12-24 h before being washed 

twice with PBS and fixed with 4% paraformaldehyde in PBS for 1 h at room 

temperature. The cells were washed twice with PBS and permeabilized with cold 0.1% 

Triton X-100 (Sigma Aldrich) in PBS for 3 min at 4oC. The Triton X-100 was removed 

and the cells washed twice with PBS before being blocked with 1% BSA/PBS for 30 

min at room temperature. Primary antibody (Table 2.1) was prepared in 1% BSA/PBS 

and used at a final concentration of between 2-5 μg/ml. Cells were incubated with 

primary antibody for 1 h at room temperature and washed 3 x 5 min with 1% BSA/PBS. 

Secondary antibodies (Table 2.2) were also prepared in 1% BSA/PBS and diluted 

according to the manufacturers recommendations. Cells were incubated with secondary 

antibody in the dark for 1 h at room temperature before being washed 3 x 5 min with 

PBS/1%BSA. The slides or coverslips were then mounted in VECTASHIELD 

mounting media (Vector Laboratories, Burlingame, CA) or FluorSave Reagent 

(Calbiochem, EMD Biosciences, Inc., San Diego, CA). The slides were viewed using an 

Axioskop 2 microscope (Carl Zeiss) for standard fluorescent microscopy, or a Bio-Rad 

MRC 1000/1024 UV Laser Scanning Confocal Microscope for confocal analysis. 

Confocal microscopy was performed at the Biomedical Imaging and Analysis Facility, 

University of Western Australia, Perth, Australia. 
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2.2  Protein Analysis 
2.2.1  Buffers and Solutions for protein analysis 
2.2.1.1  SDS-PAGE resolving and stacking gels 

SDS-PAGE resolving gels were prepared by combining an acrylamide/bis-acrylamide 

solution (29:1 ratio; Bio-Rad Laboratories, Hercules, CA) with 0.375 M Tris-HCl (pH 

8.8), 0.1% (w/v) sodium dodecyl sulfate (SDS) (Sigma Aldrich) and ddH20. The 

acrylamide/ bis-acrylamide was added in sufficient quantities to produce gel solutions 

of 7.5 or 10% acrylamide. Just prior to pouring, 0.1% (w/v) ammonium persulfate and 

0.2% (v/v) TEMED (both from Sigma Aldrich) were added to the solution. The gel 

mixture was immediately poured between glass plates (mini-gel) assembled in a gel 

caster (Hoefer, San Francisco, CA), leaving 2 cm free at the top of the glass plates for 

the stacking gel. This was overlaid with ddH2O and allowed to polymerize at room 

temperature. 

 
Stacking gels were prepared by combining 5% (w/v) acrylamide/ bis-acrylamide (29:1), 

125 mM Tris-HCl (pH 6.8), 0.1% (w/v) SDS and ddH20. Just before pouring, 0.1% 

(w/v) ammonium persulfate and 0.1% TEMED were added to the gel mixture. The 

stacking gel solution was immediately poured between the glass plates on top of the 

polymerized resolving gel and the well casting comb put in place. The stacking gel was 

left to polymerize at room temperature before removing the comb. 

 
2.2.1.2  SDS PAGE Running Buffer 

SDS PAGE running buffer was prepared as a 10x stock containing 250 mM Tris-HCl, 2 

M glycine and 1% (v/v) SDS diluted in ddH2O; the pH was adjusted to 8.3 using 1 M 

NaOH. 1x running buffer was prepared fresh for each run by diluting the stock solution 

1:10 with ddH20. All reagents were from Sigma Aldrich. 

 

2.2.1.3  Sample loading buffer   

Sample loading buffer (2x) consisted of 160 mM Tris-HCl (pH 6.8), 4% (v/v) SDS, 

20% (v/v) glycerol, and 0.2% (v/v) bromophenol blue in ddH20. All reagents were from 

Sigma Aldrich. 
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2.2.1.4  Electro-transfer buffer 

Blotting transfer buffer was prepared as a 10x stock containing 250 mM Tris-HCl and 2 

M glycine; adjusted to pH 8.3 using 1 M NaOH (Sigma Aldrich). 1x blotting buffer was 

prepared fresh for each electo-transfer by diluting 160 ml of 10x stock to 1600 ml with 

ddH20, and then adding 400 ml of methanol (Biolab, Clayton, Australia). 

 

2.2.1.5  PBS-Tween (PBS-T) buffer (Western blotting buffer) 

PBS-T buffer was made by adding 0.1% (v/v) Tween-20 (Sigma Aldrich) to 1x PBS 

(section 2.1.3.5).  

 

2.2.1.6  Blocking buffer 

Blocking buffer was prepared by dissolving 2-5% (w/v) skim milk powder or 2% (w/v) 

BSA in PBS-T buffer. These buffers were freshly prepared for each use. 

 

2.2.1.7  Coomassie staining solutions 

Coomassie staining solution was prepared by dissolving 0.05% (w/v) Coomassie 

Brilliant Blue-R250 (Bio-Rad) in a solution of 40% (v/v) ethanol, 10% (v/v) glacial 

acetic acid and 50% (v/v) ddH2O. The solution was filtered before use. The destaining 

solution consisted of 40% (v/v) ethanol, 10% (v/v) glacial acetic acid and 50% (v/v) 

ddH2O. 

 

2.2.1.8  Luminol chemiluminescent detection agent 

Luminol stock solution was prepared by dissolving 11.5 mg of Luminol (3-amino-

phthalhydrazide, Sigma Aldrich) in 50 ml 0.1 M Tris-HCl, pH 8.6 and adding 30 μl of 

30% hydrogen peroxide (Ajax Chemicals, Seven Hills, Australia). p-Coumaric acid 

stock solution was prepared by dissolving 11.5 mg of p-Coumaric acid in 10 ml DMSO 

(both from Sigma Aldrich). Stock solutions were stored in the dark at room temperature. 

A working solution of Luminol was prepared by combining  p-Coumaric acid and 

Luminol stock solutions at a 1:100 ratio. 

 

2.2.2  Methods of Protein Analysis 
2.2.2.1  Cell lysate Preparation 

Adherent cells were grown to 80% confluency, harvested using 2.5 mM EDTA/PBS and 

washed twice with ice-cold PBS followed by centrifugation at 1000 x g for 5 min. The 

cells were counted and resuspended at a concentration of 2.5 x 107 cells/ml in lysis 
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buffer (section 2.1.3.7). The cell lysate was incubated on ice for 20 min before 

centrifugation at 10 000 x g for 15 min at 4oC. The supernatant (lysate) was aspirated 

from the insoluble cellular debris, transferred to a clean microfuge tube and stored at -

20oC. 

 

To prepare biotinylated cell lysates, cells were harvested, washed with ice cold PBS and 

counted as above. Cells were resuspended in PBS at 2.5 x 107 cells/ml and cell surface 

proteins biotinylated by the addition of 2 mM biotin (biotinamidocaproate N-

hydroxysuccinimide ester, Sigma Aldrich). The cells were incubated with biotin on ice 

for 30 min and then washed twice with ice-cold PBS, pelleted and resuspended in lysis 

buffer at a concentration of 2.5 x 107 cells/ml. All subsequent steps were carried out as 

for the preparation of non-biotinylated cell lysates. 
 

2.2.2.2  Immunoprecipitation 

Cell lysates were prepared as in section 2.2.2.1 and left on ice. Cell lysates were pre-

cleared using pre-washed Protein G Sepharose beads for fast flow (Amersham 

Biosciences, now GE Healthcare, Little Chalfont, UK) for at least 1 h at 4oC with 

continuous end-to-end mixing. The pre-cleared lysates were then incubated with 

antibodies against the protein of interest (eg MCAM, ApxL2, β1 integrin) or isotype-

matched control antibodies or sera for 1 h at 4oC, to allow immunocomplexes to form. 

Protein G Sepharose beads were then washed in PBS and added to the lysate-antibody 

mixture and incubated overnight at 4oC with continuous mixing. The beads were 

washed four times with the buffer used to prepare the lysate (for example, 1% 

NP40/PBS); twice with buffer containing half the detergent (eg 0.5% NP40/PBS) and 

then once using buffer containing no detergent. Bound immunocomplexes were eluted 

by heating the beads at 100oC for 5 min in 30-50 μl of 2x SDS sample loading buffer. 

The immunoprecipitated material was separated by SDS-PAGE, electroblotted on to a 

PVDF membrane, and probed using specific antibodies. 
 

2.2.2.3  SDS-PAGE 

Proteins were separated on the basis of molecular weight under non-reducing conditions 

unless otherwise stated. Samples were prepared by adding 1 volume of SDS 2x loading 

buffer (section 2.2.1.3) to 1 volume of protein sample and boiling at 100oC for 5 min. 

Gels were prepared as in section 2.2.1.1. Gel electrophoresis was performed using a 

Mighty Small SE250 apparatus (Hoefer) at a constant current of 20-25 milliamps (mA) 
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for 1 hour. Once run, the gel was removed from the apparatus and either stained for 

proteins (Coomassie blue, silver staining) or transferred to a PVDF membrane by 

electroblotting. 

 

2.2.2.4  Coomassie blue staining 

All steps were performed on a rocking stage and at room temperature. The SDS-

polyacrylamide gel was incubated for at least 2 h in Coomassie blue staining solution 

(section 2.2.1.7). The gel was then transferred into destaining solution (section 2.2.1.7) 

until the proteins were easily visualized. The gel was preserved by placing it between 2 

wet sheets of clear cellophane stretched and clamped within a plastic frame, and dried 

for 24-48 h. 

 

2.2.2.5  Protein silver staining  

All steps were performed on a rocking stage and at room temperature. The SDS-

polyacrylamide gel was fixed for 30 min in a solution containing 40% ethanol and 5% 

formaldehyde in ddH20. The gel was then washed in ddH20 for 30 min before being 

transferred to a solution containing 50% methanol in ddH20 and incubated overnight. 

The following day, the gel was transferred to ddH20 containing a dash of dithiothreitol 

(DTT, Sigma Aldrich) for 1 h before being rinsed in ddH20 and incubated in silver 

staining solution (0.1% silver nitrate in ddH20) for 1 h in the dark. The gel was rinsed 

briefly in ddH20 and then placed in developing solution containing 3% sodium 

carbonate and 0.02% formaldehyde in ddH20 and agitated in dim light. When the 

protein bands had developed sufficiently the reaction was stopped with the addition of a 

50% citric acid solution. The gel was left at least 15 min after the addition of the stop 

solution before being rinsed in ddH20 and dried as described in section 2.2.2.4. 

 

2.2.2.6  Electroblotting 

Proteins were transferred onto Immobilon-P PVDF membrane (Millipore, Billerica, 

MA) by electroblotting. PVDF membrane was pre-wetted in 100% methanol and then 

washed in 1x electrotransfer buffer (section 2.2.1.4). The polyacrylamide gel was 

removed from the glass plates and washed in electrotransfer buffer . Protein transfer was 

achieved using a buffer-tank blotting apparatus (Hoefer) and a transfer sandwich such 

that proteins migrated from the gel to the PVDF membrane. Blotting was performed in 

electrotransfer buffer at either 200 mA for 2 h or at 20 mA overnight. The membrane 

was then incubated in blocking buffer (section 2.2.1.6) for at least 4 h at 4oC.  
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2.2.2.7  Western blotting 

All incubations and washes were performed on a rocking platform. Once the membrane 

was fully blocked it was incubated with primary antibody for 1 h at room temperature. 

Primary antibody was prepared in blocking buffer to an appropriate concentration 

(usually a 1/2000 – 1/5000 dilution; optimized for each antibody). The membrane was 

then rinsed four times with PBS, washed for 2 x 10 minutes with PBS-T (section 2.4.5) 

and rinsed a further four times in PBS. The membrane was then incubated with HRP-

labelled secondary antibody diluted in PBS-T (1/2000 – 1/10 000, as appropriate) for 1 

h at room temperature. The membrane was washed as before and protein bands detected 

using either ECL-Plus Chemiluminescence detection kit (Amersham Biosciences) or a 

freshly prepared working solution of Luminol (section 2.2.1.8). The membrane was 

exposed to autoradiography film in the dark and developed using a CP1000 X-ray 

developer (AGFA, Mortsel, Belgium). 

 

2.3   Molecular Biology 
2.3.1  Buffers and solutions 
2.3.1.1  Luria-Bertani (LB) broth and agar 

Luria-Bertani (LB) broth was prepared by dissolving 10 g tryptone, 5 g yeast extract, 

and 10 g NaCl in 800 ml distilled water (dH2O). The pH was adjusted to 7.0 with 1 M 

NaOH and the volume made to 1000 ml with ddH2O. The broth was immediately 

sterilized by autoclaving and stored at room temperature. All chemicals were purchased 

from Sigma Aldrich. Standard LB agar was prepared by adding 15 g of agar (Oxoid, 

Basingstoke, UK) per 1000 ml of freshly prepared LB broth. The solution was 

autoclaved and stored at room temperature.  

 

2.3.1.2  Solutions for making chemically competent E. coli cells 

Solution A was prepared by adding 0.5 ml of 1 M MgSO4 and 0.5 ml of 10% glucose to 

50 ml of LB medium. Solution B contained 30% (v/v) glycerol, 12% (w/v) PEG and 12 

mM MgSO4 in 20 ml of LB medium. Both solutions were sterilized by filtration and 

stored at 4oC. All chemicals were purchased from Sigma Aldrich. 

 

2.3.1.3  Antibiotics for bacterial culture 

All antibiotics were purchased from Sigma Aldrich. Ampicillin was prepared as a 100 

mg/ml stock solution in ddH20, stored at -20°C and used at a final concentration of 50-
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100 μg/ml. Kanamycin was purchased as a 50 mg/ml solution, stored at 4oC and used at 

a final concentration of 25 μg/ml. Tetracycline was prepared as a 12.5 mg/ml stock 

solution in ethanol, stored at -20°C and used at a final concentration of 12.5 μg/ml.  

 

2.3.1.4  Tris-Acetate-EDTA (TAE) gel running buffer 

Tris-acetate-EDTA (TAE) buffer was prepared as a 50x stock by combining 242 g Tris 

base, 57.1 ml glacial acetic acid and 100 ml 0.5 M EDTA (pH 8.0) in ddH20 to a 

volume of 1000 ml. 1x TAE buffer was made by diluting the stock solution 1: 50 with 

ddH20. 

 

2.3.1.5  Agarose gels 

Agarose gels were prepared by dissolving molecular biology-grade agarose (Scientifix, 

Cheltenham, Australia) in 1x TAE buffer and bringing the solution to the boil. 

Commonly, agarose was used at 1 or 2 % (w/v) in 1xTAE. 

 

2.3.1.6  Gel Loading Buffer 

DNA gel loading buffer (6x) contained 30% (v/v) glycerol, 0.25% (w/v) bromophenol 

blue and 0.25% (w/v) xylene cyanole FF (Sigma Aldrich). 

 

2.3.2  Molecular Biology Methods 
2.3.2.1  Polymerase chain reaction (PCR)                                                                                

The primers used to amplify DNA by PCR were synthesized by Sigma Aldrich-Genosys 

(Castle Hill, Australia) or Geneworks (Thebarton, Australia). Elongase (Invitrogen) was 

used to amplify large fragments and HotStar Taq (Qiagen, Hilden, Germany) to amplify 

smaller fragments, both according to the manufacturer’s instructions. Generally, a PCR 

mix contained the supplied reaction buffer at a final concentration of 1x, 100-200 μM 

dNTP, 1.5-2 mM MgCl2 or MgSO4, 25 ng of each primer, 1-2 units of enzyme, template 

and ddH20. PCR amplifications were performed using the PT-100 thermocycler (MJ 

Research, Bio-Rad) and PCR conditions, including cycling parameters, were optimized 

for each reaction. More detailed protocols for each of the constructs designed in this 

study are described under their respective sections. 
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2.3.2.2  Preparation of chemically competent E. coli  

A trace of JM109 or DH5α E. coli cells from a glycerol stock stored at -80oC was 

streaked on LB agar plates and the plates incubated overnight at 37°C. The following 

day, a single colony was inoculated into 3 ml LB broth and the culture shaken at 37°C 

overnight. 500 μl of this culture was subcultured into 50 ml LB medium containing 10 

mM MgSO4 and 0.2% glucose and shaken at 37°C until the culture reached an OD600 of 

0.6. The culture was cooled on ice for 10 min, centrifuged at 1500 g for 10 min and the 

supernatant discarded. The pellet was gently resuspended in 0.5 ml ice-cold Solution A, 

followed by 2.5 ml ice-cold Solution B (see section 2.3.1.2). 100 μl aliquots were 

dispensed into sterile, pre-cooled microcentrifuge tubes and snap-frozen in liquid 

nitrogen before being stored at -80oC. 

 

2.3.2.3  Transformation of chemically competent E. coli cells 

Aliquots of frozen competent E. coli cells were thawed on ice and added to pre-cooled 

10 ml pop-tubes containing aliquots of the DNA to be transformed. The tubes were 

incubated on ice for 20 min and transferred to a 42°C water bath for 45-60 s before 

being returned to the ice for 2 min. 500 μl of pre-warmed LB medium was then added 

to each tube and the tubes shaken at 37°C for 1 h. 200-400 μl of each culture was plated 

on LB agar plates containing the appropriate selection antibiotic (2.3.1.3) and the plates 

were incubated overnight. In each experiment, in addition to the DNA of interest, 

transformations were included that used either a control plasmid containing the 

antibiotic resistance gene or no DNA. These transformations acted as positive and 

negative controls, respectively, for the effectiveness of the procedure and of the 

antibiotic selection.  

 

2.3.2.4  Small-scale plasmid DNA purification (mini-prep) 

A single colony was inoculated in 3-5 ml LB medium (section 2.3.1.1) containing the 

appropriate selection antibiotic and incubated overnight at 37ºC, with shaking. 1.5 ml of 

bacterial culture was centrifuged in a microfuge tube at 2000 x g for 3 min at 4ºC and 

the pellet was resuspended in 250 μl of Buffer P1 (supplied in plasmid extraction kits 

from QIAGEN). 250 μl of Buffer P2 (QIAGEN) was then added, followed by gentle 

mixing and the addition of 250 μl of Buffer P3 (QIAGEN)  The mixture was incubated 

on ice for 5 min and then centrifuged at 10 000 x g at 4°C for 10 min. The supernatant 

was transferred into a clean microfuge tube and the DNA precipitated by adding 1/10 
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volume of 3 M sodium acetate (pH 5.2) and 2 volumes of 100% ethanol at room 

temperature. The sample was centrifuged at 10 000 x g for 15 min at 4°C and the 

supernatant aspirated. The DNA pellet was washed with 500 μl of 70% ethanol at room 

temperature and the tube centrifuged as before. The supernatant was aspirated and the 

DNA pellet was air-dried before being resuspended in 50-100 μl of ddH20. This method 

produced DNA of a suitable quality to screen by restriction enzyme digestion. To 

produce DNA for sequencing, a phenol-chloroform extraction was performed. The 

supernatant produced by centrifugation after the addition of Buffer P3 was mixed with 

an equal volume of phenol:chloroform:isoamyl alcohol. After a 10 min incubation at 

room temperature this mixture was centrifuged at 10 000 x g for 20 min at 4°C and the 

supernatant removed to a clean microfuge tube. An equal volume of chloroform was 

then added to the supernatant and the incubation and centrifugation repeated. This 

supernatant was then transferred to a clean microfuge tube for ethanol precipitation. 

 
2.3.2.5  Large-scale plasmid DNA purification 

The plasmid DNA was purified according to the manufacturer’s protocol using the 

QIAGEN plasmid maxi kit. All buffers were supplied in the kit. Briefly, an overnight 

bacterial culture was grown in 100 ml of LB media containing selection antibiotic and 

harvested by centrifugation at 4000 x g for 15 min at 4°C using a SL4-1500 centrifuge 

(Sorvall, Thermo Electron Corporation, Waltham, MA). The pellet was resuspended in 

buffer P1 and cells lysed by the addition of buffer P2. Buffer P3 was added and 

incubated on ice for 20 min. The mixture was centrifuged at 10 000 x g for 30 min at 

4°C and the supernatant was applied to a QIAGEN-tip column previously equilibrated 

with Buffer QBT. After the sample had flown through, the QIAGEN-tip was washed 

twice with Buffer QC and the DNA eluted with Buffer QF. The DNA was precipitated 

by adding isopropanol at room temperature to the eluted DNA, followed by mixing and 

centrifugation at 9000 x g for 30 min at 4°C to produce a DNA pellet. The isopropanol 

was aspirated and the DNA pellet washed with 70% ethanol at room temperature 

followed by centrifugation at 9000 x g for 10 min at 4oC. The 70% ethanol was 

aspirated and the DNA pellet air-dried for 30 min. The DNA was resuspended in ddH20 

and analysed on the spectrophotometer, and by restriction enzyme digestion and gel 

electrophoresis. 
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2.3.2.6  DNA quantification  

Plasmid DNA concentration and purity was determined by measuring the absorbance in 

a spectrophotometer at wavelengths of 260 and 280 nm using a quartz cuvette. A 1:100 

dilution of DNA was made in ddH20 and measured on the spectrophotometer. An 

absorbance of 1 unit at 260 nm corresponds to 50 μg/ml of DNA. This relationship 

(A260 = 1 = 50 μg/ml) was based on a standard 1 cm path length and for measurements 

made at neutral pH. The purity of DNA was determined using the A260/A280 ratio with 

the ratio of 1.8 being considered pure DNA. A ratio of < 1.8 indicates protein 

contamination in the sample, which can adversely affect some downstream applications, 

such as mammalian cell transfection. 

 

2.3.2.7  Restriction enzyme (RE) digestion of DNA 

Single and double restriction digests were performed using 0.5-1.0 μg/μl of DNA with 

0.5-2.0 units (U) of the appropriate enzyme/s in the buffer recommended by the 

manufacturer. Digests were incubated at 37°C for 1-2 h unless otherwise stated. All 

restriction enzymes were obtained from New England Biolabs (Ipswich, MA) or 

Promega Corporation (Madison, WI). 

 

2.3.2.8  Dephosphorylation 

If appropriate, plasmid vector linearized by RE digest was de-phosphorylated with calf 

intestine alkaline phosphatase (CIAP) (Promega). CIAP buffer and 1 U CIAP enzyme 

were added to the DNA and incubated at 37°C for 1 h. Once the reaction was complete, 

the CIAP was inactivated by heating the tube to 75°C for 15 min. The de-

phosphorylated DNA was recovered by ethanol precipitation (section 2.3.2.9). 

 

2.3.2.9  Alcohol precipitation of DNA 

In some situations DNA needed to be concentrated, desalted or recovered from solution 

and this was done via alcohol precipitation. Briefly, a 1/10 volume of sodium acetate 

(pH 5.2) and 2 volumes of absolute ethanol at room temperature were added to the DNA 

solution. The sample was mixed thoroughly and centrifuged at 10 000 x g for 30 min at 

4°C. The supernatant was aspirated and the DNA pellet washed by adding 70% ethanol 

at room temperature. The tube was centrifuged as before for 10 min, and the supernatant 

aspirated. The DNA pellet was air-dried for 20 min and resuspended in ddH20 
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2.3.2.10  Agarose gel electrophoresis 

Agarose gels were made to the desired concentration (section 2.3.1.5) and samples were 

mixed with 6x gel loading buffer (section 2.3.1.6) prior to loading in the wells of the 

gel. Reactions were electrophoresed in 1x TAE buffer using a Wide Mini Sub Cell and 

PowerPac (Bio-Rad). The gel was post-stained with ethidium bromide and visualized 

using a UV trans-illuminatior. The image was collected using a digital camera and 

analysed using Adobe PhotoShop Versions 5.5 and 7.0 (Adobe Systems Incorporated, 

San Jose, CA). 

 

2.3.2.11  Gel extraction of DNA fragments 

Agarose gel electrophoresis was used to separate and extract specific DNA fragments 

from a PCR or restriction digestion reaction. After electrophoresis and visualization, the 

DNA fragment was excised from the agarose gel and the fragment isolated using the 

QIAquick gel extraction kit according to the manufacturer’s instructions (QIAGEN). 

All buffers were supplied with the kit. Briefly, 3 volumes of Buffer QG were added to 

the tube containing the gel slice and the tube incubated at 50°C for 10 min. 1 volume of 

isopropanol was added, the sample applied to a QIAquick spin column, and centrifuged 

at 10 000 x g for 1 min. The flow-through was discarded and the column washed with 

750 μl of Buffer PE and centrifuged as before. The flow-through was discarded and the 

column centrifuged once more to remove residual ethanol from Buffer PE. The column 

was then placed in a clean 1.5 ml tube and 50 μl of ddH2O was added to the membrane 

to elute the bound DNA. The column and water was incubated for 1 min at room 

temperature and then centrifuged at 10 000 x g for 1 min. The eluate containing the 

purified DNA was collected and stored at -20oC. 

 

2.3.2.12 Purification of DNA fragments  

The DNA fragments from enzymatic reactions or PCR that did not require gel 

separation were purified according to the QIAquick PCR purification kit protocol 

(QIAGEN). All buffers were supplied with the kit. Briefly, 5 volumes of buffer PB were 

added to the PCR reaction and mixed. The sample was applied to a QIAquick column 

and centrifuged for 1 min at 10 000 x g. The flow-through was discarded and the 

column washed with 750 μl of Buffer PE and centrifuged as before. The flow-through 

was discarded and the column centrifuged again to remove residual ethanol. The 

column was placed into a clean 1.5 ml tube and 30 μl ddH20 was added to the 
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membrane to elute the DNA. Following a 1 min incubation at room temperature, the 

column was centrifuged at 10 000 x g for 1 min. The eluted DNA was stored at -20°C.  

 

2.3.2.13 Ligation 

Plasmid vector and DNA with “compatible ends” (prepared by RE digestion and 

purified by agarose gel electrophoresis) were combined in ligation reactions to produce 

new plasmid constructs. 20 μl ligation reactions were prepared containing 2 μl of 10x 

ligation buffer, 0.5 U of T4 DNA ligase (both from Promega), 1 μl 10 mM ATP and 

varying amounts of vector, insert and ddH20. Reactions were incubated overnight at 

4°C. The reactions were transformed into E. coli and plated out on LB plates with the 

appropriate selection antibiotic as described in (sections 2.7.3).  Transformants were 

selected from the plates, cultured, and analysed by restriction enzyme digest and 

sequencing (sections 2.3.2.4, 2.3.2.7, 2.3.2.10, 2.3.2.14).       

 

2.3.2.14  Sequencing 

Plasmid DNA (300 ng) was combined with 2 μl of BigDyeTM v3.1 Dye Terminator Mix 

and 2ul of 2.5x Buffer (Applied Biosystems, Foster City, CA) and 25 ng of the 

appropriate sequencing primer in a 10 μl reaction. The sequencing reaction was 

performed as follows: initial denaturation at 96oC for 1 min; followed by 25 cycles of 

96°C for 10s, 50°C for 10s and 60°C for 4 min. The sequencing reaction was then 

purified and precipitated by the addition of 1 μl 125 mM EDTA, 1 μl 3 M sodium 

acetate (pH 5.2) and 25 μl of 96% ethanol. The reactions were mixed and incubated at 

room temperature for 15 min before being centrifuged at 10 000 x g for 30 min at room 

temperature. The supernatant was carefully aspirated and the pellet washed with 200 μl 

of 70% ethanol to remove any salts. The sample was centrifuged at 10 000 x g for 8 min 

at room temperature and the 70% ethanol carefully removed. The pellets were dried by 

incubation at 40oC for 10 min. Sequencing was performed using an ABI Prism 3730 48 

capillary sequencer (Applied Biosystems) by the DNA Sequencing Service, Department 

of Clinical Immunology, Royal Perth Hospital (Perth, Australia). 
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2.4  Production and purification of recombinant 

proteins and antibodies 
2.4.1  MCAM-FC recombinant protein 
2.4.1.1  Construction of pcDNA3.1-MCAM-Fc 

A plasmid construct containing the extra-cellular domains of MCAM fused to the Fc 

region of human IgG1 in pCDM8 vector was kindly provided by Dr David Simmons 

(then of the Imperial Cancer Research Fund, Oxford, England). As DNA production 

using the pcDM8 vector is complex (see section 3.2.1.1) it was decided to switch to a 

new vector system, pcDNA3.1 (Invitrogen). Dr Vaishali Patel (formerly a PhD student 

in Dr Coombe’s laboratory) generated the pcDNA3.1-MCAM-FC construct by 

liberating MCAM-Fc from pcDM8 using HindIII and NotI restriction enzymes and 

ligating into pcDNA3.1 vector also cut with these enzymes. Clones of this construct 

were checked by direct sequencing and a correct clone chosen to amplify DNA plasmid 

stocks for mammalian transfection. 

 

2.4.1.2  Production of MCAM-Fc in COS-7 cells 

COS-7 cells were grown to 70% confluency in complete RPMI supplemented with 5% 

FCS. The pcDNA3.1-MCAM-Fc construct was introduced into COS-7 cells by 

electroporation (section 2.4.1.3, to follow). The transfected COS-7 cells were then 

cultured in complete RPMI media containing 3% IgG-depleted FCS. The IgG-depleted 

FCS was prepared by passing FCS through a protein G affinity column (Amersham 

Biosciences) several times and then collecting and filter-sterilizing the flow-through. 

The transfected COS-7 cells were cultured at 37ºC for 4 days, the supernatant was 

collected and clarified at 800 x g and stored at 4°C. The MCAM-Fc protein was purified 

from the supernatant within a week.  

 

2.4.1.3   Transfection of COS-7 cells by electroporation  

COS-7 cells were harvested using 10 mM EDTA/PBS and washed twice in serum-free 

RPMI medium (section 2.1.3.1). The cells were resuspended at a concentration of 1 × 

107 cells/ml and 0.4 ml of cells transferred to 0.4 cm gap cuvette. 20 μg of DNA was 

added to each cuvette, mixed gently and incubated at room temperature for 10 min. The 

cells were electroporated at a constant voltage of 280 volts and at a capacitance of 960 

μF using a Gene Pulser (Bio-Rad). The electroporated cells were transferred into tissue 

culture flasks containing RPMI media supplemented with 5% FCS. The cells were left 
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at least 4 hours or overnight before the media was aspirated and replaced with RPMI 

media containing 3% IgG-depleted FCS. 

.  

2.4.1.4  Purification of MCAM-Fc protein using Protein A affinity column 

MCAM-Fc protein was purified using a 2 ml Hi-Trap Protein A affinity column 

(Amersham) and the BioLogic HR Chromatography system and fraction collector (Bio-

Rad). The Protein A column was equilibrated with 0.1 M Tris-HCl, pH 8.0 at a flow rate 

of 1 ml/min. The supernatant containing the MCAM-Fc protein was equilibrated by 

adding 1/10 volume of 1 M Tris-HCl, pH 8.0 and loaded on to the column at a flow rate 

of 1 ml/min. The column was washed with 10 ml of 0.1 M Tris-HCl, pH 8.0 at 1 

ml/min. The bound MCAM-Fc protein was eluted with 10 ml of 0.1 M glycine, pH 2.5 

at a flow rate of 2 ml/min. The eluted material was collected as 1 ml fractions into tubes 

containing 100 μl 1 M Tris-HCl, pH 8.0. The eluted fractions were tested for MCAM-

Fc by silver staining and western blotting (Figure 2.1). Fractions containing the proteins 

were pooled, dialysed against HBS or PBS (pH 7.4) and the protein concentration 

determined (see below). Aliquots of 200 μl were stored at -20ºC. 

 

2.4.1.5  Determination of Protein concentration  

The BCA protein assay system (Pierce Biotechnology, Rockford, IL) was used to 

determine protein concentrations. BSA (1mg/ml) was prepared in the same buffer as the 

protein of interest, serially diluted and aliquoted into a 96 well plate along with dilutions 

of the protein sample. Reagents A and B (Pierce Biotechnology) were combined at a 

ratio of 50:1 and added to each well. The plate was incubated for 30 minutes at 37oC 

and absorbance read at 560 nm using a Victor 1420 Multilabel Counter (Wallac). A 

standard curve was generated using the BSA samples and used to determine the 

concentration of the protein of interest. 

 

2.4.2  CD31-Fc recombinant protein 
A plasmid construct containing the extra-cellular domains of CD31 (PECAM-1) fused 

to the Fc region of human IgG1 in the pCDM8 vector was kindly provided by Dr David 

Simmons. As described for MCAM, CD31-FC was liberated from the pCDM8 vector 

using HindIII and NotI restriction enzymes and then ligated into pcDNA3.1 vector also 

cut with these enzymes. Clones of this construct were checked by direct sequencing and 

a correct clone chosen to amplify DNA plasmid stocks for mammalian transfection. The 

re-cloning of CD31 was performed by Dr Vaishali Patel. Production, purification of 
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quantification of CD31-Fc was performed as described for MCAM-FC (sections 2.4.1.2 

to 2.4.1.5) 

 

2.4.3  Production and purification of CC9.c19 mAb 
The CC9.c19 hybridoma cell line (CC9 cells) was made by Dr Andrew Zannettino 

(Filshie et al., 1998) and kindly provided by Dr. Paul J. Simmons of HICR, Adelaide, 

Australia. The antibody produced by these cells recognsises MCAM. CC9 cells were 

thawed into complete RPMI media containing 10% FCS and dropped down stepwise to 

5% FCS for routine culture. To generate supernatant for purification, CC9 cells were 

grown to just under maximum cell density in routine culture media, centrifuged and 

resuspended in twice the original volume, using media containing 2.5% FCS. The cells 

were left in low-FCS media for 3-4 days and the cell suspension clarified by 

centrifugation. The supernatant was then passed through a 0.2 μm filter and stored at 

4oC for 1-2 weeks until a sufficient volume of supernatant was ready for purification. 

 

CC9 cells were also adapted for culture in Hybridoma-SFM (serum-free media,  

Invitrogen). CC9 cells growing in complete RPMI media containing 5% FCS were 

changed into a media mixture consisting of RPMI: Hybridoma-SFM at a ratio of 3:1. 

After 3-4 days the media was changed to a 1:1 ratio, then 1:3 and finally to 100% 

Hybridoma-SFM media containing 2 mM L-glutamine, 5% FCS and 

penicillin/streptomycin. Once adapted to Hybridoma-SFM media, antibody production 

was performed using a Miniperm apparatus (Heraeus, Hanau, Germany). Briefly, cells 

were grown to confluence, harvested and washed in Hybridoma-SFM  (no FCS) before 

being resuspended at 7.0 x 107 cells/ml in 35 ml of Hybridoma-SFM containing 5% Ig-

depleted FCS (section 2.4.1.2), 2 mM L-glutamine and penicillin/streptomycin. The cell 

suspension was placed in the production module and 400 ml of feeding media was 

added to the supply module. Feeding media consisted of RPMI, 5% FCS, 2 mM L-

glutamine, penicillin/streptomycin, hypoxanthine-thymidine (HT) media (50x), methyl 

β-D-thiogalactopyranoside (MTG) and antifoam (HT, MTG and antifoam all from 

Sigma Aldrich). Cells were grown in the Miniperm for 7-8 days, with feeding media 

changed daily or as required.  The cells and media (containing antibody) from the 

production module were then harvested, centrifuged and the supernatant filter-sterilized. 

Complete Protease Inhibitor Cocktail Mix (Roche) was added and the media stored at 

4oC or -20oC. 
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CC9 antibody was purified essentially as described in section 2.4.1.4, except a 2 ml Hi-

Trap Protein G affinity column was used (Amersham Biosciences) (Figure 2.2). The 

concentration was determined as in section 2.9.1.5. 

 

2.4.4  Production and purification of α-galectin-3 mAb 

The TIB-166 hybridoma cell line (producing α-galectin-3 antibody, Mac-2) was 

obtained from the ATCC. The cells were thawed into complete RPMI 1640 media 

containing 15% FCS and dropped down stepwise to 5% FCS for routine culture. Several 

flasks of the TIB-166 cells were gradually switched over into Hybridoma-SFM 

(Invitrogen) for routine culture, followed by antibody production using the Miniperm 

apparatus (Heraeus). Both the adaption of TIB-166 cells into Hybridoma-SFM and 

antibody production are as described for the CC9 cells in section 2.4.2. The α-galectin-3 

antibody was purified essentially as described in section 2.4.1.4, except a 2 ml Hi-Trap 

Protein G affinity column was used (Amersham Biosciences). The concentration was 

determined as in section 2.9.1.5. 

 

2.4.5  Purification of ApxL2 polyclonal antibody 

Rabbit anti-ApxL2 (α-ApxL2) antibody was generated against the peptide 

SPSPARPPGTCPPVQP, which corresponds to the N-terminal region of the protein (aa 

825-840; NCBI accession AF314142). α-ApxL2 sera plus control pre-immune sera 

were kindly supplied to us by Dr Stéphane Karlen. Purification of α-ApxL2 antibody 

was similar to that described for MCAM-Fc protein except it was performed using 

protein A beads packed into a column and performed under gravity flow. Briefly, 1 ml 

of Protein A beads were washed 3 x in PBS and packed into a column. The column was 

then washed with 10 ml of 0.1 M Tris-HCl, pH 8.0. α-ApxL2 serum was diluted 1/10 

with PBS to a final volume of 40 ml and the pH adjusted with 1/10 volume of 1 M Tris-

HCl, pH 8.0. The diluted serum was added to the column, flow-through collected and 

the column washed with 10 ml of 0.1 M Tris-HCl, pH 8.0. The bound α-ApxL2 

antibody was eluted with 10 x 1 ml aliquots of 0.1 M glycine, pH 2.5 into tubes 

containing 100 μl 1 M Tris-HCl, pH 8.0. The eluted fractions were tested for the 

presence of IgG by Coomassie Blue staining (Figure 2.3) and fractions containing the 

antibody were pooled and dialysed into PBS, pH 7.4. The antibody concentration was 

measured (section 2.4.1.5) and aliquots stored at -20ºC. 
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2.4.6  Biotinylation of purified antibody 

CC9 and α-ApxL2 antibodies were biotinylated using EZ-link Sulfo-NHS-LC biotin 

according to the manufacturers instructions (Pierce). Briefly, 0.25 mg of biotin was 

added to 1 ml of antibody at 1 mg/ml in PBS (a 20 fold molar excess of biotin). The 

antibody-biotin mixture was incubated on ice for 2 hours before being dialysed against 

PBS to remove unincorporated biotin. Aliquots of biotinylated antibody were tested for 

efficacy by Western blot, using streptavidin-HRP as the secondary antibody. If 

biotinylated antibodies recognized the appropriate antigen with affinity comparable to 

non-biotinylated antibody (as judged by western blot), antibody aliquots were stored at -

20oC. 
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Chapter 3:  

Construction and characterization of MCAM positive 

cell lines 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Anybody who has been seriously engaged in scientific work of any kind realizes that 

over the entrance to the gates of the temple of science are written the words: “Ye must 

have faith”. 

  

 - Max Planck 
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3.1  Introduction 
Although the transformation from melanocyte to metastatic melanoma is complex, it has 

become clear that MCAM contributes to this process in the majority of cases (Luca et 

al., 1993; Schlagbauer-Wadl et al., 1999; Sers et al., 1993; Shih, 1999; Xie et al., 1997). 

However, the specific role of MCAM in neoplastic progression has been defined in only 

general terms. 

 

MCAM has been implicated primarily in metastatic melanoma, but there is also 

evidence that it is up-regulated in a range of other mesenchymal neoplasms (Shih et al., 

1996). In addition, a number of studies have investigated the role of MCAM in 

epithelial-derived malignancies (carcinoma), with conflicting results. For example, Wu 

et al., (Wu et al., 2004; Wu et al., 2001) report that increased MCAM expression in 

prostate cancer cells is correlated with invasive potential. However, the opposite has 

been reported in intra-ductal and intra-lobular breast carcinomas (Shih, 1999).  

 

To evaluate the contribution of MCAM to melanoma metastasis, several MCAM 

negative melanoma cell lines were stably transfected with full length MCAM cDNA 

constructs. This approach allows for the direct comparison of an MCAM negative with 

a “matched” MCAM positive cell line. Two MCAM negative human melanoma cell 

lines were chosen: the P525 KW4 and the SB2 cells. The P525 KW4 cells are a subset 

of a cell population derived from a lymph node biopsy of a young melanoma patient 

(section 2.1.1.1.2). This cell line is unique to A/Prof Coombe’s laboratory. The SB2 cell 

line was kindly provided by Dr Stéphane Karlen and has been widely used as a model 

MCAM negative melanoma cell line (Johnson et al., 1997; Xie et al., 1997). These two 

cell lines differ in that the P525 KW4 cells were derived from a cell population 

displaying evidence of invasive potential, whereas the SB2 cells were derived from a 

primary cutaneous melanoma. To investigate the role of MCAM in epithelia, Chinese 

Hamster Ovary cells (an epithelial cell line) were also transfected with full-length 

MCAM cDNA constructs. 

 

As several studies have reported the successful use of plasmid-based transfection 

techniques to introduce MCAM into MCAM negative cells (Johnson et al., 1997; 

Schlagbauer-Wadl et al., 1999; Xie et al., 1997), this approach was chosen to introduce 

MCAM into P525 KW4, SB2 and CHO cells. One study also reported the use of a 
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retroviral vector system to introduce “genetic suppressor elements” of MCAM into 

MCAM-positive cells (Satyamoorthy et al., 2001). Viral transduction is considered a 

more efficient method of introducing DNA into cells (Hwang and Gilboa, 1984), but as 

the plasmid-based approach was showing good initial results when I started the project, 

this was the chosen method. 

 

To complement the introduction of MCAM into MCAM negative cell lines, an 

antisense (or “suppressor”) approach was attempted. This involved the transfection of a 

plasmid containing antisense MCAM sequence into the MCAM-expressing MM253 and 

A2058 melanoma cells. The goal here was to investigate whether differences seen in 

cells, plus or minus MCAM, were consistent regardless of the direction of gene 

manipulation. When the technology became commercially available, small interfering 

RNAs (siRNAs) were also used to decrease MCAM expression in wild-type melanoma 

cells. siRNA will be discussed fully in Chapter 5. 

 

This chapter describes the design and production of the plasmid constructs used to 

transfect the P525 KW4, SB2, MM253, A2058 and CHO cells. The generation of stable 

and semi-stable transfectant cell populations is described, as is the initial 

characterization of these newly derived cell lines. 

 

3.2  Supplementary materials and methods 
3.2.1  Generation of P525 KW4 MCAM positive cell lines 
3.2.1.1  Production and purification of pCDM8-MCAM  

Full length MCAM cDNA (including the 3’ UTR) cloned into the pCDM8 vector was 

kindly provided by Dr David Simmons (then of the Imperial Cancer Research Fund, 

Oxford, England)(Figure 3.1a). The full amino acid and nucleotide sequence of MCAM 

is shown in Appendix A.  

 

pCDM8 encodes the tyrosine tRNA suppressor (SupF gene) and must be replicated in 

E.coli cells carrying the P3 plasmid. The P3 plasmid is a low copy number 60 kb 

episome and carries antibiotic resistance genes for kanamycin, tetracycline and 

ampicillin. The kanamycin resistance gene is fully active but the tetracycline and 

ampicillin resistance genes are inactive during normal growth of the bacteria. Therefore, 

the E.coli cells are sensitive to these antibiotics unless a vector carrying the SupF gene is 

introduced. Introduction of the SupF gene suppresses the tetracycline and ampicillin 
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mutations, and the bacteria show resistance to these antibiotics. MC1061/P3 E.coli cells 

were used to produce pCDM8-MCAM. A stab of a glycerol stock was plated out on LB 

containing 50 μg/ml kanamycin and incubated overnight at 37oC. This selects for E.coli 

carrying the P3 plasmid. A number of colonies from this plate were streaked onto 

LB/ampicillin (30 μg/ml) and grown overnight at 37oC. Colonies from these plates were 

then streaked on LB/tetracycline (15 μg/ml) plates and grown overnight. The 

ampicillin/tetracycline selects for the presence of pCDM8-MCAM (which also encodes 

SupF). Plasmid DNA was prepared as described in Section 2.3.2.5. 

 

3.2.1.2  Puromycin titration on P525 KW4 cells 

P525 KW4 cells (section 2.1.1.1.2) were seeded at 1.0 x 104 cells/well into a 24 well 

plate and incubated at 37oC for 72 hours. Puromycin (1 mg/ml)(Sigma) was diluted in 

complete tissue culture media and added drop-wise to the wells to produce final 

concentrations of between 0 and 2.0 μg/ml. The cells were observed for 48-72 h. After 

72 h, more than 90% of cells treated with 0.4 μg/ml puromycin had died, and this was 

chosen as the appropriate concentration to use for selection of cells transfected with 

pPGK-puromycin (section 3.2.1.4). 

 

3.2.1.3  Co-transfection of P525 KW4 cells with pCDM8-MCAM and pPGK-

puromycin vectors 

The pCDM8-MCAM vector does not contain an antibiotic resistance gene suitable for 

selection in mammalian cell culture. Therefore, the P525 KW4 melanoma cells were co-

transfected with pCDM8-MCAM and pPGK-puromycin. The pPGK-puromycin vector 

(Figure 3.1b) was obtained from Prof. Colin Sanderson’s laboratory (then at the 

Telethon Institute for Child Health Research, Perth, Australia) and contains the PGK 

(phosphoglycerate kinase) promoter driving the puromycin resistance gene. This 

plasmid was originally constructed by Leonie Gibson and Jenny Beaumont, then of the 

Walter and Eliza Hall Institute (WEHI), Melbourne, Australia. The plasmids, pCDM8-

MCAM and pPGK-puromycin, were co-transfected into the P525 KW4 cells at a ratio 

of 4:1. The four-fold excess of pCDM8-MCAM compared to PGK-puromycin plasmid 

DNA served to maximise the probability that a cell transfected with pPKG-puromycin 

would also contain pCDM8-MCAM. 

 

P525 KW4 (MCAM negative) cells (section 2.1.1.1.2) were plated at 5.0 x 104 cells per 

well in a 24 well plate and cultured for 4 days. Cells were transfected using 
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LipofectAMINE PLUS Reagent (Gibco BRL) as per the manufacturer’s instructions. 

Briefly, up to 2.0 μg of total DNA was pre-complexed with 5 μl of PLUS reagent in 50 

μl of serum-free RPMI and incubated at room temperature for 15 min. In a separate 

tube, between 2 and 6 μl of LipofectAMINE reagent was diluted into 50 μl serum-free 

RPMI and mixed. The DNA-PLUS and LipofectAMINE solutions were combined and 

incubated for a further 15 min at room temperature. Three different ratios of DNA (μg) 

and LipofectAMINE (μl) were tested (1:3, 2:3 and 2:6), with duplicate wells set up for 

each. The media in each well of the 24 well plate was replaced with 400 μl serum free 

media, and 100 μl of transfection mixture was added drop-wise to each well. The cells 

were returned to the 37oC incubator for 3 h and then 500 μl of RMPI containing 30% 

FCS was added to return the serum concentration to 15% FCS. The cells were left for 7 

days with 2 changes of media, the media being supplemented with 

penicillin/streptomycin after 3 days (section 2.1.3.1)  

 

3.2.1.4  Selection and cloning of MCAM expressing P525 KW4 cells 

One week post-transfection, 0.4 μg/ml puromycin was added to the media of each well 

of the P525 KW4 cells. The cells received fresh media supplemented with 0.4 μg/ml 

puromycin after 48 and 96 h. Three days later the media was replaced but the 

puromycin concentration decreased to 0.3 μg/ml. One week later, puromycin was 

removed from the culture media. The KW4 cells surviving puromycin selection were 

expanded as separate populations (each originating from a single well) and tested for 

cell surface expression of MCAM by flow cytometry (section 2.1.4.5) using the α-

MCAM mAb CC9 (5 μg/ml) and FITC-conjugated α-mouse IgG (1/20 dilution). 

Several MCAM negative cell populations were chosen as transfection controls, 

expanded and frozen (section 2.1.4.2).  

 

A transfected P525 KW4 cell population showing high but heterogeneous MCAM 

expression was selected for single cell cloning. The cells were serially diluted in 

complete media to produce cell concentrations of 60, 20 and 5 cells/ml. 100 μl of each 

dilution was added to the wells of a 96 well plate. Plates were checked for evidence of 

growth and cell populations were expanded and assayed for cell surface MCAM 

expression using flow cytometry. Several rounds of sequential single cell cloning were 

required to obtain cell populations displaying homogenous, positive MCAM expression 

levels. A number of MCAM positive cell populations were chosen for further analysis 
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and cell stocks were frozen. Several populations were kept in culture for extended 

periods to check the stability of MCAM expression.  

 

3.2.1.5  Detection of pCDM8-MCAM and pcDNA3.1-MCAM cDNA in 

transfected cells. 

To confirm the flow cytometry and western blot data, a reverse transcriptase polymerase 

chain reaction (RT-PCR) assay was developed to detect expression of pCDM8-MCAM 

and pcDNA3.1-MCAM (section 3.2.2.1) at the transcriptional level. 

 

3.2.1.5.1 RNA extraction from melanoma cells 

All centrifugations were performed at room temperature unless otherwise stated. 

Melanoma cells were detached from tissue culture plastic using 2.5 mM EDTA/PBS, 

washed with PBS and pelleted by centrifugation. The RNeasy kit (Qiagen) was used to 

isolate and extract total RNA according to the manufacturer’s instructions. Briefly, 6 x 

106 melanoma cells were suspended in Buffer RLT and homogenised by passing the cell 

lysate 5 times through a 20-gauge needle. Ethanol-precipitated RNA from the lysate 

was applied to an RNeasy spin column and spun at 10 000 x g for 15 s. The column was 

washed once with buffer RWI and twice with buffer RPE. The RNA was eluted by 

adding RNase-free water directly to the spin column membrane and centrifuging at 10 

000 x g for 15 s. The concentration of RNA was determined on the spectrophotometer 

and its quality was assessed by running an aliquot on a 1% agarose gel. 

 

3.2.1.5.2  DNase 1 treatment of RNA 

To remove any contaminating DNA from the RNA preparation, 10 μg of RNA was 

combined with 5 μl of RQ1 RNase-free DNase (1 U/μl) (Promega), 2 μl of 10× DNase 

1-RQI buffer (supplied) and nuclease-free ddH2O to a final volume of 20 μl. The 

reaction was incubated at 37°C for 30 min. DNase 1 stop buffer (2 μl) was added to the 

reaction and the tube was heated at 65°C for 10 min. RNA was stored at -80°C.  

 

3.2.1.5.3  Reverse transcription (RT) 

cDNA was synthesised from the RNA by mixing 1 μl of random hexamer primers (0.5 

μg/μl) (Promega), 5 μl of DNase 1 treated RNA (0.5 μg/μl) and RNAse-free H2O in a 

final volume of 13.2 μl. The reaction was incubated at 75°C for 5 min and immediately 

chilled on ice. This reaction mixture was added to a tube containing: 5 μl of AMV- RT 
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5× buffer, 2 μl of 10 mM dNTPs, 4 μl of MgCl2, 0.4 μl of RNAsin (40 U/μl) and 0.4 μl 

of AMV-RT (20 U/μl) (all from Promega). The reaction was incubated at 42°C for 60 

min followed by 75°C for 5 min. The cDNA was diluted to 100 μl with RNAse-free 

H2O. 

 

3.2.1.5.4 RT-PCR reaction for pCDM8-MCAM/pcDNA3.1-MCAM and 

GAPDH 

MCAM was amplified from cDNA using the forward primer MCAM Tail F (5’-

GACAGGTGTTGAATGCACGG-3’) and the reverse primer MCAM Tail 3’UTR R 

(5’-GCAGGAGGCTTCTCTCTAGTC-3’). HotStar Taq polymerase (Qiagen) was used 

according to the manufacturer’s instructions (section 2.3.2.1) and the amplification 

reaction was performed using 2 mM MgCl2 at an annealing temperature of 55oC. A 

product of approximately 500 bp was expected if the pCDM8-MCAM construct was 

present.  

 

The integrity of the cDNA was assessed using primers that amplified GAPDH cDNA 

(glyceraldehyde-3-phosphate dehydrogenase, a “house-keeping” gene). The primers 

were GAPDH F (5’-ACCACAGTCCATGCCATCAC-3’) and GAPDH R (5’-

GTCTACATGGCAACTGTGAGG -3’) and the PCR was performed using HotStar Taq 

polymerase (Qiagen) according to the manufacturer’s instructions (section 2.3.2.1). The 

amplification reaction was performed using 1.5 mM MgCl2 at an annealing temperature 

of 52oC. A product of approximately 600 bp was expected. 

 

3.2.2  Generation of SB2 MCAM positive cell lines 
3.2.2.1  Production and Purification of pcDNA3.1-MCAM  

pcDNA3.1-MCAM was constructed and kindly supplied by Dr Stéphane Karlen (then 

of the Inselspital, Berne, Switzerland). Briefly, full length wild-type MCAM cDNA 

(approximately 3 kb, including the 3’ UTR) was liberated from pCDM8-MCAM 

(section 3.2.1.1, Figure 3.1) by Xba1 and Not1 restriction digestion, and this fragment 

was ligated into pcDNA3.1 (Figure 3.2). Dr Karlen also performed site-directed 

mutagenesis on pcDNA3.1-MCAM to introduce specific point mutations into the 

cytoplasmic tail (Figure 3.3). Plasmid DNA was then introduced into chemically 

competent JM109 E.coli cells (section 2.3.2.3), single colonies chosen and DNA 

prepared by large-scale plasmid preparations (section 2.3.2.5). The DNA concentration 

and purity of each plasmid was analysed by spectrophotometry, and the identity of each 
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construct verified by restriction enzyme and direct sequence analysis (sections 2.3.2.7, 

2.3.2.14). 

 

3.2.2.2  Geneticin (G418) titration on SB2 cells 

SB2 melanoma cells were added to the wells of a 24-well plate (2 × 104 cells per well) 

and incubated for 48 h at 37°C. The following day, G418 (100 mg/ml)(Sigma), diluted 

in complete tissue culture media, was added to the wells to generate final concentrations 

ranging from 0-1000 μg/ml. The cells were observed for 7-10 days. Concentrations less 

than 800 μg/ml appeared to have no effect on cell viability. A second titration was 

performed using G418 concentrations of 600-1500 μg/ml. After 72-96 h, more than 

80% of the SB2 cells in 1300 μg/ml G418 had died, and this was chosen as the 

concentration for selection of SB2 cells transfected with pcDNA3.1-MCAM. 

 

3.2.2.3  Optimisation of SB2 electroporation  

The SB2 cells proved difficult to transfect using cationic lipid-based reagents such as 

LipofectAMINE PLUS (Gibco) or FugeneR 6 (Roche), so electroporation was attempted 

using the method described for COS-7 cells (section 2.4.1.3). Transfection conditions 

for the SB2 cells were optimised using pEGFP-C3 (Figure 3.4a) (Clontech, Mountain 

View, CA) kindly provided by Dr Dora Angelicheva (Western Australian Institute for 

Medical Research, Perth, Australia). A range of electroporation voltages from 0.26 to 

0.36 kV were tested. The SB2 cells were harvested 48 h post-transfection, resuspended 

in PBS and fixed with 2% paraformaldehyde. Cells were analysed for EGFP expression 

by flow cytometry (Figure 3.4b). Cells transfected with an electroporation voltage of 

0.32 kV showed the highest EGFP expression, and this voltage was used for all further 

transfections. 

 

3.2.2.4  Transfection of SB2 cells with wild type pcDNA3.1-MCAM 

SB2 cells were transfected with wild type pcDNA3.1-MCAM using the electroporation 

voltage optimised with pEGFP-C3 (section 3.2.2.3 above). The MCAM constructs were 

linearized by ScaI restriction digestion. This enzyme does not cut MCAM but cuts the 

pcDNA3.1 vector without disrupting any critical vector characteristics (such as 

antibiotic resistance or promoter activity). 100 μg of pcDNA3.1-MCAM DNA was 

linearized by ScaI digestion, recovered by ethanol precipitation and the new DNA 

concentration determined (section 2.3.2.9, 2.3.2.6). 10-15 μg of DNA was used for the 

stable transfections and the cells kept ice-cold throughout the procedure.  
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3.2.2.5  Selection and cloning of MCAM expressing SB2 cells 

Four cuvettes of SB2 cells were electroporated with pcDNA3.1-MCAM and the cells 

returned to separate 25 cm2 tissue culture flasks containing complete DMEM tissue 

culture media. The cells were allowed to adhere before the media and cellular debris 

was aspirated and the media replaced. After 48 h the cells received fresh media 

supplemented with 1300 μg/ml G418. Selection was continued for 3 weeks and the 

surviving cell populations (that originated from separate cuvettes) were then expanded 

and tested for cell surface MCAM expression via flow cytometry (section 2.1.4.5) using 

α-MCAM mAb CC9 (5 μg/ml) and FITC-conjugated α-mouse IgG (1/20 dilution).  

 

Several MCAM negative cell populations were chosen as transfection controls, 

expanded, and the cells frozen (section 2.1.4.2). Cell populations containing MCAM 

expressing cells were selected and sorted using flow cytometry to enrich for MCAM 

expressing cells. The cells were prepared as for basic flow cytometry except that they 

were maintained in as sterile an environment as possible. To have sufficient cells for 

sorting, 2.0 ml of cells at 4.0 x 106 cells/ml were used and divided into 200 μl aliquots 

for the staining procedure. The SB2 cells were stained for MCAM using the α-MCAM 

mAb CC9 and FITC-conjugated α-mouse IgG.  

 

Cell sorting was performed by Rom Krueger of the Flow Cytometry Unit, Royal Perth 

Hospital, Perth, Australia. A FACStar Plus (Becton Dickinson, Franklin Lakes, NJ) with 

INNOVA 70-4 argon laser tuned to 488 nm was used, with data acquisition and analysis 

performed using CellQuest software (Becton Dickinson). The instrument was set to 

detect the FITC signal using a 530/30 nm bandpass filter. FITC positive cells were 

sorted into one vessel and FITC negative cells into another. The resultant cell 

populations were resuspended in complete DMEM supplemented with 

penicillin/streptomycin and returned to tissue culture. The two cell populations (positive 

and negative) were re-assayed for MCAM expression via flow cytometry as previously 

described. 

 

Single cell cloning was performed as described for the P525 KW4 cells (section 

3.2.1.4). Briefly, the SB2 cells displaying MCAM positive sub-populations were 

serially diluted in complete DMEM to produce cell suspensions containing 5 or 10 

cells/ml. 100 μl of each of these cell solutions was aliquoted into the wells of a 96 well 

plate. Plates were checked for evidence of growth and cell populations were expanded 
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and assayed for cell surface MCAM expression using flow cytometry. At least two 

sequential rounds of single cell cloning were required to isolate SB2 cell clones that 

demonstrated acceptable MCAM expression profiles. 

 

3.2.2.6  Detection of pcDNA3.1-MCAM cDNA in transfected cells. 

To confirm flow cytometry and western blot data, a RT-PCR assay was used to detect 

expression of the pcDNA3.1-MCAM vector at the transcriptional level. RNA was 

extracted from SB2 cells, DNase 1 treated and reverse transcribed as described for the 

KW4 cell series in sections 3.2.1.5.1 – 3.2.1.5.3. The RT-PCR reactions for pcDNA3.1-

MCAM and GAPDH were as described for pCDM8-MCAM and GAPDH in section 

3.2.1.5.4 

 

3.2.2.7  Transfection of SB2 cells with mutant pcDNA3.1-MCAM constructs 

The pcDNA3.1-MCAM mutant constructs (section 3.2.2.1, Figure 3.3) were transfected 

into SB2 cells and cell populations selected and cloned as described in sections 3.2.2.4 

and 3.2.2.5. However, each transfectant population was diluted to only one cell 

concentration (10 cells/ml) and 100 μl of this solution was aliquoted into the wells of 

one 96 well tissue culture plate. Plates were checked for evidence of growth and these 

cell populations were harvested and then split 5:1 between a 24 well plate and a fresh 96 

well plate.  

 

When the cells in the 96 well plate reached near-confluence they were fixed and 

permeabilised. Immunofluorescent staining was then performed (section 2.1.4.12) using 

the α-MCAM mAb CC9 (1 μg/ml) and α-mouse IgG-FITC (1/100 dilution). The 96 

well plate was then drained and inverted for examination using an Axioscop 2 

microscope (Carl Zeiss). Wells showing positive MCAM staining were recorded and the 

corresponding well in the 24 well plate was expanded for flow cytometric analysis 

(section 3.2.2.5). In some cases MCAM expression in SB2 cells transfected with mutant 

MCAM constructs was assessed by total cell flow cytometry (section 2.1.4.6), as well as 

by cell surface flow cytometry.  

 

3.2.3  Re-cloning of CHO MCAM positive cell lines 
The mCHO2 (MCAM negative) and mCHO6 (MCAM positive) cell lines were 

previously generated by Ms Jade Sadlier (section 2.1.1.2.1) by co-transfection of CHO 

cells with pCDM8-MCAM and pPGK-puromycin plasmid constructs (refer sections 
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3.2.1.1, 3.2.1.3 and Figures 3.1a, b). A second MCAM positive cell population, 

mCHO15, showed heterogeneous MCAM expression (Figure 3.11d)    

 

The mCHO15 cell population was serially diluted in complete tissue culture media to 

generate cell densities of 5 and 20 cells/ml. 100 μl of each of these dilutions was 

aliquoted into the wells of a 96 well plate. The plates were checked for growing cell 

populations, which were expanded and assayed for cell surface MCAM expression 

using flow cytometry (as described in section 3.2.1.4). A number of MCAM positive 

cell populations were chosen for further analysis, expanded and stocks frozen. Several 

rounds of sequential single cell cloning were performed to obtain cell lines displaying 

homogenous MCAM expression profiles (Figure 3.11e).  

 

To confirm the flow cytometry and western blot data for the CHO, mCHO2, mCHO6 

and mCHO15.6 cell lines, RNA was extracted and RT-PCR performed as detailed in 

sections 3.2.1.5.1 – 3.2.1.5.4 . 

 

3.2.4  Generation of MCAM negative melanoma cells 
3.2.4.1  Construction and purification of pcDNA3.1-antisense-MCAM  

Sequence analysis of the pcDNA3.1-MCAM construct revealed the presence of two 

Xho1 restriction enzyme sites in the vector sequence; one immediately downstream of 

the Xba1 site used to ligate the 5’ end of MCAM into pcDNA3.1, and one immediately 

upstream of the Not1 site used to ligate the 3’ end of MCAM into pcDNA3.1 (Figure 

3.5a). Sequence analysis of MCAM revealed that Xho1 also cut MCAM twice, at 1073 

and 2789 base pairs after the start codon. Therefore, restriction digestion of pcDNA3.1-

MCAM with Xho1 produced: a 1 kb fragment consisting of the first 1073 base pairs of 

MCAM; 1.8 kb and 0.3 kb fragments containing the remaining MCAM sequence; and a 

5.4 kb fragment representing pcDNA3.1 vector (Figure 3.5a). The 1 kb fragment 

containing the first 1073 base pairs of MCAM was chosen to create an MCAM anti-

sense construct.  

 

pcDNA3.1-MCAM was digested with Xho1, separated by agarose gel electrophoresis 

and the 1 kb MCAM fragment and 5.4 kb pcDNA3.1 fragment were gel purified 

(sections 2.3.2.10, 2.3.2.11). The pcDNA3.1 fragment was dephosphorylated and re-

purified to prevent it ligating to itself (sections 2.3.2.8, 2.3.2.9). The pcDNA3.1 and 1 

kb MCAM fragment were ligated (section 2.3.2.13) and the ligation mixture used to 
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transform competent JM109 E. coli cells (section 2.3.2.3). Single bacterial colonies 

were selected, mini-prep DNA purification performed (section 2.3.2.4) and the plasmids 

checked for inserts via Xho1 digestion. 

 

The Xho1-based cloning strategy used meant that the 1 kb MCAM fragment (with Xho1 

sites at both ends) could insert in the pcDNA3.1 vector backbone in a sense or anti-

sense orientation. A restriction digest assay involving EcoRV was used to distinguish 

sense and anti-sense constructs, with anti-sense plasmids producing a 950 bp fragment 

and a 5.5 kb fragment (Figure 3.5b). Large scale plasmid purification was performed for 

a number of pcDNA3.1-anti-sense-MCAM constructs and the integrity of these 

confirmed by direct sequencing (sections 2.3.2.5, 2.3.2.14). 

 

3.2.4.2  Geneticin (G418) titration on MM253 and A2058 melanoma cells 

MM253 and A2058 melanoma cells were added to a 24-well plate at a density of 1 × 

104 cells per well and incubated at 37°C. The following day G418 (100 mg/ml) was 

diluted in complete tissue culture media and added to the wells to produce final G418 

concentrations ranging from 300 to 1100 μg/ml. The cells were observed for 8 days. 

After 6 days, more than 80% of the MM253 and A2058 melanoma cells in media 

containing 600 μg/ml G418 had died. This concentration was chosen for selection of 

cells transfected with pcDNA3.1-antisense-MCAM. 

 

3.2.4.3  Transfection of MM253 and A2058 melanoma cells with pcDNA3.1-

antisense-MCAM. 

The MM253 and A2058 cells were transfected using FugeneR 6 (Roche) according to 

the manufacturer’s instructions. Briefly, both cell lines were seeded at 3 × 104 cells per 

well into a 6 well plate and incubated at 37°C for 2 days. Three different ratios of 

FugeneR 6 (μl) to DNA (μg) were tested (3:2, 3:1 and 6:1) on both cell lines. The 

transfection mixtures were prepared by adding serum free media to 0.6 μl sterile tubes, 

followed by FugeneR 6 and, after a 5 min rest, the DNA. The FugeneR 6: DNA mixture 

was incubated for 30 min at room temp before being added drop-wise to each well of 

the prepared 6 well plates. The cells were allowed to rest for 24 h before the media was 

replaced with fresh tissue culture media containing G418 (600 μg/ml). Selection was 

maintained for 3 weeks, with the cells receiving new media containing G418 every 2-3 

days.  
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The surviving cell populations (originating from separate wells) were expanded and 

assayed for cell surface MCAM expression via flow cytometry using the α-MCAM 

mAb CC9 (5 μg/ml) and FITC-conjugated α-mouse IgG (1/20 dilution). Parental 

MM253 and A2058 cells were used as positive controls to demonstrate surface MCAM 

expression on wild-type (untransfected) cells. 

 

3.2.4.4  Detection of pcDNA3.1-antisense-MCAM in transfected cells 

A PCR assay was developed to test for the presence of the pcDNA3.1-antisense-MCAM 

vector in transfected cells. DNA was extracted from cell pellets using the DNeasy Blood 

& Tissue Kit (Qiagen). The T7 primer (5’-AATACGACTCACTATAGGGAGAC-3’) 

anneals to a site at the 5’ end of the multi-cloning site (MCS) in pcDNA3.1 and was 

used as the forward primer. The MCAM primer 880F (5’-

GCAGAACCCCAGCACCAGG-3’) was used as the reverse primer, as MCAM was 

inserted in an anti-sense orientation. HotStar Taq polymerase (Qiagen) was used 

according to the manufacturer’s instructions (section 2.3.2.1) and the amplification 

reaction was performed using 2 mM MgCl2 at an annealing temperature of 57oC. A 

product of 320 bp was expected if the pcDNA3.1-antisense-MCAM construct was 

present.  

 

3.3   Results 
The derivation and MCAM status of the KW4, CHO and SB2 cell series are shown in 

Figure 3.5.1. 

 
3.3.1  Development and analysis of MCAM transfected cell lines 
3.3.1.1   The KW4 melanoma cell series 

3.3.1.1.1 Transfection, selection and flow cytometric analysis 

The P525 cells, the original melanoma cell population derived from a lymph node 

biopsy (section 2.1.1.1.2), showed low but heterogeneous MCAM expression (Figure 

3.6 a). The P525 KW4 cells were derived from the parental P525 cell population 

through repeated single cell cloning and have a negative MCAM expression profile 

(Figure 3.6 b). The MCAM negative P525 KW4 cells were then co-transfected with 

pCDM8-MCAM and pPGK-puromycin (Figure 3.1). Following puromycin treatment to 

select for transfected cells, the P525 KW4 cells were assayed for cell surface MCAM 
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expression using flow cytometry (Figure 3.6). A number of MCAM negative and 

positive cell populations were selected and frozen.  

 

The KW4 M3.2 cells (Figure 3.6 c) were chosen as an MCAM negative transfection 

control. These cells were puromycin resistant yet displayed no MCAM cell surface 

expression. The KW4 M3.1 cells displayed bi-modal MCAM expression and were 

selected as an MCAM positive population (Figure 3.6 d). The KW4 M3.1 cell 

population was then subjected to serial dilution and single cell cloning in 96 well plates 

in an attempt to generate a cell line showing homogenous MCAM expression. The 

single cell cloning yielded the KW4 M3.1.6.3 cells (data not shown) and another round 

of single cell cloning was performed on these cells to produce two cell populations with 

slightly different MCAM profiles (KW4 6.5 and KW4 6.6, Figure 3.6 e&f). Aliquots of 

the KW4 6.5 and KW 6.6 MCAM positive cells were frozen for storage, whilst others 

were maintained in cell culture for a further 4 weeks without puromycin. Flow 

cytometric analysis showed that these cells retained the same positive MCAM 

expression, suggesting they were stable populations. 

 

3.3.1.1.2 Western Blot analysis  

Following the assessment and selection of cell lines using flow cytometry, MCAM 

expression and identity was examined by SDS-PAGE and western blot analysis. Cell 

lysates (section 2.2.2.1) were prepared from the P525 KW4, KW4 M3.2, KW4 6.5 and 

KW4 6.6 cells, as well as from the A2058 melanoma cells used as a positive control.  

 

Immunoprecipitations were performed on the cell lysates using the α-MCAM mAb 

CC9. A mouse IgG2a antibody served as a control (Tables 2.1, 2.3). 

Immunoprecipitated products were separated by SDS-PAGE and visualized by western 

blotting using biotinylated CC9 and streptavidin-HRP (S-HRP) (sections 2.2.2.3, 

2.2.2.6, 2.2.2.7, 2.4.4, Tables 2.1, 2.2). While flow cytometry was only used to examine 

cell surface MCAM expression, western blot analysis of cell lysates was used to 

examine both cell surface and intracellular protein expression. 

 

A protein of approximately 120 kDa was immunoprecipitated from the A2058, KW4 

6.5 and KW4 6.6 cells using the α-MCAM mAb CC9 but not the IgG2a control 

antibody (Figure 3.7 a). This is the correct size for MCAM and confirms that the KW4 

6.5 and KW4 6.6 cells express MCAM protein, and that MCAM is immunopreciptated 



 88 

by the α-MCAM mAb CC9. No protein was immunprecipitated by the CC9 mAb from 

the P525 KW4 or KW4 M3.2 cell lysates, indicating that these cell populations do not 

express detectable MCAM.  

 

A small amount of lysate prepared for each cell line was saved from the 

immunoprecitation reactions and used as a control for protein expression. These 

samples were separated by SDS-PAGE and analysed by western blot for galectin-3 

expression using the α-galectin-3 antibody MAC-2 followed by α-rabbit Ig-HRP. All 

cell lines show similar expression of galectin-3, demonstrating that there were 

comparable quantities of protein in each lysate (Figure 3.7 b). This confirms that the 

lack of MCAM immunoprecipitated from the P525 KW4 and KW4 M3.2 cells was due 

to the absence of MCAM in these cells rather than a decreased amount of total protein 

in these samples. 

 

3.3.1.1.3 PCR confirmation of transfection 

RT-PCR was used to confirm the expression of MCAM in transfected cells at the 

transcriptional (RNA) level. RNA was extracted from cells of the P525 KW4 series, 

cDNA produced by reverse transcription and PCR performed to amplify MCAM and 

GAPDH transcripts (section 3.2.1.5). The MCAM primers used in this PCR were 

specific to the MCAM gene rather than the pCDM8-MCAM vector, so this RT-PCR 

would also have amplified any endogenous MCAM DNA transcribed by the cell. Figure 

3.13 a demonstrates that the P525 KW4 and KW4 M3.2 cell lines do not contain any 

MCAM transcripts, indicating that these cells do not produce any MCAM RNA, either 

endogenous or introduced via plasmid. The KW4 6.5 and KW4 6.6 cells do produce 

MCAM transcripts, suggesting these cells contain the pCDM8-MCAM vector. The 

integrity of the cDNA was confirmed by the amplification of endogenous GAPDH 

transcripts from all of the P525 KW4 cell lines (Figure 3.13 b) 

 

3.3.1.2  The SB2 melanoma cell series 

3.3.1.2.1 Transfection, selection and flow cytometric analysis 

The SB2 MCAM negative melanoma cell line obtained from Dr Stéphane Karlen was 

maintained in tissue culture for several weeks. The SB2 melanoma cells remained 

MCAM negative over this period as assessed by flow cytometry and western blot 

analysis (Figures 3.8 a, 3.9).  
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Linearized pcDNA3.1-MCAM (wild-type) plasmid was introduced into the SB2 cells 

via electroporation, using the voltage optimised with the pEGFP-C3 plasmid. Following 

transfection and three weeks of G418 selection, SB2 transfectants were analysed for 

MCAM surface expression by flow cytometry (section 3.2.2.5). Only one of the four 

transfectant populations showed any MCAM expression. This population, named SB2 

M3.1 showed an MCAM positive peak in approximately 5% of cells (Figure 3.8 b).  

 

As only 5% of the SB2 M3.1 cells expressed MCAM, FACS cell sorting (to enrich for 

MCAM positive cells, section 3.2.2.5) was performed. However, cell sorting was not 

successful, with no enrichment of MCAM positive cells in the sorted SB2 M3.1 

population. Single cell cloning was then performed on the 5% MCAM positive SB3 

M3.1 population (section 3.2.2.5). The first round of cloning produced the SB2 14 cells, 

a population showing bi-modal MCAM expression, with 60-70% of the cells showing a 

positive MCAM profile by flow cytometry (Figure 3.8 c). These cells were subjected to 

a second round of single cell cloning, from which the SB2 14.1 and SB2 14.8 cells were 

selected as MCAM positive transfectants (Figure 3.8 d&e), and aliquots of these cell 

lines were frozen. These cells were also kept in continuous culture for 4 weeks without 

G418 selection and retained MCAM expression as measured by flow cytometry. The 

SB2 14.7 cells were also derived from the SB2 14 cells and showed a completely 

negative MCAM profile (Figure 3.8 f). These cells were stored for use as a negative 

transfection control for the SB2 14.1 and SB2 14.8 MCAM positive cell populations. 

 

3.3.1.2.2  Western blot analysis 

MCAM expression in the SB2 cell lines was assessed using SDS-PAGE and western 

blotting. Cell lysates were prepared and immunoprecipitations performed using the α-

MCAM mAb CC9 or a mouse IgG2a antibody as a control. Immunoprecipitated 

products were separated by SDS-PAGE and visualized by western blotting using 

biotinylated CC9 and S-HRP. A protein of approximately 120 kDa was detected in 

precipitated material from the SB2 14.1 and SB2 14.8 cell lysates that were incubated 

with the α-MCAM CC9 mAb, but not the IgG2a control antibody (Figure 3.9 a). This 

confirms the presence of the MCAM protein in these two cell populations. No MCAM 

protein was immunoprecipitated from the SB2 parental or SB2 14.7 control cells, 

confirming that neither of these cell lines expresses detectable cell surface or 

intracellular MCAM. 
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The cell lysates that were used for the immunoprecipitation reactions were also tested 

for protein level. These samples were separated by SDS-PAGE and analysed for 

galectin-3 expression via western blot using the α-galectin-3 antibody MAC-2 followed 

by α-rabbit-Ig-HRP. All the SB2 cell lines gave galectin-3 bands of similar intensity, 

indicating there were similar quantities of protein present in each lysate (Figure 3.9 b).  

 

3.3.1.2.3 PCR confirmation of transfection 

RT-PCR was also used to confirm the expression of MCAM in the transfected SB2 cells 

at the transcriptional (RNA) level. RNA was extracted from cells, cDNA produced by 

reverse transcription and PCR performed to amplify MCAM and GAPDH transcripts 

(section 3.2.1.5). The MCAM primers used in this PCR were specific to the MCAM 

gene, so this reaction would amplify endogenous MCAM as well as pcDNA3.1-MCAM 

RNA (cDNA). Figure 3.13c shows that the SB2 cells do not contain any MCAM 

transcripts, indicating that these cells do not transcribe MCAM at detectable levels. The 

SB2 14.1 cells do produce MCAM transcripts, suggesting these cells contain the 

pcDNA3.1-MCAM vector. Endogenous GAPDH transcripts were successfully 

amplified from the SB2 and SB2 14.1 cDNA, confirming the integrity of the DNA 

samples (Figure 3.13d). 

 

3.3.1.2.4 SB2 cells transfected with mutant MCAM constructs 

As one of the aims of this project was to investigate the role of the cytoplasmic tail of 

MCAM in cell spreading behaviour and receptor endocytosis in melanoma cells, a 

number of MCAM constructs were produced containing mutations in motifs predicted 

to be involved in these processes (section 3.2.2.1, Figure 3.3). These mutant constructs 

were: a tail-stop mutant; a tyrosine mutant, a di-leucine mutant and a double 

(tyrosine/di-leucine) mutant. The SB2 cells were chosen as the cell line to use for these 

mutant transfections because they were the best-described MCAM-negative melanoma 

cell line available. 

 

3.3.1.2.4.1 Transfection, selection and flow cytometric analysis 

The mutant pcDNA3.1-MCAM constructs were transfected into the SB2 cells using 

electroporation of linearized vector, as described for the wild type pcDNA3.1-MCAM 

vector (section 3.2.2.4). As seen with the SB2 MCAM wild-type transfections, only a 

small percent of transfected SB2 cells were positive for MCAM expression by flow 

cytometry after three weeks of G418 selection (Figure 3.10). MCAM positive sub-



 91

populations were seen for cells transfected with the di-leucine motif mutant construct 

(MCAM LP), the tyrosine mutant motif construct (MCAM YG) and the double mutant 

construct (MCAM LP-YG). However, despite a number of attempts, no positive 

MCAM expression could be found in SB2 cells transfected with the MCAM tail-stop 

construct.  

 

It was possible that the mutations would affect the ability of MCAM to localize to the 

cell surface. Thus, total cell flow cytometry (which measures protein both on the cell 

surface and within the cell) was also performed on the early transfectant populations. 

Although total cell flow cytometry showed slightly higher MCAM expression than cell 

surface flow cytometry,  no mutant transfectants measured as MCAM negative by cell 

surface analysis were positive using a total cell approach (data not shown). Therefore, 

cell surface flow cytometry was used for all further screening. 

 

As FACS cell sorting was previously unsuccessful, single cell cloning was immediately 

attempted for all SB2 populations transfected with mutant pcDNA3.1-MCAM 

constructs that showed positive MCAM expression (section 3.2.2.7). Figure 3.10 shows 

cell surface flow cytometry profiles for a number of the mutant SB2 cell lines 

generated. The cell populations shown are a subset of those generated and were selected 

to represent a range of expression levels. Other cell populations, not shown here, were 

also characterised and frozen for later use. 

 

The SB2 MCAM LP mutant cell populations generated included a negative transfection 

control, a moderate MCAM expressor, and a higher (but heterogeneous) MCAM 

expressor (Figure 3.10 a-c). This heterogeneous expressor (SB2 LP 5) was subjected to 

further rounds of single cell cloning to produce a cell line with a more homogenous 

MCAM profile (SB2 LP 5.13). This cell line is discussed in Chapter 7. The SB2 

MCAM YG mutant transfections resulted in a negative transfection control cell 

population and two moderate MCAM expressors (Figure 3.10 d-f). The SB2 MCAM 

LP-YG mutant cell populations displayed a range of expression levels including a 

transfection control, a low to moderate MCAM expressor and a high but heterogeneous 

MCAM expressor (SB2 LP-YG 76) (Figure 3.10 g-i). This population was subjected to 

another round of single cell cloning to produce the SB2 LP-YG 76.2 cell line (Chapter 

7).  
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3.3.1.3  The CHO cell series 

3.3.1.3.1 Flow cytometric analysis 

The epithelial CHO (chinese hamster ovary) cell line was co-transfected with pCDM8-

MCAM and pPGK-puromycin by Ms Jade Sadlier, an honours student in A/Prof. 

Coombe’s laboratory (section 2.1.1.2.1). She produced the MCAM positive cell line, 

mCHO6 and the MCAM negative cell line, mCHO2. The CHO, mCHO2 and mCHO6 

cell lines were well-established in the laboratory and showed consistent MCAM 

expression profiles by flow cytometry (Figure 3.11 a-c). However, it was decided that at 

least two MCAM positive transfectant cell lines were needed within each cell series. 

Thus a number of other transfectants generated by Ms Sadlier were examined for 

MCAM expression using flow cytometry. Of these, the mCHO15 cell line showed a bi-

modal MCAM expression pattern (Figure 3.11 d) and was selected for single cell 

cloning. Re-cloning of mCHO15 generated cell populations with a range of MCAM 

expression, and of these the mCHO15.6 cells were selected as the second MCAM 

positive cell line in the CHO cell series (Figure 3.11e). 

 

3.3.1.3.2 Western blot analysis 

The cell lines of the CHO cell series were subjected to immunoprecipitation, SDS-

PAGE and western blot analysis. A protein of approximately 120 kDa was precipitated 

from the mCHO6 and mCHO15.6 cell lysates by the α-MCAM CC9 mAb but not the 

IgG2a control antibody (Figure 3.12a), whereas no MCAM protein was 

immunoprecipitated from the CHO or mCHO2 cell lines. Again, lysates of each CHO 

cell line were assessed by western blotting for galectin-3. Similar amounts of galectin-3 

were seen in all four CHO cell lines, indicating that each lysate contained a similar 

amount of protein (Figure 3.12b). 

 

3.3.1.3.3 PCR confirmation of transfection 

The CHO cell series was subjected to RT-PCR analysis to investigate MCAM at the 

transcriptional level. RNA was extracted from cells, cDNA produced by reverse 

transcription and PCR performed to amplify MCAM and GAPDH transcripts (section 

3.2.1.5). Figure 3.13a demonstrates that the CHO and mCHO2 cells do not contain any 

MCAM transcripts. That is, these cells do not produce any endogenous (or plasmid-

borne) MCAM. The mCHO6 and mCHO15.6 cells, however, do produce MCAM 

transcripts, suggesting these cells contain the pCDM8-MCAM vector. The integrity of 



 93

the RNA samples was confirmed by the successful amplification of GAPDH from the 

CHO, mCHO2, mCHO6 and mCHO15.6 cell lines cDNA samples (Figure 3.13b). 

 

3.3.2  Development and analysis of MCAM negative melanoma 

cells 
3.3.2.1  Transfection and flow cytometric analysis of the A2058 and MM253 

melanoma cell lines 

Similar to many melanoma cell lines, the MM253 and A2058 cells express endogenous 

MCAM at moderate to high levels. Two cell lines were transfected with the pcDNA3.1-

antisense-MCAM plasmid (section 3.2.4), and subjected to G418 selection before being 

assayed for cell surface MCAM expression by flow cytometry. 

 

A number of cell populations were generated and named after the original ratio of 

FugeneR6 to DNA (section 3.2.4.3) used in the transfection. One MM253 cell 

population (MM253 antisense 3.1) showed a small reduction in cell surface MCAM 

expression (Figure 3.14 b). The other MM253 cell populations, MM253 antisense 6.1 

(Figure 3.14 a) and MM253 antisense 3.2 (data not shown), displayed no change in 

MCAM expression. The A2058 cells showed no reduction in MCAM expression after 

transfection and selection (Figure 4.14 c&d). 

 

3.3.2.2  PCR confirmation of transfection 

To investigate whether these results were due to a problem with i) cell transfection 

efficiency or ii) activity of the antisense vector inside the cell, PCR was performed to 

detect the presence of the antisense vector (Figure 3.15). DNA was extracted from the 

MM253 and A2058 cells (section 3.2.4.4) and PCR was performed using primers 

designed to amplify a fragment of the pcDNA3.1-antisense-MCAM plasmid. The 

transfected cell populations MM253 antisense 3.1 and 3.2 were found to contain the 

plasmid, whereas the MM253 antisense 6.1 population did not. The MM253 antisense 

3.1 cell poluation showed some reduction in MCAM expression whereas the MM253 

antisense 3.2 and 6.1 cell populations did not (data not shown for the MM253 antisense 

3.2 cells). The A2058 transfected cells did not contain pcDNA3.1-antisense-MCAM. 

The product amplified from the MM253 cells appears slightly larger than that seen in 

the positive control because the agarose gel “ran” on an angle. Taken together, these 

results suggest that there were problems with both transfection efficiency and activity of 

the antisense vector. 
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3.3.3  Basic characterization of MCAM transfected cell lines 
3.3.3.1  MCAM transfection is associated with a change in cell morphology 

In routine cell culture (on tissue culture plastic) the MCAM expressing KW4 6.5 and 

KW4 6.6 cells display a different spreading morphology when compared to the parental 

P525 KW4 and KW4 M3.2 transfection control cells (Figure 3.16 a-d). P525 KW4 and 

KW4 M3.2 cells have numerous long cellular extensions and small cell bodies. 

Following MCAM transfection, the KW4 6.5 and KW4 6.6 cells have shorter 

cytoplasmic extensions and larger cell bodies, almost as if a “retraction” in cell 

spreading has occurred. If these cells become crowded in the tissue culture vessel, the 

KW4 6.5 and 6.6 cells begin to look more like the P525 KW4 and KW4 M3.2 cells.  

 

A similar change in morphology is also seen in the CHO cell series (Figure 3.18 a-d). 

The parental CHO and mCHO2 transfection control cells are long, quite thin and appear 

to spread very flat on tissue culture plastic, whereas the mCHO6 and mCHO15.6 cells 

appear slightly smaller and more rounded.  

 

Interestingly, although the SB2 cells also change shape upon transfection (Figure 3.20 

a-d), they are a little different to the other cell lines. The SB2 parental and SB2 14.7 

transfection control cells look rounded and assume a cobblestone appearance when 

grown to confluence. After MCAM transfection, the cells appear longer, thinner and 

flatter when spread on tissue culture plastic. Thus, the SB2 cells appear to show cell 

shape changes in the opposite direction to that seen in the P525 KW4 and CHO cell 

series. 

 

3.3.3.2 MCAM transfection and cell growth 

As metastatic progression is associated with uncontrolled cell growth, it was 

investigated whether transfection of MCAM into cells affected the rate of cell division. 

Growth curves were generated for all three cell series (section 2.1.4.4, Figures 3.17, 

3.19 and 3.21) and cell doubling times calculated from these graphs (Table 3.1). 

Consistent data was obtained between 72 and 96 h post plating, when the cells were 

growing exponentially. 

 

There was minimal difference in the cell doubling times between MCAM negative and 

MCAM positive cell lines in the CHO and SB2 cell series. The CHO cell lines showed 
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cell doubling times of 17 or 18 hours, whilst the SB2 cell lines doubled every 19 to 21 

hours. Both of these cell series were robust cell lines in tissue culture. 

 

        Table 3.1. Cell Doubling Times in the P525 KW4, CHO and SB2 cell series 

   

 * indicates the mean cell doubling time of the P525 KW4 and KW4 M3.2 cells  

 is significantly greater than that of the Per 525 cells (Students T-test,  p value 0.02) 

 

The P525 KW4 cell series displayed some variation in cell doubling times. The original 

cell line P525 (with low but heterogeneous MCAM expression) had a cell doubling time 

of 30 hours. The MCAM negative P525 KW4 cells grew signifcantly slower than the 

P525 cells, as did the KW4 M3.2 transfection control cell population (cell doubling 

times of 40 h and 39 h respectively). The KW4 6.6 MCAM positive cells were similar 

to the P525 cells, with a cell doubling time of 29 hours. 

 

3.4  Discussion 
3.4.1  Transfection of cells. 
Plasmid based transfection of the melanoma cells in this study was effective, although 

time consuming and labour-intensive. The CHO and P525 KW4 cells were both 

relatively easy to transfect and showed promising MCAM expression profiles following 

antibiotic selection, although a number of cell populations that survived selection did 

Cell line     

Mean doubling 

time (hours) SD (hours) 

P525 KW4 cell series    

P525   30 ± 2.5 

P525 KW4      40 * ± 3.0 

KW4 M3.2      39 * ± 2.5 

KW4 6.6   29 ± 3.0 

CHO cell series    

CHO  17 ± 2.0 

mCHO2   18 ± 3.0 

mCHO6   17 ± 3.5 

SB2 cell series    

SB2   21 ± 2.5 

SB2 14.7   20 ± 4.0 

SB2 14.1     19 ± 2.0 
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not express MCAM. Single cell cloning was also effective, but several rounds of 

cloning were required to isolate cell populations with high and (relatively) 

homogeneous MCAM expression. Based on the success of plasmid transfection in the 

CHO and P525 KW4 cells, this approach was also used for the SB2 cells. 

Unfortunately, these cells proved difficult to transfect, and once transfected, there were 

large numbers of cells that survived antibiotic selection that did not express MCAM.  

 

3.4.1.1  Transfection efficiency 

Gene delivery methods in mammalian cell culture can be divided into viral and non-

viral. Viral methods include the use of genetically modified retroviruses, adenoviruses, 

adeno-associated viruses and lentiviruses, whilst non-viral methods generally involve 

the transfection of plasmid constructs using cationic lipids, polymers, targeting proteins 

or electroporation. Viral vectors are generally more efficient in terms of the percentage 

of cells transduced, but are more complex and time consuming to prepare, require more 

expert handling and carry biohazard potential (Aluigi et al., 2006). Non-viral 

techniques, although less efficient, are used routinely for cell lines grown in vitro 

because they are simple to use, robust and the more recent lipid-based reagents offer 

reasonably high transfection rates across a range of cell lines (Iverson et al., 2005).  

 

A cationic-lipid and plasmid based approach worked well for the CHO and P525 KW4 

cells. However, the SB2 cells were not amenable to this technique and required a 

different method of DNA transfer. Laser microinjection was explored as a transfection 

option, but it quickly became apparent that manual microinjection was not feasible. 

Electroporation was then attempted on the SB2 cells and optimised using the pEGFP-

C3 plasmid. The SB2 cells showed acceptable levels of transient EGFP expression, 

indicating that plasmid DNA had been taken up by the cell. Thus, this method was used 

for the introduction of pcDNA3.1-MCAM into the SB2 cells. The main disadvantage of 

electroporation was the amount of cell death. 

 

Iverson et al. (2005) tested seven commercially available transfection reagents, two 

different methods of electroporation and photochemical internalisation to determine the 

best method of gene delivery into human smooth muscle and endothelial cells. They 

found that electroporation using the new nucleofector instrument (Amaxa Biosystems, 

Cologne, Germany) was the most effective method in terms of efficiency and survival 

rates (Iverson et al., 2005). Aluigi et al. (2006) also had good success using the 
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nucleofector technique on bone-marrow derived mesenchymal stem cells (Aluigi et al., 

2006) 

 

Thus, for difficult-to-transfect cell lines, electroporation may be the best non-viral 

method of gene transfer available. However, electroporation using the existing Gene 

Pulser apparatus (as used for the SB2 cells) is a relatively harsh technique and more 

delicate cell lines may have limited survival rates. Viral-based transfection may also be 

worth exploring for melanoma cells. Retroviral and especially lentiviral techniques of 

gene transfer are now widely commercially available and gene transfer by viral 

infection is becoming increasingly common in mammalian cell culture, especially with 

RNA interference (Rubinson et al., 2003; Sumimoto et al., 2006). 

 

3.4.1.2  Antibiotic resistant, MCAM negative cells (gene silencing) 

The combination of antibiotic resistance and an MCAM negative profile could be due to 

several factors. As the CHO and P525 KW4 cells were co-transfected with separate 

pCDM8-MCAM and pPGK-puromycin vectors, some cells may have been transfected 

with the pPGK-puromycin vector alone. This problem was addressed by using a 4:1 

ratio of DNA in favour of the pCDM8-MCAM plasmid, which should have decreased 

the chance of this occurring. Moreover, the SB2 cells were transfected using 

pcDNA3.1-MCAM, which contained MCAM and the G418 resistance gene on the same 

plasmid. However, in both cases a large number of transfected cells transcribed and 

translated the resistance gene, but did not produce MCAM.  

 

This appears to be a common problem in both mammalian cell transfection and 

transgenic animal lines, where the presence of the transgene does not guarantee protein 

expression. The fragmentation of exogenous DNA and DNA methylation appear to 

contribute to the silencing of transgenes. Ochiai et al. (2006a) reported that the levels of 

exogenous DNA in the nucleus of mouse liver cells decreased over time. Fragmentation 

of plasmid DNA occurred in the nucleus, perhaps as a result of endonucleases and/or 

exonucleases. They also suggest that fragmented DNA was more methylated than the 

intact plasmid and that transgene silencing occurred independently of methylation of the 

promoter region (Ochiai et al., 2006a). Ochiai et al. (2006b) also reported that silencing 

of exogenous DNA in cultured cells happened more slowly than in mouse liver cells, 

although they provide no hypothesis to account for this difference (Ochiai et al., 2006b).  
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The evidence suggests that transgene or plasmid silencing could also occur in other 

ways. Another possible mechanism is RNA silencing, which was first described in the 

1990s (Schepers and Kolter, 2001). Gene silencing by small interfering RNAs (siRNAs) 

is believed to have evolved in cells as an ancient defence mechanism to combat 

infection by viruses and transposons (Elbashir et al., 2001; Schepers and Kolter, 2001). 

Our understanding of small RNAs has improved in recent years, and it has become clear 

that there are a range of cellular RNA silencing pathways in addition to those involved 

in host defence (Brodersen and Voinnet, 2006; Vagin et al., 2006). Indeed, the role of 

small RNAs is now believed to include not only degradation of mRNA at the post-

transcriptional level but also silencing at the level of transcription by the regulation of 

heterochromatin formation (Izaurralde and Spector, 2004) 

 

Although it seems likely that expression of pcDNA3.1-MCAM is regulated by the cell 

via some form of RNA silencing, the exact process remains unknown. It is possible the 

cell recognises the plasmid DNA as being exogenous, but identifies the resistance gene 

(but not MCAM) as being necessary for survival when under antibiotic selection. Cells 

that express MCAM from the plasmid perhaps do so because of a failure of their 

siRNA-based regulatory system.  

 

It is noteworthy that the problem of MCAM negative, G418-resistant SB2 cells was 

more pronounced when using the mutant pcDNA3.1-MCAM constructs compared to 

that seen with the wild type MCAM construct. It is unclear whether this was due to 

regulation at the protein or the nucleic acid level, or both. As part of quality control in 

the endoplasmic reticulum and golgi apparatus, incomplete or incorrectly folded 

proteins are usually identified and marked for degradation (Ellgaard and Helenius, 

2003; Kleizen and Braakman, 2004). As these cytoplasmic MCAM mutations were 

novel, it was not known whether they affected protein structure or folding, and if so, if 

this would have consequences for protein expression and traffickking. The distribution 

and recycling of these mutant MCAM proteins will be discussed fully in Chapter 7. 

 

Regardless of the mechanism of transgene/plasmid silencing, the problem needs to be 

resolved for efficient gene delivery and therapy. One approach that appears promising 

in laboratory experiments is the use of IRES bicistronic expression vectors. These 

vectors contain a single expression cassette with one promoter and produce a single 

mRNA that codes for both the gene of interest and the resistance gene (or reporter gene, 
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depending on the plasmid). This occurs because of the insertion of an internal ribosome 

entry site (IRES) between the two genes, allowing the translation of two open reading 

frames from one messenger RNA. Consequently, expression of the resistance gene and 

the gene of interest are linked, such that a cell showing antibiotic resistance must also 

express the gene of interest. However, several groups have reported that expression 

levels can still vary significantly between different bicistronic vectors. This depends on 

both the specifics of the vector and on the cell line (Allera-Moreau et al., 2006; Martin 

et al., 2006).  

 

3.4.2  The antisense construct 
Transfection of the antisense construct into the MCAM expressing cells MM253 and 

A2058 encountered the same difficulties as the introduction of the MCAM expressing 

constructs in the MCAM negative cells. The A2058 cells showed little evidence of 

transfection, and although the MM253 cells contained the antisense construct, there was 

minimal reduction in MCAM expression.  

 

Whether antisense DNA is “silenced” by the cell as sense constructs appear to be has 

received little discussion in the literature, but the effectiveness of antisense constructs is 

known to be influenced by additional factors. A number of antisense sequences against 

the same gene are usually tested because some areas of RNA sequence appear to be 

more amenable to antisense silencing than others, and this is difficult to predict in silico. 

Antisense constructs show a range in activity, with a decrease in protein levels of 

between 50 and 80% being described as successful (Haeckel et al., 1998; Sharma et al., 

1998).  

 

The 5’ region of MCAM was chosen as the antisense target in this study. The lack of 

success in decreasing MCAM expression was probably due to both transfection 

problems and the area of sequence selected as a target. The next step would have been 

to target the 3’ end of the gene, or to develop a range of smaller antisense constructs 

spread throughout the MCAM sequence. However, at this stage of the project the 

antisense work was not pursued as it was clear that developing an effective antisense 

approach would be time and resource expensive. Moreover, the first reports of the use 

of siRNA were being published, and it was decided that this technique would be a more 

expedient option to pursue later in the project. 
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3.4.3  Integration of plasmid DNA 
Studies on mammalian cells in vitro show that the majority of interactions between 

introduced and endogenous DNA result in random integration (Smith, 2001). The 

random nature of this process poses several potential difficulties. The plasmid or 

transgene may be inappropriately or poorly expressed, or the integrated gene may have 

mutagenic effects by activating or inhibiting endogenous genes at the integration site. 

This means cells transfected with exactly the same construct and treated in the same 

way can show inconsistent or spurious phenotypes (Smith, 2001; Sorrell and Kolb, 

2005).  

 

One way of addressing this problem is to perform repeated transient transfections. This 

has the advantage that expression of your protein of interest is driven primarily from 

non-integrated plasmid DNA, so there is a limited chance of any phenotypic changes 

being caused by a secondary disruption of an endogenous gene. The disadvantages of 

this approach are that it requires constant re-preparation of plasmids and multiple cell 

transfection experiments, which are both time consuming and can produce variable 

results. Transient transfection will also produce a cell population with a heterogenous 

expression profile, which may not be appropriate for all experiments. 

 

A second option is to produce stable transfectant cells and to sort these cells into cell 

poluations homogenously expressing the protein of interest.  The use of cell populations 

avoid the possibility of clonal artefacts. Cell sorting using flow cytometery was 

attempted in this study with limited success (sections 3.2.2.5, 3.3.1.2.1). 

 

Thus, the approach used in this project was to produce at least two independent cell 

clones expressing the protein of interest. As integration is both random and relatively 

rare (Smith, 2001), cell lines generated from independent cell populations or clones 

should have different integration sites. Thus, if two independent transfectant cell lines 

show similar phenotypic characteristics, it is likely that these are due to the gene of 

interest rather than endogenous gene effects. It is also important to have transfection 

control cell lines, which in this project were non-expressing transfectants. This attempts 

to control for the effects of introducing foreign DNA into cells and subjecting the cells 

to rigorous selection and cloning strategies. 
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The problem of random integration and endogenous gene effects is particularly 

important in the area of human gene therapy (Essner et al., 2005). Increasingly, work is 

being done to improve the safety of gene delivery and this includes strategies such as 

“sleeping beauty” transposons (Essner et al., 2005; Hackett et al., 2005) and various 

methods of homologous recombination (Smith, 2001; Sorrell and Kolb, 2005). As these 

techniques become more user-friendly, they could also be used in a pure laboratory 

setting . 

 

3.4.4  MCAM and cell shape 
The introduction of MCAM into all three cell lines led to a change in cell shape. 

Although this has not been described in previous papers involving MCAM transfection 

(Johnson et al., 1997; Schlagbauer-Wadl et al., 1999; Xie et al., 1997), a number of 

studies involving gicerin describe increased neurite extension associated with the 

expression of gicerin (Taira et al., 2005; Taira et al., 1998). However, this was in the 

presence of specific extracellular matrix (laminin). As mentioned in Chapter 1, gicerin 

(HEMCAM) is the avian homologue of MCAM, and these proteins show a high degree 

of similarity in their transmembrane and cytoplasmic regions (Alais et al., 2001; Vainio 

et al., 1996). 

 

Cell shape is governed by an array of proteins, including those broadly described as 

cytoskeletal elements. Cell shape is also influenced by the interaction between cell 

surface adhesion molecules (such as the integrins and cadherins) and the extracellular 

milieu, including those proteins involved in focal contacts and adherins junctions 

(Carthew, 2005; Fernandez, 2004; Jamora and Fuchs, 2002).  

 

The change in cell shape seen after MCAM transfection may indicate an interaction 

(direct or indirect) between MCAM and the actin cytoskeleton, a subject further 

explored in Chapter 6. There is also evidence that MCAM participates in signal 

transduction and focal adhesion assembly, which would affect cell shape (Anfosso et 

al., 1998; Anfosso et al., 2001). Furthermore, it is possible that the presence of MCAM 

on the cell surface modifies the expression or activation of other cell surface molecules 

(for example, the integrins), which may influence cell shape and spreading behaviour. 

The effect of MCAM transfection on cell-cell and cell-matrix interactions is fully 

investigated in Chapters 4 and 5. 
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3.4.5  MCAM and cell growth 
Transfection of MCAM led to an increased growth rate in the P525 KW4 cells series, 

but made little difference in the CHO and SB2 cells series. This corresponds with the 

literature, some studies report increased proliferation associated with the presence of 

MCAM (Kang et al., 2006) whilst others find no difference or a delay in cell growth 

(Alais et al., 2001). Satyamoorthy et al. (2001) report that no difference was seen in 

cells cultured in a monolayer plus or minus MCAM, but that cell growth in soft agar 

was diminished in MCAM negative cells (Satyamoorthy et al., 2001). A number of 

groups have also reported that MCAM-expressing melanoma cells produce larger 

tumour masses in mice than MCAM negative cells (Tsukamoto et al., 2003; Xie et al., 

1997), although this was not seen by all investigators (Schlagbauer-Wadl et al., 1999). 

Overall, this indicates that the relationship between MCAM expression and cell 

proliferation is complex and likely to be affected by the genome and proteome of the 

individual cell line being investigated. 

 

3.5  Conclusion 
The first phase of this project involved the generation of a number of MCAM 

transfected cell lines. These included the melanoma cell lines P525 KW4 and SB2. The 

P525 KW4 cells were derived from a lymph node metastasis and the SB2 cells from a 

primary lesion. The CHO cells were also transfected with MCAM to model the effects 

of MCAM expression in epithelial cell lines. Stable MCAM positive cell populations 

were successfully produced for all three cell series and these were used in a range of 

assays described in the following chapters. 

 

The plasmid-based approach used to introduce MCAM into these cell lines had some 

limitations, with both transfection rates and expression levels varying between the cell 

lines. For melanoma cell lines, viral or more sophisticated electroporation-based 

approaches may have a consistently better success rate than the cationic-lipid or 

electroporation methods used in this study. The use of an IRES bicistronic plasmid 

vector may also decrease the problem of non-expressing, antibiotic resistant transfectant 

cells.  

 

The introduction of MCAM led to an altered cell shape in all three cell lines, although 

they did not show the same changes. Nonetheless, changes in cell shape may indicate an 

interaction between MCAM and the cellular cytoskeleton and/or changes in the 
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expression of other cell surface molecules that influence cell shape and spreading. The 

introduction of MCAM into the P525 KW4 cells was associated with an increased rate 

of cell proliferation. However, this was not seen in the SB2 or CHO cells.  

 

These observations suggest that the invasive potential that MCAM confers on 

melanoma cells is unlikely to be due to increased cell proliferation alone. Interestingly, 

the different cell lines showed both common and unique changes upon MCAM 

transfection. A thorough investigation of both these similarities and differences, 

especially with reference to the parental genome and/or proteome, may contribute 

important information about the role of MCAM in cell-cell and cell-matrix interactions. 
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Chapter 4:  

MCAM expression and cell-matrix interactions 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After climbing a great hill, one only finds that there are many more hills to climb.  
 

 - Nelson Mandela 
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Foreword 

The contribution of MCAM to an invasive phenotype in melanoma is likely to involve 

both cell-matrix and cell-to-cell interactions, and this broad division was used as a 

framework in this study. However, these two areas are so inter-related that a 

meaningful analysis must include and reconcile data from both. The MCAM positive 

and negative cell lines described in Chapter 3 were used to investigate the effects of 

MCAM expression on cell migration, cell-matrix and cell-to-cell interactions. Chapter 4 

deals primarily with interactions between melanoma cells and matrix proteins, whilst 

Chapter 5 explores cell-to-cell interactions, other features characteristic of an invasive 

phenotype, and measures of migratory potential. 
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4.1  Introduction 
The ECM consists of a network of fibrillar and micro-fibrillar proteins that interact with 

each other to preserve tissue strength, elasticity and cohesiveness (Sivakumar et al., 

2006). ECM also contains non-fibrous adhesive proteins and a reservoir of cytokines 

and growth factors. Thus, the ECM provides structural support for cells and tissues and 

has significant effects on the biology of the cell. Molecules within the ECM interact 

with specific cell surface receptors to mediate cell adhesion and migration, as well as to 

initiate altered gene expression (as reviewed by Haralson and Hassell, 1995). This, in 

turn, can affect the composition and arrangement of the ECM (Zigrino et al., 2005). 

 

In this study, cell behaviour on a number of matrix proteins was investigated, namely 

collagen types I and IV, laminins 1, 5 and 10, fibronectin and vitronectin. Collagen 

consists of three α-chains arranged in a triple helix due to the ordered arrangement of an 

amino acid triplet, glycine-X-Y (where X and Y are often proline and hydroxyproline) 

(Haralson and Hassell, 1995). Different combinations of α-chains produce 18 different 

types of collagen, but collagen type I, with its regular arrangement of fibres, accounts 

for 90% of collagen in the body (Marieb, 2004). Collagen type IV is a non-fibrous 

protein that forms the structural framework in basement membranes associated with 

epithelial and endothelial cells. Cells interact with the collagens mainly via integrins 

containing the β1 subunit (Table 1.1, Chapter 1). 

 

Fibronectin consists of two identical subunits that cross-link through the C-terminus and 

interact with other ECM components via collagen, fibrin, heparin and hyaluronan 

binding domains. Fibronectin mediates cell growth, differentiation, adhesion and 

migration through the ECM via its integrin binding motifs (Hynes, 1992). Although the 

RGD (arginine, glycine, aspartine) amino acid sequence was the first integrin binding 

region identified, motifs in neighbouring domains are also critical. For example, the 

interaction of the ανβ3 and α5β1 integrin heterodimers with fibronectin requires both 

the RGD sequence and nearby synergy sites (Wierzbicka-Patynowski and 

Schwarzbauer, 2003). Additionally, α4β1 integrin primarily binds fibronectin in an 

RGD-independent manner via the CS1 binding site in the V region of fibronectin (Aota 

et al., 1994; Sechler et al., 2000; Wierzbicka-Patynowski and Schwarzbauer, 2003). 
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Vitronectin is a glycoprotein found in both matrix and blood plasma and has been 

reported to regulate cell adhesion, cell shape and neurite outgrowth (Haralson and 

Hassell, 1995). Like fibronectin, vitronectin contains an integrin binding RGD amino 

acid sequence, and cells interact with this domain via the integrin heterodimers ανβ3 

and ανβ5. The interaction of vitronectin with other ECM components is mediated 

principally through two collagen-binding domains (Ishikawa-Sakurai and Hayashi, 

1993). 

 

The laminin family is a group of extracellular glycoproteins important in basement 

membrane structure. The laminins consist of three chains (α, β and γ) that form a 

heterotrimer, and to date there are five α, three β and two γ chains identified that 

combine to produce 12 isoforms (Aumailley et al., 2003; Hintermann and Quaranta, 

2004). Recently, a simplified nomenclature for the laminins has been proposed 

(Aumailley et al., 2005) which identifies laminin isoforms using three Arabic numerals 

based on the alpha, beta and gamma chain numbers. However, throughout this thesis the 

laminins will be described using the more familiar historical nomenclature, whereby 

trimers are numbered with Arabic numerals in the order of discovery.  

 

The isoforms examined in this thesis are laminins 1, 5 and 10 (Figure 4.1). Laminins 1 

and 10 differ only by their α chain, whereas laminin 5 contains β and γ chains unique 

among the laminin family. Each chain fulfills specific roles critical to laminin function. 

For example, the N-terminal globular domains of the β and γ chains are involved in 

laminin self-assembly and facilitate laminin binding to other ECM proteins, whereas the 

N and C-terminal domains of the α-chain mediate cell adhesion via interactions with a 

range of integrin receptors (Figure 4.1). Interestingly, the α chain of Laminin 10 can 

also bind BCAM/LU, an IgSF member found on the surface of red blood cells 

(Vainionpaa et al., 2006). Laminin isoforms show distinct distributions, with laminin 5 

one of the primary constituents of basement membranes associated with stratified 

epithelia of the skin. Other isoforms, such as laminins 1, 6, 7, 8, 10, and 11 are 

expressed in mature basement membranes of the blood vasculature and some epithelia, 

as well as in organs such as the kidney (Aumailley et al., 2003).  

 

Cell spreading behaviour on laminins 1, 5 and 10 were examined in this study as 

laminin 1 is abundantly expressed and commercially available, laminin 10 has been 
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shown to interact with the Ig-SF member BCAM (Vainionpaa et al., 2006) and laminin 

5 has been implicated in melanoma migration (Stevenson et al., 2001). 

 

Two research groups have investigated the effect of MCAM expression on cell-matrix 

interactions. Xie et al. (1997) and Alais et al. (2001) both reported that MCAM positive 

cells showed reduced or delayed spreading on laminin 1 compared to MCAM negative 

cells. Alais et al. (2001) also described changes in cell spreading on fibronectin 

(although this was specific to a truncated form of HEMCAM) and suggested that these 

differences in cell-matrix interactions were due to an MCAM-mediated decrease in 

expression and/or activation of cell surface integrins, primarily β1. Moreover, it has 

been suggested that activated MCAM may contribute to the formation of focal 

complexes, although it does not appear that MCAM is present in these structures 

(Anfosso et al., 1998; Anfosso et al., 2001; Bardin et al., 2001). 

 

This chapter describes adhesion and spreading of MCAM positive and negative 

melanoma cells on a range of matrix proteins, cell surface integrin expression and 

integrin activation levels. 

 

4.2.  Supplementary materials and methods 
4.2.1  Extracellular matrix extraction from tissue culture vessels 
Approximately 1.0 x 106 A431 cells were seeded into a 150 mm diameter tissue culture 

grade petri-dish and grown in complete RPMI media with 10% FCS. After 3 days the 

cells were removed from the petri-dish with 10 mM EDTA/PBS, split 1:5, re-plated in 

the same dish and cultured for a further 2 days. The media was then aspirated, the cells 

washed with PBS, and 10 ml of serum free RMPI added to each petri-dish. The 

following day the serum free media was collected and stored, and the cells were 

harvested to make cell lysates (section 2.2.2.1). The petri dish was then washed twice 

with PBS before the addition of 3 ml of matrix extraction buffer (10% SDS, 25% 

glycerol, 5% β-mercaptoethanol, 0.325 M Tris-HCl, pH 6.9). The matrix was incubated 

in extraction buffer for 10 min before being scraped with a cell scraper. The extraction 

buffer containing matrix was aspirated and stored in 1.0 ml aliquots at 4oC for 

immediate analysis or at -20oC for longer term storage. 
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4.2.2  Preparation of a laminin 5 containing matrix 
A laminin 5 containing matrix was prepared from A431 cells. These cells were seeded 

at high density into the wells of a 12 well plate and cultured for 72 h. Then, the cells 

were removed using 10 mM EDTA/PBS, leaving a secreted matrix on the plastic 

surface. The wells were washed with PBS and cell spreading assays were performed 

within 2 h of the A431 cells being removed.  

 

4.2.3  Surface plasmon resonance studies 
Surface plasmon resonance (SPR) was used to analyse the interaction between purified 

MCAM protein and the matrix proteins fibronectin, vitronectin, laminin 1, laminin 10, 

collagen type I and collagen type IV. These experiments were performed using a 

BIAcore™ 2000 (Biacore AB, Life Sciences, now part of GE Healthcare). 

 

Approximately 2000 RU (response units) of MCAM-Fc, CD31-Fc (sections 2.41, 2.42) 

and BSA were immoblized on CM5 sensor chip flow cells by injection of 5 mM 

EDTA/PBS containing 1 mM of protein, over EDC/NHS-activated surfaces, according 

to the manufacturer's instructions. The matrix proteins were diluted to 1 mM in 5 mM 

EDTA/PBS and injected over the flow cells, and binding sensorgrams were obtained by 

subtracting the response of the blank flow cell. 

 

4.2.4  FLAG tagged proteins 
The extracellular domains of MCAM and CD31 were also produced as recombinant 

proteins with a FLAG tag at the N-terminal. The plasmid constructs were prepared by 

Dr Vaishali Patel and Ms Sandra Stevenson (Patel, 2004) and the FLAG-tagged proteins 

were produced in COS-7 cells as described for MCAM-Fc and CD31-Fc. MCAM-

FLAG and CD31-FLAG recombinant proteins were purified by Dr Patel using the α-

FLAG M2 affinity column (Sigma). These FLAG tagged proteins were bound to a CM5 

chip, and the interaction of matrix proteins assessed as described in section 4.2.3. 

 

4.2.5  PCR detection of β1 integrin isoforms 
A reverse transcriptase polymerase chain reaction (RT-PCR) assay was developed to 

detect the presence of β1 integrin trancripts in SB2 melanoma cells. RNA was extracted 

from SB2 cells, DNase1 treated and reverse transcribed into cDNA as described in 

sections 3.2.1.5.1 – 3.2.1.5.3. The splice variants of β1 integrin (1A, 1B, 1C-1, 1C-2, 
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1D and 1E) were amplified from cDNA using a common forward primer and reverse 

primers specific to each isoform where possible (see below). The amino acid sequences 

of the splice variants of β1 integrin are shown in Appendix B. HotStar Taq polymerase 

(Qiagen) was used according to the manufacturer’s instructions (section 2.3.2.1) and the 

amplification reaction (35 cycles) was performed using 1.5 mM MgCl2 and Q-solution 

at an annealing temperature of 58oC. The primers used and amplicon sizes were as 

follows: 

Forward primer:  All 5’ - gagaatccagagtgtcccac – 3’ 

Reverse primers:   1 A/E  5’ - ggatttgcacgggcagtactc – 3’  Product size: 240 bp 

1 B 5’ – tacatttactttataagccactttgc – 3’ Product size: 200 bp      

1 C  5’ – cgtgtcccatttggcattc – 3’  Product size: 200 bp 

1 D 5’ – cggattgaccacagttgttacgg – 3’ Product size: 280 bp 

 

The PCR products were separated by agarose gel electrophoresis using a 3% agarose 

gel. These products were then extracted and purified from the agarose gel before being 

subjected to sequence analysis using the primers above (sections 2.3.2.10, 2.3.2.11, 

2.3.2.12, 2.3.2.14).  

 

4.3  Results 
4.3.1  A431 cells produce a matrix containing laminin 5  
The matrix produced by the A431 carcinoma cells was extracted from tissue culture 

petri dishes and analysed by western blotting using the α-kalinin B1 antibody (clone 

17), which is reactive against the β3 subunit of laminin 5 (Figure 4.1). A single band 

was visible in extracted matrix, and A431 cell lysates, at approximately 140 kDa (the 

expected size of the β3 subunit) (Figure 4.2). Tsuji et al. (2002) have previously described 

the secretion of laminin 5 into the media by A431 cells.  

 

4.3.2  MCAM expression has little effect on cell-matrix adhesion 
The P525 KW4 and the CHO cell series of MCAM transfectants were plated onto tissue 

culture plastic coated with matrix proteins or BSA and incubated for 1 hr at 37oC in the 

presence of cations. Non-adherent cells were washed off and the percent of adherent 

cells calculated using the CyQUANT assay (section 2.1.4.7). In the P525 KW4 cell 

series, MCAM positive and negative cells showed no difference in percent adhesion to 

fibronectin or vitronectin. On laminin 1, collagen type I and collagen type IV the P525 
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KW4 6.6 MCAM positive cells demonstrated decreased adherence compared to the 

P525 KW4 and KW4 M3.2 (MCAM negative) cells. This was found to be statistically 

significant (p< 0.05, Student’s T-test). However, the KW4 6.5 cells (the other MCAM 

positive cell line) did not show this decrease. In the CHO cell series, there was no 

difference in percent adhesion for the MCAM positive and negative cells on any of the 

matrices tested. Adhesion to the BSA control was minimal for all cell populations 

(Figure 4.3)  

 

4.3.3  MCAM expression modulates cell spreading on matrix 

proteins. 
The P525 KW4 and CHO cell series were plated on to matrix proteins as described and 

allowed to adhere and spread for 1 h at 37oC. The cells were fixed using 2% 

paraformaldehyde and the cells visualized and imaged (section 2.1.4.8). All four cell 

lines from both the P525 KW4 and CHO cell series were tested on all matrices, with 

consistent results obtained for MCAM positive versus negative cells. Therefore, only 

one positive and negative cell line from each series are shown in Figures 4.4 to 4.6.  

 

MCAM positive and negative cells spread differently on select matrix proteins. On 

laminin 1, collagen type I and collagen type IV the KW4 M3.2 (MCAM negative) cells 

showed extensive spreading at a 1 h time point compared to the KW4 6.6 (MCAM 

positive) cells, which remained rounded (Figure 4.4 a). The CHO cells behaved 

similarly, with the mCHO2 (MCAM negative) cells displaying increased spreading on 

collagen type I and collagen type IV compared to the mCHO6 (MCAM positive cells) at 

a 1 h time point (Figure 4.5). If the incubation time was increased to 2 h, the differences 

in spreading between MCAM positive and negative cells on these three matrices were 

no longer apparent, all cells were spread equally well.  

 

This delay in spreading of the MCAM positive cell populations was not seen on all 

matrices. On fibronectin, vitronectin and laminin 10, the MCAM positive and negative 

cells of the P525 KW4 (Figure 4.4 b) and CHO cell series (data not shown) spread 

equally well within 1 h. The SB2 cell series was developed after the P525 KW4 and 

CHO cell series. When the MCAM positive and negative SB2 cell lines became 

available, cell spreading assays were also performed on these cells. Overall, the MCAM 

positive and negative SB2 cells showed similar trends in cell spreading as the P525 

KW4 and CHO cell series (data not shown). 
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The spreading behaviour of MCAM positive versus negative cells was also examined on 

a matrix containing laminin 5 (sections 4.2.2, 4.3.1). In the P525 KW4, CHO and SB2 

cell series, consistent differences were seen between MCAM positive cells and MCAM 

negative control cells. The MCAM negative cell lines spread and assumed a similar 

morphology to that seen in routine tissue culture. The MCAM positive cells, however, 

became very flat and disc-like on the laminin 5 containing matrix, and remained so in 

excess of 24 h (Figure 4.7). A similar “disc-like” phenotype was noted when the 

MCAM positive MM96L, A2058 and SK-Mel-28 melanoma cells were plated on the 

laminin 5 matrix (Figure 4.8). 

 

Next, the organization of the cytoskeleton was investigated in the mCHO2 and mCHO6 

cells plated on the laminin 5 containing matrix (Figure 4.9). The mCHO2 cells show a 

well-organized filamentous actin (F-actin) network with long stress fibres arranged 

primarily in a parallel orientation. Vinculin staining shows the presence of focal 

contacts around the periphery of the cell where the cell membrane and matrix are in 

contact. In contrast, the F-actin in mCHO6 cells is less organized, with shorter fibres 

arranged around the periphery of the cell. The focal contacts also appear to be evenly 

distributed over the cell membrane rather than at the cell-matrix junction. 

 

Lastly, cell spreading of the CHO cells re-plated on their own matrix was examined. 

Cultured cells secrete a range of proteins into tissue culture media, some of which 

deposit onto the tissue culture plastic. When the mCHO2 and mCHO6 cells were 

detached from their tissue culture vessels and re-seeded back into the same flask, the 

mCHO2 cells spread more quickly than the MCAM positive mCHO6 cells. This was 

also seen when the mCHO2 cells were seeded onto mCHO6 matrix and vice versa 

(Figure 4.6). Although the composition of these matrices is unknown, these data support 

the previous observations that MCAM positive cells show delayed spreading on certain 

matrix proteins. 

 

4.3.4  Surface expression of integrins 
4.3.4.1  Integrin expression levels in the P525 KW4, CHO and SB2 cell series 

An analysis of integrin surface expression on the P525 KW4, CHO and SB2 cell series 

was performed using single colour flow cytometry (section 2.1.4.5, antibodies listed in 

Tables 2.1, 2.2). Overall, the P525 KW4 cell series showed minimal changes in cell 
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surface integrin expression regardless of their MCAM expression (Table 4.1). These 

cells had low cell surface integrin expression, with α2, α3, α4 and αvβ5 barely detected 

on any of the cell lines. The other integrins examined (α5, α6, αvβ3, αv and β1) were 

clearly expressed but there were no consistent differences in cell surface expression of 

these integrin subunits on the MCAM negative (P525 KW4, KW4 M3.2) versus 

MCAM positive (KW4 6.5, KW4 6.6) cell lines. 

 

Integrin profiling was also performed on the CHO cell series. Only a subset of the 

available antibodies gave a detectable signal on these cells (Table 4.2). This was not 

unexpected, as these antibodies were raised against human antigens and the CHO cells 

are of hamster origin. Of the antibodies that cross-reacted, α5 and αvβ5 gave a positive 

signal, whilst α6, αvβ3, and αv produced a very low signal. A slight increase in α5 was 

seen in the MCAM positive mCHO6 and mCHO15.6 cells compared to the MCAM 

negative cells. 

 

Interestingly, the SB2 cells were found to have considerably higher integrin levels than 

the other cell lines, with only α4 and αvβ3 being expressed at low levels (Table 4.3). 

Furthermore, there were differences in integrin expression between the MCAM positive 

(SB2 14.1 and 14.8) and MCAM negative (SB2 and SB2 14.7) cells, with the α2 and β1 

subunits showing lower expression in the MCAM positive cell lines (Table 4.3, Figure 

4.10). 

 

4.3.4.2  Integrin activation in the P525 cell series 

Cell spreading assays were performed on the KW4 M3.2 and KW4 6.6 cells using 

HEPES buffered saline (HBS) containing either Mg2+/Ca2+ or Mn2+ (a potent integrin 

activator). In the Mg2+/Ca2+ buffer, the KW4 M3.2 cells spread more quickly than the 

KW4 6.6 cells. However, in the buffer containing Mn2+, the KW4 M3.2 and KW4 6.6 

cells spread at a similar rate (Figure 4.11). 

 

This data suggested there may be a difference in integrin activation status between the 

MCAM positive and negative cells. This was examined for β1 integrin. β1 was chosen 

as it is a subunit shared by many integrin heterodimers, and there is an activation-status 

specific antibody commercially available (HUTS-21, Table 2.1). Firstly, flow 

cytometric analysis using the α−β1 integrin mAb P5D2 confirmed that total cell surface 
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β1 levels were the same for the KW4 M3.2 and KW4 6.6 cells (Figure 4.12 a). Next, the 

HUTS-21 β1 antibody was used to measure β1 cell surface levels in cells incubated in 

HBS/BSA compared to cells incubated in HBS/BSA containing Mn2+. In the buffer 

without Mn2+, low levels of activated β1 were present on both the KW4 M3.2 and KW4 

6.6 cells (Figure 4.12 b). These levels increased two-fold when the cells were incubated 

in buffer containing Mn2+, with a similar increase seen in the KW4 M3.2 and KW4 6.6 

cells. This suggests activation potential of β1, as measured by the HUTS 21 antibody 

(Luque et al., 1996)), is similar in the MCAM positive and negative cell lines. 

 

4.3.4.3  β1 integrin isoforms 

β1 integrin exists in at least 5 isoforms that differ in their C-terminal domains 

(Appendix B). As the SB2 cells expressed significantly higher levels of β1 integrin than 

the P525 KW4 cells (Tables 4.1, 4.3), it was decided to investigate the presence of these 

β1 isoforms in the SB2 cell series. Using RT-PCR, transcripts corresponding to β1 

splice variants A1/E, 1B, 1C-1/2 and 1D were amplified from both MCAM positive and 

negative SB2 cells (Figure 4.13) and their identity confirmed by direct sequencing. 

Protein analysis of the β1 integrin variants was not pursued, as there were few isoform-

specific antibodies available.  

 

4.3.5  SPR analysis of MCAM-matrix interactions 
Surface plasmon resonance (SPR) analysis was used to investigate the binding of 

purified matrix proteins to recombinant MCAM. Recombinant MCAM-Fc and CD31-

Fc (an IgSF member, used as a control), as well as BSA, were immobilized onto a CM5 

sensor chip. The α−MCAM mAb CC9 was injected across the surface of the chip, and 

showed strong binding to MCAM-Fc but no binding to CD31-Fc or BSA (data not 

shown). Matrix proteins were then injected across the chip surface. Vitronectin, 

fibronectin and laminin 10 showed no binding to MCAM, CD31 or BSA, although a 

large buffer shift (an effect due to the buffer) was evident (Figure 4.14 a,b,c). Laminin 

1, collagen type I and collagen type IV were buffer exchanged into PBS before analysis 

and showed no evidence of binding to MCAM, CD31 or BSA. In these three analyses 

some baseline drift was apparent (Figure 4.14 d,e,f,). 
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4.3.6  Summary 
In summary, MCAM positive and negative transfectant cells showed no difference in 

adhesion or spreading on fibronectin, vitronectin or laminin 10. However, MCAM 

positive cells did show delayed spreading on laminin 1, collagen type 1 and collagen 

type IV. In the P525 KW4 series, this was accompanied by a decrease in cell adhesion 

to these matrices by the KW4 6.6 (MCAM positive) cells. The CHO cell series showed 

no differences in adhesion on these matrix proteins. Surface plasmon resonance analysis 

provided no evidence of any interaction between MCAM and selected matrix proteins. 

The P525 KW4 and CHO cell series showed no difference in integrin expression levels 

upon MCAM transfection, but the MCAM positive SB2 cells showed a decrease in α2 

and β1 cell surface levels. MCAM positive cells assumed a flat, disc-like morphology 

when plated on a matrix containing laminin 5, a change that was accompanied by re-

organization of the actin cytoskeleton. 

 

4.4 Discussion 
4.4.1  Spreading and adhesion of MCAM positive cells on 

matrices 
The delay in spreading of MCAM positive cells on laminin 1, collagen type I and 

collagen type IV is consistent with the findings of Xie et al. (1997) and Alais et al. 

(2001). However, these studies only investigated laminin 1 and fibronectin (Alais et al., 

2001), so the data on collagens type I and IV is a novel finding. A straightforward 

explanation for this change in cell-matrix behaviour would be a perturbation in cell 

surface integrin levels in MCAM transfected cells. Indeed, Alais et al. (2001) described 

a decrease in α5, α6, α7 and β1 integrins on the cell surface upon transfection of 

HEMCAM into murine fibroblasts. 

 

In this study, an analysis of cell surface integrin levels on the P525 KW4 and CHO cell 

series showed comparatively low integrin levels, and no significant difference between 

MCAM positive and negative cells for any of the integrin subunits tested. When the 

SB2 cell series became available, profiling of these cells indicated higher integrin 

expression levels than in the P525 KW4 or CHO cell series. Interestingly, the MCAM 

positive SB2 cells showed a 50% reduction in α2 and a 20% reduction in β1 integrin 

expression compared to MCAM negative SB2 cells. Whilst it could be argued that this 

change in integrin expression contributes to the delayed spreading behaviour of the 
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MCAM positive SB2 cells, the data suggest this is probably not the case for the P525 

KW4 or CHO cell series.  

 

Spreading assays using HBS containing Mg2+/ Ca2+ versus the potent integrin activator 

Mn2+ suggested that integrins in the MCAM positive KW4 6.6 cells were less active 

than in the MCAM negative KW4 M3.2 cells, but that they may attain similar activity 

levels by exogenous stimulation. This hypothesis was investigated for β1 integrins, and 

although Mn2+ incubation resulted in similar levels of activated β1 levels in the KW4 

M3.2 and KW4 6.6 cells, there was no evidence of reduced endogenous activation of β1 

in the KW4 6.6 cells. However, given that the differences in spreading of MCAM 

positive and negative cells were most apparent in a buffer containing Mg2+/ Ca2+, it is 

possible that subtle differences in β1 activation occur under these experimental 

conditons. This remains to be investigated using flow cytometry. 

 

Adding to the complexity of integrin binding is the discovery that several integrin 

subunits have alternatively spliced variants of both their extracellular and cytoplasmic 

domains, and that this splicing acts to regulate both ligand binding and intracellular 

signaling events (Melker and Sonnenberg, 1999). Integrin subunits α3, α6 and α7 all 

show alternative splicing of their cytoplasmic domains, and α7 additionally shows 

splicing of the extracellular domain. The β integrin subunits β1, β3 and β5 also have 

cytoplasmic splice variants (Melker and Sonnenberg, 1999). 

 

The splice variants of the β1 integrin were of most interest as this subunit is involved in 

cell adhesion to the laminins and collagens (see Table 1.1, Chapter 1), the matrices 

where the greatest differences in cell spreading were observed. Moreover, there is 

evidence to indicate that although none of the β1 integrin splicing events change ligand 

specificity for a given heterodimer, they can modulate receptor affinity (Armulik, 2002). 

Interestingly, all 5 splice variants (A, B, C-1, C-2 and D) were detected in both the 

MCAM negative SB2 and MCAM positive SB2 14.1 cells by RT-PCR. However, this 

analysis was performed under qualitative PCR conditions so no conclusions about 

expression levels could be reached. A comprehensive investigation of β1 integrin 

alternate splicing would require real-time PCR and corresponding protein expression 

studies. This represents a considerable body of work and was not pursued in this study. 
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The data suggest that the introduction of MCAM into MCAM negative cells affects the 

ability of cells to spread on laminin 1, collagen type I and collagen type IV. MCAM 

expression causes the cells to take longer to spread on these matrix proteins, although 

flow cytometric analysis showed that this delay in spreading is unlikely to be due solely 

to a decrease in cell surface integrin expression. Interestingly, in the presence of Mn2+ 

there was no difference in the spreading behaviour of the MCAM positive and MCAM 

negative cell lines, suggesting that given the appropriate stimuli, integrin activation is 

not impaired. Quantification of activated β1 integrin following Mn2+ stimulation, using 

flow cytometry and the HUTS-21 mAb, revealed no differences between MCAM 

positive and negative cells, which supports this conclusion.  

 

Cohen and colleagues propose a stepwise model of cell adhesion (Chapter 1, section 

1.4.1) (Cohen et al., 2004; Cohen et al., 2003; Cohen et al., 2006; Zaidel-Bar et al., 

2004; Zimmerman et al., 2002). This model suggests that initial cell-substrate adhesion 

is mediated by pericellular components (for example, hyaluronan). This is followed by 

integrin-based adhesion, occurring in a step-wise fashion from weaker to stronger 

attachments (Figure 1.11). They propose that cell-matrix attachment is mediated via 

ανβ3 integrin in the early focal contacts, with integrins containing the β1 subunit 

involved in the later stages of focal adhesion and fibrillar adhesion formation. 

 

Taken together, the results from this study indicate that MCAM expression did not 

significantly impede early cell adhesion events, such as the (hypothesized) hyaluronan-

based interactions or preliminary focal contact formation. It is possible, however, that 

MCAM expression delayed the progression from focal contacts to focal adhesions.  

 

MCAM positive and negative cells spread equally well on fibronectin, vitronectin and 

laminin 10, and this could be explained by the fact that αvβ3, one of the major cell 

surface receptors for these proteins (Sasaki and Timpl, 2001; Vainionpaa et al., 2006; 

Zen et al., 1999), is present in very early focal contacts. Thus, ανβ3-containing focal 

contacts may mediate the spreading of cells on fibronectin, vitronectin and laminin 10 

even in the absence of focal adhesion formation. However, MCAM positive (compared 

to MCAM negative) cells show a significant delay in spreading on laminin 1, collagen 

type I and collagen type IV, the matrix proteins that use integrins containing the β1 

subunit as their major cell surface receptors. In the “Cohen model” this molecule tends 
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to be expressed mainly in the latter stages of cell-matrix adhesion (Figure 1.11) (Zaidel-

Bar et al., 2004).  

 

Exactly how MCAM expression contributes to a delay in focal adhesion formation and 

β1-mediated cell spreading is unclear. It may be due to intracellular changes, cell 

surface changes, or a combination of both. We believe MCAM links to the actin 

cytoskeleton (Chapter 6), and the cytoplasmic tail of MCAM has been reported to be 

involved in intracellular signaling pathways. In particular, MCAM cross-linking induces 

the tyrosine phosphorylation of p125FAK and p125FAK association with paxillin (Anfosso 

et al., 1998; Anfosso et al., 2001). MCAM was also reported to associate with p59fyn 

when aggregated, and p59fyn is a Src family kinase known to phosphorylate p125FAK. 

Anfosso et al. (1998, 2001) suggested that in the light of this data it was possible that 

MCAM expression mediates the formation of a complex of MCAM, p59fyn, p125FAK 

and paxillin, which could promote focal adhesion assembly. The data described in this 

thesis suggest that MCAM does not promote focal adhesion assembly in melanoma 

cells. An explanation that fits better with the data presented here is that the cytoplasmic 

tail of MCAM competes with activities of the intracellular domain of β1 integrin, 

leading to a delay in β1-mediated cell spreading. Whether this difference is due to cell 

specific difference is currently unknown, as our study was conducted using melanoma 

and CHO cells, whereas Anfosso et al. (1998, 2001) worked with endothelia. MCAM 

signaling could also affect the expression/activity of other molecules involved in the 

formation of mature focal adhesions, such as the small G-protein Rho, which drives 

actin polymerization and cell spreading through several intermediate molecules 

(Bershadsky et al., 2006).  

 

Although the behaviour of MCAM positive versus MCAM negative cells on a laminin 5 

containing matrix was quite different to that seen on the other matrices, this could also 

be explained, at least in part, by a perturbation of focal adhesion assembly. On laminin 5 

matrix, MCAM positive cells of the P525 KW4, CHO and SB2 cell series became flat 

and disc-like compared to the MCAM negative cells. A range of other MCAM positive 

melanoma cells also showed this disc-like morphology on laminin 5. Immuno-

fluorescent staining for F-actin and focal adhesions in the MCAM negative CHO cells 

revealed an actin cytoskeleton containing long stress fibres and large focal contacts at 

the sites of cell-matrix interaction. In contrast, the MCAM positive cells contained short 

actin fibres arranged around the cortex of the cell and small focal contacts spread 
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randomly over the cell membrane. These differences are consistent with MCAM 

positive cells having less developed focal adhesions and a disorganized actin 

cytoskeleton, which could be due to a competitive interaction between the cytoplasmic 

domains of MCAM and β1 integrin for the proteins involved in focal adhesion 

assembly. Interestingly, the cytoskeletal and morphological characteristics of MCAM 

positive cells on Laminin 5 are similar to those described in cells that adopt an 

“amoebic-like” migration strategy, where cells utilize a β1-integrin independent mode 

of movement (section 1.4.2, Figure 1.13) (Friedl and Wolf, 2003). 

 

The interaction between laminin 5 and MCAM positive melanoma cells is particularly 

interesting, as the major site of laminin 5 expression in the body is the basement 

membrane of skin epithelia, and is the first matrix barrier an invasive melanoma cell 

must traverse (Aumailley et al., 2003). Furthermore, Satyamoorthy et al. (2001) report 

that MCAM expressing melanoma cells in a three-dimensional skin-equivalent model 

were able to separate from the epidermis and invade the basement membrane zone, 

whereas melanoma cells with little or no MCAM could not.  

 

The ability of MCAM positive cells to invade a laminin 5 containing basement 

membrane could be due to the changes in focal adhesions and migration strategy, as 

discussed above. However, it is also possible that MCAM directly interacts with 

laminin 5, and that the morphological and cytoskeletal changes seen in MCAM positive 

cells in our study are due to a combination of effects. This may also explain why the 

behaviour of MCAM positive cells on laminin 5 was so different to that seen on the 

other matrices. The possibility of an interaction between MCAM and laminin 5 is not 

without precedent. For example, gicerin (the chick homologue of MCAM, section 

1.3.2.5), binds to neurite outgrowth factor (NOF), a member of the laminin family 

(Hayashi and Miki, 1985). Moreover, the BCAM/Lu glycoprotein, a human protein 

structurally related to MCAM, binds directly to the α5 subunit of laminin 10, close to a 

number of integrin binding sites (Figure 4.1, section 4.4.2) (Eyler and Telen, 2006). 

However, as the matrix produced by A431 cells is a heterogenous substance, it is also 

possible that some of the morphological changes seen in the MCAM positive cells 

spread on this matrix are due to the presence of other non-laminin ECM components or 

growth factors. 
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Finally, another factor that may contribute to the changes in cell-matrix interactions 

observed in MCAM positive versus negative cells relates to cell surface glycosylation. 

According to Cohen and colleagues, integrin-ligand interactions require close physical 

contact, in the range of a few tens of nanometers (Cohen et al., 2006). MCAM is a 

highly glycosylated protein, and as described in Chapter 5, transfection of MCAM into 

the P525 KW4 and CHO cells causes an increase in the cell surface levels of β1-6 and 

β1-4 branched oligosaccharides. Thus, the binding of MCAM positive cells to matrix 

proteins may be delayed by the physical distances imposed on cell-matrix interactions 

by increased cell surface glycosylation structures (that is, steric hindrance). However, 

why this would affect cell spreading behaviour on some matrices more than others is not 

readily apparent.  

 

4.4.2 SPR analysis of MCAM and matrix protein interactions 
The functional data from cell adhesion and spreading assays gave no indication of 

specific binding between MCAM and any of the purified matrix proteins tested. 

However, gicerin (an MCAM homologue) and BCAM/LU (another IgSF member) both 

bind to laminin proteins and several studies have stated that the extracellular domain 

was sufficient to mediate these interactions (Eyler and Telen, 2006; Taira et al., 1999). 

Thus, SPR binding studies were performed to investigate the interaction between matrix 

proteins and the recombinant extracellular domain of MCAM, which was immobilized 

on the biosensor chip. These experiments provided no evidence that the extracellular 

domain of MCAM interacts with vitronectin, fibronectin, laminin 1, laminin 10, 

collagen type I or collagen type IV. The immobilized MCAM did show reactivity 

against the α-MCAM mAb CC9, confirming it was orientated appropriately and capable 

of binding antibody.  

 

It is possible that the transmembrane and/or intracellular domains are important in 

putative MCAM-ligand interactions. For example, Shih (1999) found that soluble full-

length recombinant MCAM protein, but not the extracellular domain alone, showed 

partial inhibition of MCAM-mediated cell-cell adhesion. This suggests that the MCAM 

extracellular domain alone does not demonstrate full functionality. Moreover, upon 

closer examination, the studies describing gicerin-NOF and BCAM-laminin 10 

interactions involved proteins containing at least the trans-membrane and membrane-

proximal region of the cytoplasmic tail (Taira et al., 1999; Zen et al., 1999). Thus, SPR 
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studies using only the extracellular domain may not be the most appropriate method for 

exploring MCAM-matrix interactions. 

 
4.5  Conclusion 
MCAM positive cells and negative cells adhered equally well to matrix proteins, but 

showed a delay in spreading on laminin 1, collagen type 1 and collagen type IV. This 

delay in spreading is unlikely to be due to a simple decrease in cell surface integrin 

levels, as an analysis of integrins in the P525 KW4 and CHO series showed no 

differences in cell surface expression, although the SB2 cells did show a decrease in cell 

surface expression of α2 and β1 integrin subunits. Thus, I propose a model where 

MCAM modulates the assembly of mature focal adhesions, possibly via competition 

between the MCAM and β1 integrin intracellular domains. Furthermore, the spreading 

behaviour of MCAM positive cells on a matrix-containing laminin 5 raises the 

possibility that MCAM and laminin 5 may directly interact. 

 

4.6  Future Directions 
The function and interactions of the MCAM cytoplasmic tail is an area of increasing 

interest, and is discussed in Chapters 6 and 7. Further investigation of the binding and 

signaling properties of this domain will help eludicate the specific functions of MCAM, 

its intracellular interactions, and exactly how it contributions to cell adhesion, 

spreading, migration and invasion. 

 

Further to this, analysis of the β1 integrin splice variant would also be very interesting, 

as there is limited work published in this area, especially in melanoma. As some of 

these variants appear to have inhibitory effects (Armulik, 2002; Melker and 

Sonnenberg, 1999), alternate splicing may well add another layer of complexity to 

integrin-based regulation of melanoma cell migration. Additionally, β1 splice variant 

expression may have regulatory effects on the ability of MCAM to modulate focal 

adhesion formation. 

 

The possible interaction between MCAM and laminin 5 is an important avenue to 

pursue. Firstly, it needs to be established whether the differences in behaviour of 

MCAM positive and negative cells are due to an interaction with laminin 5 or with 
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another component of the A431 matrix. If the cell spreading behaviour is found to be 

laminin 5 specific, the interaction between Laminin 5 and MCAM would be the next 

area to explore. 
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Chapter 5  

MCAM expression and cell migration  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We especially need imagination in science. It is not all mathematics, nor all logic, but 

it is somewhat beauty and poetry. 

 

     -   Maria Montessori 
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5.1  Introduction 

For many years MCAM expression has been associated with metastatic progression and 

MCAM was recently described as a prognostic marker more accurate than all other 

clinical features (Pacifico et al., 2005). In the laboratory a number of studies have 

shown a positive correlation between MCAM expression and cell invasion using in 

vitro cell migration assays (Alais et al., 2001; Xie et al., 1997). However, it is still 

unclear exactly what role MCAM expression plays in malignant melanoma. 

Satyamoorthy et al. (2001) suggest that MCAM confers invasive potential in the early 

phase of disease progression, whereas other studies indicate it is involved later in the 

metastatic cascade (Meier et al., 2003; Schlagbauer-Wadl et al., 1999; Watson-Hurst 

and Becker, 2006). Others have suggested that MCAM on endothelia binds to an 

unknown ligand on melanoma cells, thereby facilitating transendothelial migration and 

metastatic spread (Sers et al., 1994). However, this latter suggested mechanism of action 

provides no role for elevated MCAM expression on melanoma cells. 

 

It is widely accepted that MCAM functions as an intercellular adhesion molecule and 

that most melanoma cells probably co-express MCAM and the MCAM ligand. 

Heterophilic binding of these two proteins is believed to facilitate the homotypic 

adhesion of melanoma cells (Johnson et al., 1997; Shih et al., 1997a). Some authors 

have suggested that MCAM-mediated cell aggregation may enhance the formation of 

tumour cell emboli in the vasculature, promoting melanoma cell survival and 

subsequent metastases, though there is no direct evidence supporting this hypothesis. It 

is also possible that by increasing the likelihood of cell-cell interactions, MCAM 

contributes to the ability of melanoma cells to migrate in a cord or nest of cells, as 

described in Chapter 1 (section 1.4.2). Histopathological analysis of melanoma has 

shown the presence of migrating groups of cells, a feature correlated with poor 

prognosis (Friedl, 2004; Friedl and Wolf, 2003). There are a number of other molecules 

important in cell-cell adhesion that have been implicated in collective cell migration, 

such as β1 integrin and members of the cadherin family. It is likely that the propensity 

of a cell to migrate as a collective is a function of the balance between pro- and anti- 

adhesive molecules. 

 

There are a range of other cellular characteristics that contribute to metastatic fitness 

that do not directly involve cell adhesion. In this study, MMP activity and glycosylation 
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levels were investigated in MCAM positive versus negative cells. Local proteolysis is 

often an important feature of cell migration, and some studies have found that MCAM 

expression is correlated with an increase in MMP-2 production by melanoma cells 

(Mills et al., 2002; Xie et al., 1997). This suggests that MCAM expression may 

contribute to cell invasion indirectly. It has been reported that changes in cell surface 

glycosylation correlates with the malignant transformation of melanoma (Hakomori, 

1996). As MCAM is a highly glycosylated protein, the levels of some sugar structures 

reported to correlate with malignant transformation (namely β1-6 branches) were 

compared between MCAM positive and negative cells. 

 

This chapter describes my studies on the invasive potential of MCAM positive, versus 

MCAM negative cells, using the transfectant cells lines described in Chapter 3, and 

melanoma cells subjected to siRNA-mediated knockdown of MCAM expression. In the 

laboratory, siRNA or RNA interference (RNAi), involves the introduction of 

exogenous, double-stranded RNAs (dsRNAs) into the cell. These dsRNA molecules are 

approximately 20-25 nucleotides long, are complimentary to a specific known mRNA 

sequence and trigger degradation of the endogenous mRNA strand, resulting in 

knockdown of the targeted protein. 

 

5.2  Supplementary Methods 
5.2.1  Gelatin zymography (matrix metalloproteinase activity) 
The method for gelatin zymography was adapted from Fisher and Werb (1995) with 

modifications as suggested by Dr Marc Lefleur (then of the Department of Medicine, 

University of Melbourne). Zymography was performed using a 10% resolving 

polyacrylamide gel co-polymerized with 1 mg/ml gelatin. The resolving gel was 

prepared by dissolving 15 mg of gelatin (from porcine skin, Sigma) in 5.9 ml of ddH20 

by heating at 65oC. Once the gelatin solution had cooled to room temperature the other 

components of the gel were added (section 2.2.1.1). A 15 x 18 cm gel format was used 

(Hoeffer Sturdier Model SE400). A standard 5% stacking gel (no gelatin) was used. 

 

Samples were prepared by seeding equal numbers of cells (5 x 104 for the P525 KW4 

cell series; 1 x 105 cells for the CHO series) into the wells of a 12 well plate coated with 

laminin 1, collagen type I or fibronectin (diluted to 10 μg/ml in PBS). Cells were also 

plated on to tissue culture plastic alone and on to a laminin-5 containing matrix 
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produced by A431 cells (section 4.2.2). The cells were allowed to adhere for 3 h before 

the media was aspirated, the wells washed with PBS, and serum free media added (0.5 

ml for the KW4 series, 1.0 ml for the CHO series). After 19 h the conditioned media 

were harvested and stored at -20oC. Conditioned media from the P525 KW4 cell series 

(40 μl) and CHO cell series (160 μl, concentrated to 40 μl) was mixed with SDS 

loading buffer and applied to gelatin-containing gels. Gels were electrophoresed using 

standard SDS-PAGE. Dr Marc Lefleur kindly supplied the MMP-2 and MMP-9 positive 

control samples.  

 

The gelatin-containing gels were washed twice in 50 mM Tris-HCl (pH 8.0), 5 mM 

CaCl2 and 2.5% (v/v) Triton X-100, first for 15 min and then overnight. The gels were 

rinsed 5 times with ddH20 to remove the Triton X-100, then incubated in 50 mM Tris-

HCl (pH 7.5) and  5 mM CaCl2 for 7 h at 37oC. Gels were stained using Coomassie 

brilliant blue (R250) (section 2.2.1.7) and destained in ddH20 containing 10% (v/v) 

acetic acid and 10% (v/v) isopropanol. Gelatinolytic (MMP) activity appeared as clear 

bands on a blue background, Specificity of digestion was checked by incubating a 

duplicate gel in buffers containing 5 mM EDTA rather than 5 mM CaCl2, as MMP 

activity is cation-dependent. 

 

5.2.2  Swainsonine treatment of cell lines 
Titration studies were performed on the P525 KW4 and CHO cell series to determine 

the optimal concentration for culturing cells in swainsonine. Cells were seeded in the 

wells of a 24 well plate and cultured in the presence of swainsonine concentations 

ranging from 0 - 0.5 μg/ml. After 68 h incubation, the cells were detached and counted 

to determine the effect of swainsonine on cell growth. The levels of L-PHA reactive 

structures on the cells were also determined via flow cytometry to establish the best 

concentration for inhibition of β1-6 oligosaccharide production. In both the P525 KW4 

and CHO cell series a concentration of 0.5 μg/ml swainsonine was found to show 

maximal reduction of L-PHA binding with no deleterious effects on cell proliferation 

and survival. 

 

5.2.3  MCAM siRNA in melanoma cells  
The A2058, SK-Mel-28, MM96L and MM253 melanoma cells were selected for siRNA 

transfection. siRNA experiments were performed using the RNAi human/mouse starter 
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kit (Qiagen), which contained HiPerfect transfection reagent, a non-silencing control 

siRNA labeled with AlexaFluor 488, and siRNA suspension buffer. Two MCAM 

specific siRNAs were chosen from the Qiagen pre-designed HP GenomeWide siRNA 

range, one in the 5’ region of MCAM coding sequence (Hs_MCAM_4_HP) and one in 

the 3’ region (Hs_MCAM_1_HP). The siRNA sequence data is: 

 

Hs_MCAM_1_HP siRNA:   sense   GAC CGA ACU UGU AGU UGA A 

    antisense  UUC AAC UAC AAG UUC GGU C 

Hs_MCAM_4_HP siRNA :  sense   GCU GGU UAA AGA AGA CAA A 

antisense  UUU GUC UUC UUU AAC CAG C 

 

Melanoma cells were transfected according to the manufacturer’s instructions. Briefly, 

cells were resuspended in complete tissue culture media (2.5 – 7.5 x 104 cells/ml) and 

1.0 ml of this suspension was added to the wells of a 12 well plate. The siRNA oligo 

solution and HiPerfect transfection reagent were added to 100 μl of OptiMEM and the 

solution allowed to stand at room temperature for 5 min. The transfection mixture was 

added dropwise to the wells of the 12 well plate while the cells were still in suspension. 

Cells were incubated under normal growth conditions for 48 – 72 hours before protein 

expression levels were measured. Cell numbers tested ranged from 50 000 - 150 000 

cells/well. The siRNAs oligos were tested at 5, 10, 15 and 20 nM, using 6 or 9 μl of 

HiPerfect transfection reagent per reaction. The two siRNAs were tested independently 

and in combination. Cells transfected with MCAM siRNA were compared to cells 

transfected with the control non-silencing siRNA and to cells transfected with HiPerfect 

reagent alone. 

 

Cell surface MCAM and ICAM-1 were measured via flow cytometry (section 2.1.4.5) 

using either the α-MCAM antibody CC9 or the α-ICAM antibody RR1/1; followed by 

FITC labeled α-mouse-IgG. β-actin levels were assessed by western blot using the anti-

β-actin antibody clone AC-15 followed by Ig-HRP. 

 

5.3  Results 
5.3.1  MCAM expression, cell migration and cell-cell interactions 
The ability of MCAM positive and negative cells to migrate was examined using two 

different assays. The scratch, or wound, assay investigates the migration of cells into a 
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denuded area, whereas the transwell migration assay measures the migration of cells 

towards a chemotactic agent (Entschladen et al., 2005). Cell-cell interactions were 

assessed using matrigel cell networks assays (Ingber and Folkman, 1989). 

 

In the transwell migration assays, a higher percent of the KW4 6.5 and KW4 6.6 cells 

migrated across the Matrigel layer and through the transwell filters compared to the 

P525 KW4 and KW4 M3.2 cells (Figure 5.1 a). The difference between the migration 

rates of the MCAM positive KW4 6.5 cells and MCAM negative KW4 M3.2 cells was 

found to be statistically significant. Although the KW4 6.6 cells also appeared to 

migrate at a higher rate than the P525 KW4 and KW4 M3.2 cells, the standard deviation 

of migration of the KW4 6.6 cells was high, and the difference was not statistically 

significant. The MCAM positive SB2 14.1 cells migrated through the Matrigel-coated 

filter at a significantly higher rate than the MCAM negative SB2 and SB2 14.7 cells 

(Figure 5.1 b). In contrast, there was no difference between the migration rates of the 

MCAM positive and negative cells in the CHO cell series (Figure 5.1 c). 

 

Cell wounding assays were performed using the P525 KW4, CHO and SB2 cell series. 

Equal numbers of MCAM positive and negative cells were seeded into the wells of a     

6 well plate and grown to confluence. Triplicate wells of each cell line were prepared 

and at time point 0, two wells of each cell line were scored to create a wound in the cell 

monolayer. The cells in the remaining wells were harvested and counted to confirm that 

cell numbers were similar between MCAM positive and negative cells. Movement of 

the cells into the wound was monitored and images were collected at 20 h (CHO and 

P525 KW4 cells) or 24 h (SB2 cells)  

 

In all three cell series, the MCAM negative cells migrated more quickly into the wound 

site than the MCAM positive cells (Figure 5.2). At 24 h, the wound in the MCAM 

positive SB2 14.1 cells was almost twice as wide as the wound in the MCAM negative 

SB2 14.7 cells (Figure 5.2 a). In the CHO cell series, the wound was easily 

distinguishable in the mCHO6 cells, but nearly closed in the MCAM negative CHO and 

mCHO2 cells at 20 h (Figure 5.2 c). At 20 h or 24 h (CHO and SB2 cells, respectively), 

cells were harvested from the wounded wells and counted. Cell numbers were found to 

be very similar for all cell lines within a series (data not shown). These data correspond 

with the cell doubling times previously calculated (Table 3.1, section 3.3.3.2) and 

suggest that any differences in the rate of wound closure are unlikely to be due to 
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differences in cell proliferation. The P525 KW4 cell series do not from a confluent 

monolayer in the same manner as the SB2 and CHO cells. However, there was evidence 

of delayed movement by MCAM positive KW4 6.5 and KW4 6.6 cells into a wounded 

region (Figure 5.2 b).  

 

The ability of the SB2, P525 KW4 and CHO cells to form cell networks on Matrigel 

was examined. Neither the CHO nor the P525 KW4 cells series formed networks or 

large cell aggregates when plated on Matrigel. The lack of large aggregate formation in 

the P525 KW4 cell series was curious, as these cells often formed small aggregates in 

routine tissue culture. In contrast, although the parental SB2 cells did not form 

networks, when transfected with MCAM these cells formed clear networks on Matrigel. 

Network formation was found to be cell concentration dependent. When 5 x 104 cells 

were plated in the Matrigel-coated wells of a 96 well plate (section 2.1.4.10) and 

incubated under normal tissue culture conditions, the SB2 14.1 cells formed networks or 

“strings” of cells, whereas the SB2 14.7 cells formed small cell clusters or remained as 

single cells  (Figure 5.3, 12 h time-point). However, when less cells (2.5 x 104) were 

plated into Matrigel-coated wells of the 96 well plate, the SB2 14.1 and SB2 14.7 cells 

behaved similarly and formed small cell clusters (data not shown). 

 

5.3.2 MMP activity  
MMP-2 and MMP-9 expression was assayed in the P525 KW4 and CHO cell series 

using gelatin zymography (section 5.2.1). Conditioned media from the P525 KW4 cell 

series showed clear MMP-2 activity (Figure 5.4). The highest band (72 kDa) 

corresponds to pro-MMP-2, the lowest band (~67 kDa) to the fully active enzyme and 

the middle band to the intermediate form. The vast majority of MMP2 was present as 

pro-enzyme. Only low amounts of pro-MMP-9 (92 kDa) were present, with virtually no 

fully active MMP-9 (~85 kDa) visible in this assay. This assay was performed with the 

P525 KW4 cell series plated on plastic, laminin 1, laminin 5, collagen type I and 

fibronectin. However, there were no apparent differences in MMP-2 and MMP-9 

activity between MCAM positive and negative cells under any of these conditions. 

 

The specificity of the digestion reaction for the gelatinases (MMP-2 and MMP-9) was 

confirmed by the abrogation of proteolysis upon addition of 5 mM EDTA into the 

washing buffers (data not shown). The identity of MMP-2 was confirmed by western 

blot using the conditioned media prepared for gelatin zymography. The α-MMP-2 mAb 
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(clone 42-5D11(5), Table 2.1) recognized a single protein band at 72 kDa, which 

corresponds to pro-MMP-2 (Figure 5.5).  

 

Cells of the CHO series appeared to secrete lower levels of MMP than the P525 KW4 

cells, with four times as much conditioned media required to produce gels of similar 

intensity (Figure 5.6). Consistently, the CHO cells secreted low levels of MMP-2 in 

both the MCAM positive and negative cells. Although the CHO cell series secreted 

more pro-MMP-2 when plated on fibronectin than when plated on plastic or the other 

matrices, there was no difference between the MCAM positive and negative cells. The 

mCHO2, mCHO6 and mCHO15.6 cells showed higher MMP-9 levels than the parental 

CHO cells on all matrices. In the assay presented in Figure 5.6, the mCHO2 cells 

appeared to show slightly less MMP-9 activity than the mCHO6 and mCHO15.6 cells 

(although more than the parental CHO cells). However, this was not a consistent finding 

in independent experiments.  

 

5.3.3  Cell surface glycosylation  
The cell surface levels of selected glycosylation structures were compared between 

MCAM positive and negative cells of the P525 KW4 and CHO cell series. β1-6 and β1-

4 branched oligosaccharides were measured via flow cytometry, using biotinylated 

Phaseolus vulgaris leukoagglutinating phytohaemagluttinin (L-PHA) and Phaseolus 

vulgaris erythro-agglutinating phytohemagglutinin lectin (E-PHA), respectively (Table 

2.1). The N-glycan recognition sites for each lectin are shown in Figure 5.7 a. 

 

When the P525 KW4 cells series were cultured to confluence, there was no difference 

in the levels of β1-6 or β1-4 branched oligosaccharides (Figure 5.7 b). However, when 

these structures were measured on sub-confluent cells, the MCAM positive KW4 6.5 

and KW4 6.6 cells showed a significant increase in both β1-6 and β1-4 branches 

compared to the P525 KW4 and KW4 M3.2 cells (Figure 5.7 b). The CHO cell series 

showed a similar expression pattern to the P525 KW4 cell series, with MCAM positive 

mCHO6 and mCHO15.6 cells showed slightly increased levels of β1-6 branches and 

significantly increased expression of β1-4 branched oligosaccharides compared to the 

MCAM negative CHO and mCHO2 cells (Figure 5.7 b). 

 

Next, it was investigated whether MCAM carried these glycosylation structures. Lectin 

blots using biotinylated L-PHA and E-PHA were performed on cell lysates prepared 
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from the P525 KW4 and CHO cell series. These blots revealed that numerous proteins 

in all cell lines carried β1-6 and β1-4 branched oligosaccharides (Figure 5.8 a&c). 

Immunoprecipitation experiments were performed using cell lysates from both MCAM 

positive and negative cells and an α-MCAM mAb. The immunoprecipitated material 

was subjected to western blot analysis using biotinylated CC9, L-PHA or E-PHA. The 

bands detected by both lectins were an identical molecular weight to those detected 

using the α-MCAM mAb CC9, indicating that MCAM carries both β1-6 and β1-4 

branched structures. No MCAM was immunoprecipitated from the MCAM negative 

cell lines (Figure 5.8 b&d). 

 

An analysis of cell surface expression of MCAM, L-PHA and E-PHA in cells treated 

with swainsonine versus untreated control cells supported the conclusion that MCAM 

carries β1-6 and β1-4 branched oligosaccharides. Swainsonine is an indolizidine 

alkaloid first isolated from the Australian plant Swainsona canescens (Dorling et al., 

1980) and is a potent competitive inhibitor of α-mannosidase II, the enzyme required 

for maturation of N-linked oligosaccharides on newly synthesized proteins (Elbein, 

1987). The P525 KW4 and CHO cell series were cultured either with, or without, 

swainsonine (SW), harvested, then used for flow cytometry and western blot analysis. 

Flow cytometry revealed no difference in the cell surface expression of MCAM on the 

control and SW-treated cells (Figure 5.9 a). However, SW treatment led to a decrease in 

L-PHA to almost undetectable levels, and a greater than 50% reduction in E-PHA 

staining in both the KW4 6.6 and mCHO6 cell lines. Western blot analysis of lysates 

prepared from control KW4 6.6 and mCHO6 cell, using the α-MCAM mAb CC9, 

revealed a 120 kDa band, representative of mature MCAM. Lysates prepared from SW-

treated cells contained an MCAM-reactive band at a slightly lower molecular weight, 

consistent with a loss of glycosylation structures (Figure 5.9 b). Western blots of KW4 

6.5 and mCHO15.6 cells treated with SW similarly revealed an MCAM band of slightly 

decreased molecular weight compared to that of untreated cells (data not shown). 

 

5.3.4  siRNA knockdown of MCAM expression levels 
5.3.4.1  Optimisation of siRNA transfection 

A range of cell numbers, siRNA oligo and HiPerfect concentrations were tested in the 

A2058 and MM96L cells, with MCAM expression measured using cell surface flow 

cytometry. All siRNA transfection conditions produced cell populations showing 
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bimodal MCAM expression. The left peak (“2” in Figure 5.10) indicates cells with 

decreased cell surface MCAM expression and represents cells transfected with siRNA. 

The right peak (“1”, Figure 5.10) indicates cells with an MCAM expression profile 

close to wild-type, indicating untransfected cells. siRNA Hs_MCAM_1_HP 

(MCAM_1) showed greater MCAM knockdown than siRNA Hs_MCAM_4_HP 

(MCAM_4), and using both siRNA oligos together produced no greater decrease in 

MCAM expression than using MCAM_1 alone (Figure 5.12, Table 5.1). Thus, siRNA 

MCAM_1 was used in all subsequent experiments. The conditions that produced the 

highest knockdown of MCAM expression with no adverse effects on cell survival and 

proliferation were: 15 nM siRNA and 9 μl of HiPerfect in 100 μl of OptiMEM, added to 

75 000 cells in 1 ml media, per well of a 12 well plate. 

 

Higher amounts of siRNA (20 nM) and HiPerfect (12 μl per well) achieved slightly 

better knockdown of MCAM expression, but had adverse effects on cell proliferation 

and survival. As the assays used to examine the effects of MCAM knockdown were 

based on cell behaviour, these transfection conditions were not used. Interestingly, when 

cells were transfected using these higher amounts of oligo and transfection reagent 

(leading to maximal decrease in MCAM expression) an increase in cell surface 

expression of ICAM-1 was apparent (Table 5.2), particularly when lower cell numbers 

were used (for example, 50 000 cells/well). 

 

When cells were transfected using the optimized conditions there was little change in 

cell surface ICAM-1 expression in any of the cell lines tested (Table 5.3). β-actin 

expression was also assessed in the control and transfected cells by SDS-PAGE and 

western blot analysis using the anti-β-actin mAb (clone AC-15). The samples loaded 

were prepared from an equal cell number and had an equal protein concentration. A 

single reactive band was detected at approximately 42 kDa, corresponding to the 

predicted molecular weight of β-actin protein, and there was no difference in β-actin 

levels between control and siRNA MCAM_1 transfected cells (Figure 5.11). These data 

indicate that the optimized MCAM siRNA knockdown performed for the functional 

experiments had little effect on either ICAM-1 or β-actin expression levels. 

 

MCAM siRNA knockdown was performed on the MM96L, A2058, MM253 and SK-

Mel-28 melanoma cells. Again, all cells showed a bimodal MCAM expression profile in 

flow cytometric analysis (Figure 5.12). SK-Mel-28 melanoma cells were relatively 
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resistant to siRNA transfection using the optimized conditions. Further experimentation 

with the transfection conditions for the SK-Mel-28 cells did not result in greater MCAM 

knockdown and these cells were excluded from further siRNA experiments. The 

MM96L cells showed less efficient knockdown than the A2058 or MM253 cells (Figure 

5.12). 

 

5.3.4.2  Functional effects of siRNA knockdown of MCAM in melanoma 

cells 

The A2058, MM253, and MM96L cell lines showed changes in cell morphology upon 

transfection with siRNA MCAM_1 (Figure 5.13). The A2058 cells treated with siRNA 

MCAM_1 appeared more rounded and less elongate than untreated cells, cells treated 

with HiPerfect reagent alone, or cells transfected with the fluorescent control siRNA 

oligo. Similarly, MM253 melanoma cells transfected with siRNA MCAM_1 displayed 

more rounded cell bodies with less obvious cell extensions. The MM96L melanoma 

cells demonstrated similar changes, but the differences were not as clear (data not 

shown).  

 

Next, the ability of melanoma cells to form adherent cell networks on Matrigel was 

investigated. Cells were transfected with siRNA MCAM_1, fluorescent control oligo or 

HiPerfect transfection reagent alone and cultured for 48 h. The cells were assayed for 

cell surface expression of MCAM and ICAM-1 to confirm the efficacy of knockdown 

before being used in functional cell assays. 

 

Matrigel cell network assays were performed either in the wells of a 96 well plate 

coated with Matrigel, or were linked to cell migration assays where the cells were plated 

on a Matrigel-coated 8 μm transwell filter and visualized during the course of a 

migration experiment. The MM96L melanoma cells formed extensive cell networks on 

Matrigel when treated with fluorescent control siRNA oligo or with HiPerfect reagent 

alone. These networks were abrogated in MM96L cells treated with siRNA MCAM_1, 

although some cell clustering was apparent (Figure 5.14 a). These differences persisted 

for at least 48 h, after which the cell networks began to fragment. 

 

The A2058 cells and MM253 cells formed cell aggregates rather than cell networks 

when plated on Matrigel. The A2058 cells formed a mixture of large and small cell 

aggregates on Matrigel when treated with HiPerfect reagent alone or with fluorescent 
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control siRNA oligo. When the A2058 cells were treated with siRNA MCAM_1 these 

aggregates were no longer evident and most cells were either singular or in clusters 

containing 2-3 cells (Figure 5.14 b). The MM253 cells, however, formed small to 

medium sized aggregates on Matrigel under both control and test (siRNA MCAM_1) 

transfection conditions (Figure 5.14 c).  

 

The ability of control versus siRNA-treated melanoma cells to move through a 

basement membrane was investigated. Melanoma cells were transfected under test or 

control conditions, allowed to rest for 48 h and then used in a transwell migration assay. 

These migration experiments produced variable results, and no consistent differences in 

migration rates could be determined (Figure 5.15). In each experiment, duplicate wells 

of each transfection condition were analyzed, so it was not possible to generate an 

estimate of standard deviation. In addition, although each cell line was assayed at least 

twice, there was significant inter-experimental variation in migration rates.  

 

Wounding assays were also performed using the siRNA-treated melanoma cells. The 

MM96L cells transfected with siRNA MCAM_1 moved into the wound slightly more 

quickly than those transfected with fluorescent control oligo or HiPerfect transfection 

reagent alone (Figure 5.16 a). A similar trend was also noted in the MM253 cells, where 

the cells transfected with siRNA MCAM_1 closed the wound slightly faster than the 

fluorescent control oligo (Figure 5.16 c). However, in this case, the cells transfected 

with HiPerfect reagent alone appeared to migrate into the wound at least as quickly as 

the cells treated with siRNA MCAM_1. In the A2058 cells, there was no clear 

difference in the rate of wound closure between cells transfected with siRNA MCAM_1 

versus fluorescent control oligo (Figure 5.16 b). Again, the cells treated with HiPerfect 

reagent alone appeared to move into the wound area as much, if not more so, than the 

other two transfection conditions. 

 

5.3.5  Summary 
Melanoma cells transfected with MCAM showed an increased ability to migrate 

through a basement membrane and a greater propensity to form cell networks on 

Matrigel compared to their MCAM negative counterparts. In addition, the MCAM 

positive CHO and SB2 cells were slower to close a wounded monolayer than MCAM 

negative cells, and the MCAM positive KW4 6.5 and 6.6 cells also displayed delayed 

migration into a wound-site. MCAM transfection into melanoma and CHO cells caused 
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an increase in expression of cell surface β1-6 and β1-4 branched oligosaccharides, and 

MCAM was found to be one of the glycoproteins that carried these structures. MCAM 

expression had little effect on MMP expression.  

 

An siRNA pilot study was also conducted. Overall, melanoma cells treated with 

MCAM siRNA showed changes in cell morphology and a reduction in cell 

network/aggregate formation compared to control transfected cells. However, the ability 

of cells to migrate through a Matrigel barrier was not affected by MCAM siRNA 

transfection, and cell wounding assays produced variable results.  

 

5.4  Discussion 
5.4.1  MCAM in cell invasion 
Two assays commonly used to examine cell migration are the transwell migration assay, 

where cells move across a basement membrane in response to a chemotatic stimulus, 

and the scratch assay in which confluent cell monolayers are wounded and the 

repopulation of the wound space is monitored. These assays measure different aspects 

of migration and the factors influencing their outcome are not the same. In the wound 

assay cells move over the extracellular matrix deposited by the cells of the monolayer, 

rather than across a matrix barrier as in the transwell assay. When wounded, cell 

monolayers respond to the disruption of cell-cell contacts and an increased 

concentration of growth factors at the wound margin by healing the wound, usually 

through a combination of proliferation, spreading and migration. These processes reflect 

the behavior of individual cells, as well as the properties of the cell sheet (Entschladen 

et al., 2005), and cell-cell adhesion within the cell sheet is likely to be an important 

contributor to the final outcome. 

 

An investigation of invasive potential using transwell migration assays found that the 

KW4 6.5, KW4 6.6 and SB2 14.1 MCAM positive melanoma cells showed an increased 

ability to migrate through a basement membrane compared to MCAM negative control 

transfectant cells. This is consistent with previously published data (Alais et al., 2001; 

Shih, 1999; Xie et al., 1997). However, the CHO cell series showed no association 

between MCAM expression and migration rates in the transwell assay. This may be due 

to cell-specific characteristics or to technical difficulties with the assay. Specifically, the 

CHO cells are of epithelial, rather then mesenchymal origin, and it is possible that 
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MCAM functionality differs between cell types. Indeed, there have been conflicting 

reports concerning the effect of MCAM in epithelial neoplasms. Shih et al. (1997b) 

report that MCAM acts as a tumour-suppressor in ductal carcinoma of the breast, 

whereas Wu et al. (2001, 2004, and 2005) have shown that MCAM expression is 

positively correlated with invasiveness and metastatic potential in prostate carcinoma. 

In addition, the transwell assays may have failed to detect a difference in migration of 

CHO cells plus or minus MCAM expression due to the use of FSK (dermal fibroblast) 

conditioned media as the chemo-attractant. This agent was developed for use with 

melanoma cells and may not be optimal for CHO cells.  

 

In the scratch-wound experiments the MCAM positive SB2 and CHO cells were slower 

to move into and heal the wounded area than the MCAM negative cells. Moreover, 

although the P525 KW4 cells do not form a confluent monolayer per se in tissue 

culture, the MCAM positive cells KW4 6.6 cells also showed delayed movement into 

the wounded region. Analysis of cell numbers pre- and post-wounding indicated there 

was little difference in the proliferation rates between MCAM positive and negative 

cells within a series (consistent with data presented in Chapter 3) and suggest 

differences in wound closure are due to differences in cell movement and cell spreading 

behaviour.  

 

Thus, data from this study suggest that forced MCAM expression in melanoma cells is 

associated with increased chemotactic migration through a basement membrane but 

decreased movement into a scratch-wound site. In endothelial cells, however, MCAM 

expression has been associated with an increased ability of cells to migrate in both the 

transwell and wounding assays (Kang et al., 2006). Interestingly, expression of the IgSF 

members HepaCAM and CEA-CAM  in endothelial cells has also been associated with 

increased cell movement in both assays (Moh et al., 2005; Muller et al., 2005). These 

two assays measure different aspects of cell movement (chemotactic versus cell 

movement away from a cell sheet), and the discrepancy seen between endothelial and 

melanoma cells may reflect proteomic differences rather than a divergence in MCAM 

function between these two cell types. In confluent endothelial cell layers, cell-cell 

junctions are complex and well developed. MCAM is one of a number of adhesion 

molecules that contribute to the complexity of the cell-cell junctions (Bardin et al., 

2001). In a melanoma cell monolayer the cell-cell contacts lack the structural 

complexity seen in epithelia or endothelia. Such differences are likely to contribute to 
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the way cells behave in this assay. Moreover, the ECM deposited by melanoma cells 

and endothelia are likely to be different and so signal different responses to the 

migrating cells.  

 

The delay in wound healing displayed by the MCAM positive melanoma and CHO 

cells, compared to MCAM negative cells, may be due to a delayed interaction with 

matrix proteins present in the wound site and/or an increased propensity towards cell-

cell binding rather than interacting with the matrix in a way that facilitated directed 

migration. Certainly, the MCAM expressing CHO cells failed to spread as well as those 

without MCAM on a CHO cell secreted matrix. The behaviour of the P525 KW4, CHO 

and SB2 cell series was also examined in a  Matrigel cell network assay, where the 

formation of tessellated cell “cords” on Matrigel is believed to indicate a limited amount 

of cell-matrix attachment and a higher degree of cell-cell adhesion, with cells generating 

a tractional force on the ECM (Ingber and Folkman, 1989). Interestingly, the MCAM 

positive, but not negative, SB2 cells formed cell cords on Matrigel in a cell density-

dependent manner. However, the CHO and P525 KW4 cell series showed no ability to 

form cell cords or aggregates on Matrigel, and remained as single or small groups of 

cells irrespective of MCAM expression. This suggests that the ability of cells to form 

networks is also dependent upon the expression profile of other cellular molecules, and 

that MCAM expression alone is not sufficient. Studies have shown that the blockade of 

α6β1 integrin and CD151 activity disrupted cell network formation by SK-Mel-28 and 

MM96L melanoma cells (Aquilia, 2003) and NIH3T3 fibroblasts (Zhang et al., 2002). 

Down-regulation of MMP-2 activity and decreased expression of N-glycan branched 

oligosaccharide structures also inhibited cell network formation by melanoma and 

endothelial cells (Aquilia, 2003; Nguyen et al., 1992; Patel, 2004).  

 

Up-regulation of MMP activity has been correlated with metastatic progression in 

melanoma where it contributes to the proteolysis of stroma surrounding the tumour 

(Brooks et al., 1996; Hofmann et al., 2000a; Hofmann et al., 2005). MMP-mediated 

matrix degradation has also been implicated in the formation of cell networks and 

associated matrix remodeling (Hendrix et al., 2003; Seftor et al., 2001) and is an 

important facet of mesenchymal migration (section 1.4.2, Figures 1.12, 1.13)(Friedl and 

Wolf, 2003). More specifically, increased MMP-2 secretion has been described in cells 

transfected with MCAM compared to MCAM negative control cells (Mills et al., 2002; 

Xie et al., 1997). This suggests that MCAM expression in melanoma cells may lead to 
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changes in MMP activity and contribute indirectly to the invasive potential of MCAM 

positive cells. Possibly, MCAM protein expression contributes to a signaling pathway 

that affects MMP regulation at either the transcriptional or translational level. Other 

studies have indicated that a number of melanoma-associated proteins, including 

MCAM and MMP-2, are regulated at the transcriptional level by the AP-2 transcription 

factor. The loss of AP-2 expression is a common feature in metastatic melanoma and 

Bar Eli and colleagues report that AP-2 binds to regulatory elements in the promoter 

regions of MCAM and MMP-2 and represses transcription of these genes (Bar-Eli, 2001; 

Jean et al., 1998; Nyormoi and Bar-Eli, 2003). Therefore, the loss of AP-2 leads to 

increased expression of these proteins independently of each other. However, Mintz-

Weber and Johnson (2000) report that AP-2 can bind to both activating and repressor 

elements in the 5’ region of MCAM and that the loss of AP-2 is not required for MCAM 

expression in melanoma cell lines.  

 

An investigation of MMP-2 and MMP-9 activity in conditioned media harvested from 

P525 KW4 MCAM positive and negative cells, plated on tissue culture plastic, revealed 

no differences in MMP secretion. As the composition of surrounding ECM is known to 

affect MMP secretion by tumour cells (Turpeenniemi-Hujanen et al., 1986), MMP 

activity was then measured in conditioned media from the P525 KW4 cell series plated 

on a range of matrix proteins. However, there were no differences in MMP-2 or MMP-9 

secretion between the MCAM positive and negative P525 KW4 cells under any of these 

conditions. In the CHO cell series, MMP secretion appeared to be significantly lower 

than in the P525 KW4 cell series. Interestingly, both the MCAM positive and MCAM 

control transfectant cell lines showed an increase in MMP-9 activity compared to the 

parental cell line, whereas MMP-2 expression was similar in all four cell lines, 

suggesting that the difference in MMP-9 was not due to unequal sample loading. 

Therefore, it appears that the increased MMP-9 expression in the transfected CHO cells 

is a non-specific effect. 

 

This data provides no evidence that MCAM expression in melanoma (or CHO) cells is 

positively associated with increased MMP secretion, in contrast to the findings of Xie et 

al. (1997) and Mills et al. (2002). There may be methodological differences not 

obviously apparent between the assays performed in this study and those reported by 

Xie et al. and Mills et al., and this may account for the results obtained. In addition, the 

experiments described here did not measure cell surface MMP levels, so it is possible 
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that there were differences in MMP activity at the cell membrane. Several groups have 

shown that MMP-2 binds to the cell membrane via αvβ3 integrin, and is then activated 

by membrane type-1 MMP (MT1-MMP) in the presence of low concentrations of tissue 

inhibitor of metalloproteinase-1 (TIMP-1) (Brooks et al., 1996; Hofmann et al., 2000a; 

Somerville et al., 2003). Thus, overall MMP activity levels are a balance between 

secreted and membrane bound MMPs as well as free TIMP concentration (Hofmann et 

al., 2005). 

 

MCAM is a highly glycosylated protein, and carries sialic acid, the HNK-1 moiety 

(Shih, 1999) and β1-6 branched oligosaccharides (Patel, 2004), a sugar structure 

commonly associated with metastatic progression in melanoma (Fernandes et al., 1991). 

Thus, MCAM may contribute to metastatic progression via increased expression of cell 

surface glycosylation structures. Immunoprecipitation experiments confirmed that 

MCAM expressed in transfected P525 KW4 and CHO cells carried both β1-6 and β1-4 

branched oligosaccharides. Moreover, flow cytometric analysis revealed that MCAM 

transfection led to an overall increase in the cell surface expression of these 

glycosylation structures on sub-confluent cells. The levels of β1-4 oligosaccharides 

were higher than β1-6 branches on the non-transfected cells, and both increased a 

similar (fold) amount upon MCAM transfection. This is interesting, as the levels of 

β1−6 and β1−4 branches on individual proteins often oppose each. This occurs because 

the enzymes responsible for the addition of each of these oligosaccharides onto N-

glycans act on the same intermediate structure, such that increased activity of one 

enzyme usually leads to a decreased activity of the other, due to lack of substrate 

(Yoshimura et al., 1996). However, the addition of glycosylation structures to proteins 

is also dependent on a number of other factors including the availability of sugar 

nucleotides in the golgi apparatus (Dennis et al., 1999) and it is unclear whether the 

sugar nucleotides required for β1-6 branch synthesis were available in excess in the 

tissue culture system used in these experiments. 

 

Increased cell-surface glycosylation of melanoma cells may confer invasive potential by 

modulating cell-matrix interactions. Guo et al. (2002) found that decreased expression 

of β1−6 branched oligosaccharides led to increased cell adhesion of hepatocarcinoma 

cells to fibronectin and laminin via modulation of the α5β1 integrin heterodimer. 

Furthermore, Isaji et al. (2004) reported that over-expression of β1-4 branches on 
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mouse melanoma cells led to increased levels of these structures on the α2, α3 and α5 

integrin subunits and the inhibition of spreading and migration of cells on fibronectin. 

These reports suggest that increased glycosylation levels correlate with decreased cell-

matrix interactions, and this may be mediated through steric hindrance (section 4.4.1).  

 

However, the role of glycosylation structures is more complex than this. For example, 

although increased β1−6 and β1−4 branched oligosaccharides both appear to decrease 

cell-matrix interactions, β1−6 cell surface expression tends to confer invasive potential 

on melanoma cells whereas β1−4 expression results in the suppression of invasive 

ability (Guo et al., 2002; Isaji et al., 2004). Moreover, changes in cell surface 

glycosylation levels may influence the binding of carbohydrate-binding proteins, such 

as the galectin family, to the cell surface. For example, galectin-3 binds to β1−6 

branched oligosaccharides carried by MCAM, and the ability of melanoma cells to bind 

galectin-3 is increased in MCAM positive compared to MCAM negative melanoma 

cells (Patel, 2004). Galectin-3 expression has been associated with metastatic 

progression in a range of cancers, and has been implicated in the interaction of 

melanoma cells with endothelial cells (Nangia-Makker et al., 2002; Patel, 2004; Prieto 

et al., 2006; Vereecken et al., 2005). Thus, the increased cellular glycosylation levels 

observed on MCAM positive cells may potentiate invasion via a number of different 

mechanisms. 

 

To compliment the transwell migration assays, wound-healing and cell-network data 

generated by the plasmid-transfected cell lines, melanoma cells natively expressing 

MCAM were treated with MCAM-specific siRNA oligos to knockdown MCAM 

expression. MCAM siRNA knockdown was successfully performed in the MM96L, 

A2058 and MM253 cells, and the behaviour of the siRNA-treated cell populations was 

examined in the migration, wound-healing and cell-network assays. Following MCAM 

siRNA transfection, these cells appeared more rounded than control siRNA treated 

cells. This supports the data described in Chapter 3, where stable transfection of MCAM 

into the P525 KW4, CHO and SB2 cells also led to a change in cell shape. As suggested 

in Chapter 3, this alteration in cell morphology may indicate an interaction of MCAM 

with the cytoskeleton (discussed in Chapter 6) and/or be a result of some enduring 

changes in cell-matrix interactions.  
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The MM96L cells formed robust cell networks on Matrigel, which were significantly 

reduced when the cells were treated with MCAM siRNA. Similarly, although the A2058 

cells formed large cell aggregates rather than networks, these aggregates were also 

disrupted by knockdown of MCAM expression. Thus, in these two cell lines, cell 

network and aggregate formation appears to be dependent upon MCAM expression. 

This supports the data generated by the SB2 MCAM positive and negative cells. 

Conversely, the MM253 cells behaved similarly to the P525 KW4 and CHO cell series, 

in that these cells all formed small aggregates regardless of MCAM expression levels. 

Taken together, the data suggests that MCAM expression is necessary, but not 

sufficient, for cells to form networks on Matrigel.  

 

The MM96L MCAM siRNA treated cells moved into a scratch wound slightly more 

quickly than the control transfectant (MCAM positive) cells. This correlates well with 

the wounding assays performed on the P525 KW4, CHO and SB2 cell series, where 

MCAM expression was also associated with a delay in wound closure. The A2058 cells, 

however, showed little difference in the rate of wound closure between experimental 

conditions, and the MCAM siRNA treated MM253 cells appeared to migrate into a 

wound slightly faster than one control cell treatment but at the same rate as another. 

Lastly, there were no differences between the ability of MCAM positive versus MCAM 

siRNA treated cells to migrate towards a chemotactic agent. A difficulty with assessing 

the functional effects of siRNA MCAM knockdown is that the cell population produced 

is a mix of untransfected, high MCAM expressing cells and cells that have been 

successfully transfected and hence have low MCAM levels (approximately 80% 

knockdown). This undoubtedly contributed to the variability seen in the transwell 

migration assays and other assays.  

 

It is well known that cell adhesion and migration involve an array of molecules and 

siRNA inhibition of only one of them may not affect the behaviour of all melanoma 

cells in all of the functional assays. Melanoma cells do not all express the same 

compliment of cell surface proteins. For example, whilst the MM96L, A2058 and 

MM253 cells all had similar MCAM levels, the MM253 cells had ICAM-1 levels at 

least four times higher than the other two melanoma cell lines (Table 5.3). Although the 

exact role of ICAM-1 expression in melanoma progression is unknown, it has been 

associated with poor prognosis and increased risk of metastasis (Johnson, 1999).  
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Taken together, the data from the cell network, cell wounding and cell-matrix assays 

(presented in Chapter 4), suggest that MCAM expression appears to shift the balance of 

the cell’s adhesive forces away from cell-matrix interactions and towards cell-to-cell 

binding. This hypothesis is supported by the formation of cell networks, the delay in 

wound closure and the modulation of cell-matrix interactions in MCAM positive cells. 

MCAM may influence cell-matrix interactions via competition with β1 integrin for 

cytoplasmic proteins associated with focal contact formation and/or steric hindrance of 

integrin binding due to cell surface glycosylation structures. Moreover, MCAM 

expression facilitates the migration of cells towards a chemotactic agent and has been 

implicated in metastatic progression of melanoma (Alais et al., 2001; Satyamoorthy et 

al., 2001; Schlagbauer-Wadl et al., 1999; Xie et al., 1997). Although this combination of 

cellular characteristics at first seems counter-intuitive as a pro-metastatic phenotype, it 

becomes meaningful in the context of collective cell movement. 

 

Collective cell migration (Chapter 1, section 1.4.2) involves complex cell-cell 

interactions as well as cell-matrix interactions and proposes that tumour cells moving as 

a group are more successful than single cells at surviving the host environment and 

colonizing new tissues and organs. Indeed, highly invasive melanoma cells have been 

shown to move in a collective manner (Friedl, 2004; Friedl and Wolf, 2003). We 

propose that MCAM may help facilitate collective cell movement and thus contribute to 

the metastatic fitness of melanoma cells.  

 

The classic model of collective cell migration involves a multicellular contractile mass 

moving in a coordinated manner. The “leader cells” must be highly motile, invasive 

cells that degrade ECM, generate traction via pseudopod formation, and drag the other 

cells along. In a cell collective, matrix adhesion and cytoskeletal activity must be 

precisely coordinated, making homotypic cell adhesion and communication critical to 

successful migration (Friedl et al., 1995; Friedl and Wolf, 2003). By facilitating cell-cell 

interactions and decreasing or delaying cell-matrix interactions, MCAM expression may 

encourage collective cell movement through the stroma. MCAM may also facilitate cell 

movement, by decreasing cell-matrix interactions, in the lagging cells of a collective, or 

the rear of a single cell. Whether MCAM expression may also contribute to the highly 

invasive behaviour of the putative “leader cells” is unknown. MCAM expression may 

also contribute to plasticity in cell migration, as down-regulation of integrin expression 
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(specifically the β1 subunit) is an important feature in the transition from collective and 

mesenchymal movement to amoeboid migration (section 1.4.2, Figure 1.8) (Friedl and 

Wolf, 2003)  

 

5.4.2  Cell-to-cell adhesion and the MCAM ligand 
Although it is accepted that the inter-cellular adhesive properties of MCAM are 

mediated via interaction with a heterophilic ligand, and that most melanoma cells 

express both MCAM and the ligand (Johnson et al., 1997; Shih et al., 1997a), the 

identity of this ligand remains unknown. Identification of this ligand(s) would 

contribute significantly to our understanding of MCAM and melanoma metastasis. 

Although Dr Patel found that galectin-3 bound to β1-6 branched oligosaccharides 

carried by MCAM (Patel, 2004), galectin-3 is a promiscuous binding partner and it is 

unlikely that it would constitute the sole MCAM ligand. 

 

Working on the hypothesis that MCAM may bind to a cell-membrane bound protein, 

identification of the MCAM ligand was attempted using SPR analysis. Purified 

recombinant MCAM was bound to a BIAcore chip (as described in section 4.2.3) and 

melanoma versus non-melanoma cell lysates were passed over the chip surface and 

analyzed for binding activity. This method was technically problematic. Membrane-

bound proteins require the presence of detergents to remain in solution, hence BIAcore 

analysis is difficult due to large buffer shifts caused by the detergent. In addition, the 

BIAcoreTM 2000 had no facilities to collect the bound material once it was eluted and so 

identification of any protein that may have bound was difficult. Some authors have 

circumvented this problem by removing the chip from the BIAcore and performing 

downstream applications (namely mass spectrometry analysis) either directly from the 

sensor chip surface or by eluting material off the chip first (Nedelkov et al., 2006; 

Nelson et al., 1999). Nevertheless, in this study no clear evidence of an MCAM protein 

ligand was obtained in the cell lysates tested.  

 

This integration of SPR and mass spectrometry (SPR-MS) for ligand fishing is 

becoming increasing popular, with fully automated options becoming available. The 

BIAcore 3000 allows the elution and recovery of bound material, which can then be 

directly transferred to MS analysis. This system appears to be sensitive enough to 

identify ligands captured in femtomole amounts (Lopez et al., 2003; Zhukov et al., 

2004). A recent review describes the successful use of SPR-MS for some membrane 
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receptor interactions (Cooper, 2004). Thus, with further technical advances, this 

approach may work for the MCAM ligand. 

 

 

5.4.3 Technical issues in siRNA 
Before commencing functional experiments using siRNA treated cells, there are a 

number of issues concerning validity and specificity that must be addressed. Firstly, the 

expression levels of the molecule of interest must be compared between test and control 

siRNA-treated cells. This may be done at the mRNA and/or protein level (Cullen, 

2006). Two MCAM siRNA oligos were tested in this study. The oligo directed towards 

the 3’ end of the MCAM gene showed greater inhibition of MCAM expression than the 

oligo directed to the 5’ end. This is consistent with the antisense experiments described 

in Chapter 3, where a large antisense construct directed against the 5’ region of MCAM 

produced no reduction in MCAM protein expression. MCAM protein expression, rather 

than mRNA levels, was measured in these knockdown experiments as mRNA transcript 

levels do not always correspond to protein expression (Cullen, 2006) and cell surface 

MCAM levels were critical for the functional assays. The control siRNA and 

transfection reagent alone produced no change in MCAM expression. 

 

Off-target effects are of considerable concern in siRNA experiments, and the specificity 

of the MCAM siRNA oligos was tested in these assays by measuring cell-surface 

ICAM-1 levels and total cellular β-actin expression. ICAM-1 was chosen as a control 

molecule as it is a member of the Ig-superfamily, is expressed on the cell membrane and 

is known to mediate adhesive interactions. Although cellular β-actin levels were similar 

under all transfection conditions, ICAM-1 levels increased when maximal MCAM 

knockdown was achieved (Table 5.2) This may suggest that some form of reciprocal 

regulation can occur between MCAM and ICAM-1 expression. However, these 

transfection conditions also affected cell proliferation and viability, and cell stress may 

lead to changes in protein expression.  

 

An siRNA approach has been used successfully in a number of melanoma cells and 

against a range of targets, with knockdown of approximately 60-70% reported in most 

cases (Bertrand et al., 2007; Chen et al., 2006; Eskandarpour et al., 2005; Tao et al., 

2005). One group has successfully used siRNA for MCAM knockdown in endothelial 

cells, and reported an association of MCAM silencing with decreased proliferation and 
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migration (Kang et al., 2006). In the present study, transfected cells showed effective 

knockdown but the transfection rate was approximately 50%. Melanoma cells are 

notoriously difficult to transfect, as was discussed in Chapter 3. Interestingly, most 

studies using siRNA in melanoma have used a plasmid containing siRNA sequence to 

produce stable transfectants. Stably-transfected cells have the advantage of a sustained 

effect and a more homogenous protein expression profile but are more time consuming 

to generate. In addition, a plasmid based knockdown system has all the issues inherent 

in plasmid based transfection  (discussed in Chapter 3). However, similar to “knock in” 

transfectants, siRNA expression cassettes can also be delivered into cells via lenti- and 

retro-virus, and a stable plasmid based approach does allow the timing of knockdown 

effects to be externally controlled if an inducible siRNA system is used (Wiznerowicz et 

al., 2006).  

 

Nevertheless, one of the greatest challenges facing siRNA research and siRNA as a 

therapeutic is the functional redundancy of the human genome/proteome. In some 

situations the members of a gene family are homologous and have overlapping 

expression patterns as well as some interchangeable functions. This permits a finely 

tuned response, but complicates genetic analysis (Kan and Kessler, 2005; Nagel et al., 

2004).  

 

5.5 Conclusion 
MCAM positive melanoma cells were more likely to form cell networks or large 

aggregates on Matrigel, were slower to close a wounded monolayer and displayed an 

increased ability to migrate in response to a chemotactic agent. Not all cell lines 

displayed all of these characteristics, and this may be due to cell specific factors, the 

lack of complete knockdown in siRNA experiments or technical difficulties with the 

assay. MCAM did not appear to contribute to an invasive phenotype in an indirect 

manner by influencing MMP expression, but MCAM cell surface expression was 

accompanied by an increase in β1-6 and β1-4 branched glycosylation structures. This 

change in carbohydrate expression levels may contribute to changes in cell-cell and cell-

matrix interactions and the metastatic potential of  MCAM positive melanoma cells 

 

Overall, it is proposed that MCAM-mediated cell-to-cell adhesion, along with decreased 

cell-matrix interactions, may confer a metastatic advantage on melanoma cells by 
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facilitating the collective migration and invasion of cells, a characteristic displayed by 

some metastatic melanoma cells in vivo. 

 

5.6 Future Directions 
Our working hypothesis that MCAM expression is associated with collective migration 

of melanoma cells requires further analysis. The development of stable MCAM siRNA 

cell lines using a plasmid-based system is one option. Moreover, an inducible siRNA 

system would allow MCAM expression levels to be changed mid-assay, for example, 

MCAM positive cells already in network formation on Matrigel could be stimulated to 

knockdown MCAM expression. Experiments such as this would provide information 

that standard over-expression or knock-out approaches can not. An siRNA approach 

also has the advantage that most MCAM positive melanoma cell lines in common use 

have known metastatic potential and have been well characterized in the literature. In 

addition, there are very few MCAM negative melanoma cells available for forced 

expression studies. 

 

Finally, the use of three dimensional (3D) tissue culture techniques to investigate cell 

adhesion and migration is also worth pursuing. When cells are placed in a 3D substrate 

(for example, collagen), integrins couple to less well-assembled focal interactions and 

interact with a predominantly cortical actin cytoskeleton (Friedl and Wolf, 2003). Given 

that MCAM transfection may contribute to changes in integrin activity and cytoskeletal 

organization that are apparent in 2D culture, a 3D system may provide valuable insight 

into MCAM, melanoma cell interactions and migration. 
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Chapter 6:   

The cytoplasmic tail of MCAM interacts with a novel 

protein, ApxL2.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Science... never solves a problem without creating ten more. 

 

- George Bernard Shaw 
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Foreword 

 

This chapter describes the characterization of the interaction between MCAM and a 

novel cytoplasmic protein, ApxL2, in mammalian cells. The initial work identifying 

ApxL2 from a yeast two hybrid screen was performed by collaborators Dr Stéphane 

Karlen and Beatrice Rohrbach (Dermatological Clinic, Inselspital, Berne, Switzerland). 

These results are presented briefly in the introduction, with figures as appropriate. 

Methodology relevant to this work was supplied by Dr Karlen and is attached as 

Appendix C. The full protein and DNA sequence of ApxL2 is included as Appendix D. 

 

By organizing Chapter 6 in this way, I hope to adequately introduce ApxL2 without 

including large amounts of experimental data and methodology that are not directly 

relevant to the experiments I performed.  
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6.1  Introduction 
The ECM provides cells with an array of information that regulates cellular survival, 

proliferation, differentiation and migration (Giancotti and Ruoslahti, 1999; Humphries 

et al., 2004). Cell adhesion molecules, such as the integrins, cadherins and IgSF 

proteins, transmit information from the extracellular milieu to the intracellular 

environment via interactions of their cytoplasmic domains with the actin cytoskeleton, 

as well as by the activation and recruitment of signaling molecules. This can lead to 

profound changes in cell behaviour and cell shape (Anfosso et al., 2001; Giancotti and 

Ruoslahti, 1999; Hall et al., 1996; Humphries et al., 2004).  

 

6.1.1  The MCAM cytoplasmic tail 
Although the intracellular interactions of integrins, cadherins and some Ig-SF members 

are well understood (sections 1.3.1, 1.3.4), there has been little research into the role of 

the cytoplasmic tail of MCAM. Anfosso et al. (1998, 2001) suggested that MCAM 

participates in signal transduction and focal adhesion assembly. In cultured endothelial 

cells, engagement of the extracellular domain of MCAM initiated a PTK-dependent 

signaling cascade that resulted in the tyrosine phosphorylation of a complex pattern of 

proteins, including FAK (or p125FAK) and paxillin, as well as the association of Fyn 

(p59fyn) with MCAM. In recent years, a new splice variant of MCAM has also been 

reported (Alais et al., 2001). Alternative splicing of the C-terminal cytoplasmic tail of 

MCAM generates MCAM “long” or “short” (MCAM-L and MCAM-S respectively) 

(section 1.3.2.1). MCAM-L is the original MCAM variant described (Sers et al., 1993) 

and includes a 63 amino acid (aa) intracellular tail that contains two Protein Kinase C 

(PKC) sites and two putative endocytosis motifs. MCAM-S contains a truncated 

cytoplasmic tail that lacks both of the endocytosis motifs and one of the PKC sites 

(Figure 6.1). 

 

6.1.2  ApxL2 was identified as a binding partner of MCAM from 

a yeast two hybrid screen 
At the beginning of this study, no direct intracellular binding partners of MCAM had 

been described in the literature. To identify potential binding partners, our collaborators 

in Switzerland, Dr Stéphane Karlen and Beatrice Rohrbach (Dermatological Clinic, 

Inselspital, Berne) performed a yeast two hybrid screen of a human brain library using 

the cytoplasmic tail of MCAM-L as bait. The longer tail variant was chosen because 
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reverse-transcriptase PCR analysis demonstrated that MCAM-L was far more abundant 

than MCAM-S in a range of melanoma cells (data not shown). 

 

One partial cDNA clone (pACT2-2H-clone7) was isolated from the yeast two hybrid 

screen and this interaction was confirmed in a β-galactosidase assay (Figure 6.2). Yeast 

Y153 cells were transformed with the vector pAS1.MCAM (cytoplasmic tail) as bait, 

alone or together with pACT2-2H-clone7. Co-transformation of pAS1.MCAM and 

pACT2-2H-clone7 showed modest but consistent increases in β-galactosidase activity, 

whereas control transformations performed with pAS1.MCAM alone and pACT2-2H-

clone7 alone produced neglible activity. Control transformations using the cytoplasmic 

tail of the β-adrenergic receptor inserted into the vector pAS1, alone or with 2H-clone7 

DNA, also showed neglible activity in this assay. 

 

pACT2-2H-clone7 showed sequence homology to the human chromosome region 

5q23.3. This region was searched for potential exons and intron-exon boundaries and 

based on this analysis primer sets were designed to amplify transcripts from total brain 

RNA. Aligning these overlapping fragments with the original 2H-clone 7 created a 3190 

bp cDNA transcript encoding an open reading frame (ORF) of 847 aa with a predicted 

molecular weight of 90.3 kDa. Alignment of this RNA fragment back to chromosome 

5q23.3 showed that at the genomic level, this ORF consisted of 7 exons spanning 4 kb 

(Figure 6.3). This is illustrated at UCSC Genome Bioinformatics 

(http://genome.ucsc.edu/cgi-bin/hgGateway; search term: ApxL2). 

 

Analysis of the aa sequence indicated that this novel protein showed sequence similarity 

to a small family of proteins characterized by the unique domains ASD1 and ASD2 

(Apx/Shroom domains 1 and 2) (Hildebrand and Soriano, 1999). Within these domains 

there is a high level of sequence identity between the members of this protein family, 

which includes Apx, ApxL and Shroom (Figure 6.4). As this new protein showed 

similarity to the human protein ApxL, it was named ApxL2. 

 

ApxL2 mRNA transcripts were identified by Northern Blot analysis in a range of tissues 

(including brain, heart, skeletal muscle and colon) and in a number of cell lines (G316 

melanoma, HeLa and some leukemic cell lines). ApxL2 was detected at low levels in 

healthy human tissues but appeared to be more abundant in tissue derived from tumors, 

although this requires confirmation (data not shown). 
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A rabbit antibody was produced against a 16 aa peptide motif (SPS PAR PPG TCP 

PVQ P) in the proline-rich region of ApxL2, a domain showing little homology to other 

members of the Apx/Shroom family. Activity of this antibody was demonstrated by the 

immunoprecipitation of in vitro translated HA (hemagglutinin)-tagged ApxL2 protein 

fragments (pHA/2H-ApxL2) by α-ApxL2 serum and α-HA antibodies, but not by pre-

immune or control α-His antibodies (Figure 6.5a).  

 

This HA-tagged ApxL2 protein fragment was also found to interact with the MCAM 

cytoplasmic tail in vivo. The pHA/2H-ApxL2 construct was transfected into COS7 cells 

either alone, or with the histidine (His)-tagged MCAM construct (pHis/MCAM) or the 

His-tagged cytoplasmic tail of the β-adrenergic receptor (pHis/β-adren-Ct) as a control. 

Cell lysates were prepared and incubated with Ni2+agarose beads to precipitate the His-

tag containing proteins. ApxL2 was co-purified with MCAM by Ni2+-agarose beads, but 

not with the control protein, confirming specificity of the ApxL2: MCAM interaction 

(Figure 6.5b). 

 

6.1.3  The Apx/Shroom family of proteins  
Apx, the founding member of this protein family, was first described in 1992 as a 

plasma membrane protein involved in the activity of amiloride-sensitive sodium 

channels (Staub et al., 1992). This function of Apx appears to be controlled by the 

cytoskeleton (Prat et al., 1996). The next protein to be characterized was Shroom, and it 

has also been shown to interact with the cytoskeleton. Shroom is required for neural 

tube morphogenesis in mice, where it binds F-actin and influences cytoskeletal polarity 

within the neuroepithelium (Hildebrand, 2005; Hildebrand and Soriano, 1999). In 

Xenopus, inactivation of Shroom similarly leads to a failure of neural tube closure 

(Haigo et al., 2003). The injection of Xenopus embryos with dominant-negative Shroom 

constructs causes a failure of actin accumulation in the hinge-point cells on the injected 

side of the embryo, resulting in failure of neural tube bending in that region.  

 

There has been increased interest in this protein family recently, prompted by the 

discovery of a novel member of the family in 2005. Hagens et al. describe the 

identification of the KIAA1202 gene as a genetic cause of mental retardation. 

KIAA1202 was shown to contain the ASD2 and PDZ domains, and was thus placed in 

the Apx/Shroom family (Hagens et al., 2006b). Dietz et al. (2006) recently described 
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the role of ApxL, Shroom and the newly-identified KIAA1202 in maintaining cellular 

architecture. Shroom was found to associate with F-actin stress fibres and induce fibre 

bundling, whereas ApxL localized to cortical actin and KIAA1202 to a cytoplasmic 

population of F-actin. Interestingly, it was found that although Shroom and ApxL 

interacted with different populations of F-actin in vivo, they appear to do so via a similar 

sequence motif; the region containing the ASD1 domain. The ability of different 

members of the Apx/Shroom family to bind different pools of actin is predicted to be 

critical in regulating the function of these proteins (Dietz et al., 2006). Interestingly, no 

binding partners other than actin and myosin, have been described for any members of 

this family so far. 

 

A new nomenclature has also been proposed for the Apx/Shroom family of proteins 

(Hagens et al., 2006a). The new nomenclature is based upon the name “Shroom” as this 

is now the most thoroughly studied member of the family. The current nomenclature, 

which is based on “Apx” as the founding member, is considered inappropriate as it was 

originally named for “Xenopus”, the organism in which it was discovered. Under the 

new classification system, ApxL2 is designated hShroom1 (human shroom 1), although 

in this thesis the name ApxL2 will be used exclusively. 

  

6.1.4  Characterization of the ApxL: MCAM interaction in 

mammalian cells 
In this study, the interaction between ApxL2 and MCAM was investigated in a 

mammalian cell system. An interaction of MCAM with the cytoskeleton has been 

indicated in both published work (Bardin et al., 2001) and data generated in this study 

(see Chapter 3) although it was not clear whether this interaction was direct or mediated 

through other protein(s). ApxL2, as a member of a protein family known to interact with 

F-actin, appeared an interesting molecule to pursue. 

 

The expression of ApxL2, and the ApxL2: MCAM interaction was investigated in wild 

type melanoma cells by co-immunoprecipitation, western blot analysis and confocal 

microscopy. A relatively new technique, Bioluminescence Resonance Energy Transfer 

(BRET) was also used to explore the interaction. BRET is a highly sensitive technique 

that measures protein: protein interactions in real time, in living cells. It has been used 

successfully to define protein interactions that have been difficult to assess using more 

conventional cell-based methods (Eidne et al., 2002; Pfleger and Eidne, 2005). For this 
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reason, the use of BRET was an attractive option to explore the in vivo behaviour of 

ApxL2. 

 

BRET involves a process called resonance energy transfer (RET). RET refers to the 

transfer of energy from a donor to an acceptor molecule in a non-radiative manner, 

which occurs due to dipole-dipole coupling. In BRET, the donor molecule is an enzyme, 

Renilla luciferase (Rluc), which causes energy to be released upon oxidation of a 

suitable substrate, for example coelenterazine. The transfer of this energy to a 

fluorescent acceptor molecule (for example, enhanced green fluorescent protein, EGFP) 

results in a BRET signal (Figure 6.6). Energy transfer occurs when Rluc is in close 

proximity to EGFP (<100 angstroms, Å) (Eidne et al., 2002; Pfleger and Eidne, 2005). 

A BRET signal is measured by the amount of yellow/green light (515 nm) emitted by 

EGFP compared with the blue light (485 nm) emitted by Rluc. The BRET ratio 

increases as the ratio of yellow/green to blue light increases, in other words, as the two 

proteins interact. An increase in BRET ratio of a test sample compared to a control 

indicates that an interaction between the two proteins is occurring.  

 

6.2  Supplementary materials and methods 
6.2.1  Constructs prepared for BRET analysis 
6.2.1.1  pRluc and pEGFP vectors 

pRluc and pEGFP constructs were obtained from A/Prof Karin Eidne’s laboratory 

(Western Australian Institute for Medical Research, Perth, Australia). These constructs 

consist of the pcDNA3.1 vector backbone (Invitrogen) with Rluc and EGFP inserted 

into the multicloning site (Figure 6.7). A/Prof Eidne’s laboratory also provided the 

control plasmids thyrotropin releasing hormone receptor (TRHR), C-terminally tagged 

with EGFP and β-arrestin N-terminally tagged with EGFP, both of which have been 

previously described (Hanyaloglu et al., 2002; Kroeger et al., 2001). 

 

6.2.1.2  Amplification of MCAM 

MCAM was amplified by PCR in a 25 μl reaction volume using the original pCDM8-

MCAM vector (supplied by Dr David Simmons, see section 3.2.1.1) as a template and 

HotStar Taq (QIAGEN) (section 2.3.2.1). Cycling conditions for all MCAM primer sets 

were 1 cycle of 94°C for 15 min, followed by 35 cycles of 94°C for 20 s, 55°C for 20 s, 

72°C for 2 min, then a final incubation at 72°C for 10 min. Primers were designed to 
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incorporate restriction enzyme sites appropriate to insert MCAM into the Rluc and 

EGFP vectors in the correct frame to produce C-terminally tagged MCAM-Rluc or 

MCAM-EGFP proteins (Figures 6.7, 6.8).  

 

6.2.1.3  Amplification of ApxL2 

ApxL2 was amplified by PCR, from cDNA obtained from SK-Mel-28 cells, in a 50 μl 

reaction volume using Elongase DNA polymerase (Invitrogen). Elongase Buffer “B” 

was used (final concentration 1x; including 2 mM MgSO4), plus 25 ng of each primer, 

200 μM dNTP, 5 units of enzyme, 5% DMSO and ddH2O. Cycling conditions for all 

primer sets were 1 cycle of 94°C for 30 s, followed by 35 cycles of 94°C for 30 s, 60°C 

for 30 s, 68°C for 3 min, then a final incubation at 72°C for 10 min. Primers were 

designed to incorporate restriction enzyme sites appropriate to insert ApxL2 into the 

vectors in the correct frame to produce ApxL2 protein tagged at either the C- or N- 

terminal with either Rluc or EGFP (Figures 6.7, 6.8).  

 

6.2.1.4  Cloning of MCAM and ApxL2 PCR fragments 

MCAM and ApxL2 PCR fragments were gel purified (section 2.3.2.11) and ligated into 

the pGEM-T vector (Promega)(section 2.3.2.13), utilising the “a” overhang found on 

PCR fragments. The ligation mixtures were transformed into competent JM109 E.coli 

(section 2.3.2.3) and plated on LB agar with 50 μg/ml ampicillin. Single colonies were 

chosen and the DNA was prepared by mini-prep for sequencing. The pGEM-MCAM 

and pGEM-ApxL2 constructs were fully sequenced using appropriate sequencing 

primers (Figure 6.9). Fragments displaying correct sequence were then released from 

pGEM by restriction enzyme digestion (HindIII/ EcoR1 or BamH1/EcoR1, depending 

on the fragment), gel purified and ligated into pRluc and pEGFP vectors also digested 

with these enzymes. The ligated plasmids were transformed into competent JM109 

E.coli bacteria and single colonies of these constructs were chosen. DNA was prepared 

by miniprep and the new constructs sequenced. Constructs showing correct MCAM and 

ApxL2 DNA sequence “in frame” with the Rluc or EGFP tags were chosen for use in 

BRET experiments (Figure 6.11). 

 

6.2.1.5  Site-directed mutagenesis of the MCAM cytoplasmic tail 

MCAM constructs containing mutations in the “LL” and “YIDL” endocytosis motifs 

(Figure 6.1, also discussed in Chapters 1 and 3) were generated by site-directed 

mutagenesis using Pfu Turbo DNA polymerase and the QuickchangeTM protocol 
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(Stratagene, La Jolla, CA). Briefly, primers were designed with a mismatch, which 

produced a point mutation in the amplified plasmid (Figures 6.10, 6.11). The PCR was 

performed using the MCAM full length pGEM construct as template. A 50 μl PCR was 

prepared as follows: 1 x Pfu Turbo reaction buffer, 125 ng of each primer, 500 μm 

dNTPs, 50 ng plasmid template, 2.5 units Pfu Turbo DNA polymerase and ddH20. 

Cycling parameters were 1 cycle of 95°C for 30 s, followed by 16 cycles of 95°C for 30 

s, 55°C for 60 s, 68°C for 6 min. After amplification, 5 μl of the reaction mix was run 

on a 1% agarose gel to check that a product of the correct size had been generated. 10 

units of DpnI restriction enzyme were added to the reaction and the mixture incubated 

at 37oC overnight. DpnI digests methylated DNA, in this case the “wild type” template 

plasmid, which was amplified in JM109 cells, a dam+ E.coli strain that methylates 

DNA. The DNA produced by PCR amplification is not methylated and is protected 

from digestion. Thus, after digestion, only “mutant” DNA fragments should remain. 

 

The MCAM-pGEM constructs containing the point mutation(s) were transformed into 

competent JM109 E.coli, plated on LB agar with 50 μg/ml ampicillin, and single 

colonies were chosen. DNA was prepared by miniprep and constructs sequenced. 

Inserts showing correct MCAM mutant sequence were released from pGEM by 

restriction enzyme digestion and ligated into BRET vectors as described above. The 

ligated plasmids were transformed into competent JM109 E.coli and single colonies 

were chosen and sequenced. Constructs showing mutant MCAM sequence “in frame” 

with EGFP were chosen for use in BRET experiments. Site directed mutagenesis was 

performed on pGEM clones rather than on the complete EGFP clones to avoid 

introducing any base changes into the EGFP backbone vector, which may go 

undetected. 

 

6.2.2  BRET Assays 
HEK293 cells were seeded into 6 or 12 well tissue culture plates and grown to 80-90% 

confluency in complete DMEM and 8% FCS. The cells were transfected with either 

control, ApxL2 or MCAM constructs at a starting ratio of 1 μg Rluc DNA to 2 μg 

EGFP DNA. Transfections were performed using LipofectamineTM2000 (Invitrogen) 

according to the manufacturer’s instructions. Briefly, LipofectamineTM2000 was diluted 

in OptiMEM serum free media (Gibco BRL) and left for 5 min at room temperature 

(RT). Plasmid DNA was diluted in OptiMEM in 1.5 ml microfuge tubes. The 
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LipofectamineTM2000 dilution was added to the DNA dilution and the mixture 

incubated for 20 minutes at RT to allow complexes to form. This mixture was then 

added dropwise to the cells in wells of a tissue culture plate. The transfected cells were 

grown for 48 hours in the same media, washed twice with PBS and removed from the 

well by gentle pipetting using PBS. The cells were placed in a FACS tube and washed 

once with PBS before being resuspended in 0.5 ml cold PBS and counted using a 

haemocytometer. The cells were adjusted to a concentration of 1.0 x 106 cells/ml and 

100 μl aliquoted into the wells of a white 96 well plate (Wallac Black &White Isoplate, 

Perkin Elmer). The cells were warmed to 37oC and Coelenterazine H (Molecular 

Probes) added to a concentration of 5 μM. Luminescence was measured at 485 nm and 

515 nm using a WALLAC Victor Light 1420 Luminescence plate reader (Perkin 

Elmer). BRET ratios were calculated for each sample by dividing the luminescence 

detected at 515 nm by the luminescence detected at 485 nm. These ratios were then 

normalised by subtraction of the BRET ratio obtained for the Rluc control vector alone. 

 

In every experiment, the expression levels of each EGFP construct was measured by 

flow cytometry. If there were significant differences in the EGFP expression of 

different constructs, data from those experiments were discarded. The concentration of 

DNA required for each construct was adjusted as necessary to create similar EGFP 

expression profiles. 

 

6.2.3  Co-immunoprecipitation of ApxL2 and MCAM from 

melanoma cells 
For co-immunoprecipitation ApxL2 was over-expressed by transfecting SK-Mel-28 

melanoma cells with a full-length ApxL2/pcDNA3.1 construct. SK-Mel-28 cells have a 

high level of native MCAM so over-expression of this protein was not necessary. Cell 

lysates were prepared in Brij 97 buffer (50 mM Tris-HCl pH7.6, 100 mM NaCl, 1% 

Brij 97 and Complete Protease Inhibitor (Roche). Lysate (200 μl) was precleared using 

Protein G sepharose beads (Amersham Biosciences) and then mixed for 2 h at 4oC with 

either 4 μl of α-ApxL2 serum or PI-serum, 6 μl of α -MCAM mAb, CC9 (500 μg/ml) 

or 6 μl α-mouse IgG2a control (500 μg/ml; Zymed). Protein G beads captured the 

immunocomplexes. Beads were washed in Tris-buffered 100 mM NaCl containing 0.5 – 

1.0% Brij 97 and in buffer without Brij 97. Eluted proteins were separated by 7.5% 

SDS-PAGE, electroblotted and the blots probed with biotinylated CC9 mAb (2 μg/ml) 
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and streptavidin-HRP (Amersham). Proteins were detected using Luminol and an X-ray 

developer (section 2.2.2.6).  

 

6.2.4  Selective Triton X-100 extraction 
This method was adapted from Newman et al. (2002). Tissue culture petri dishes 100 

mm in diameter (Sarstedt, Nümbrecht Germany) were coated overnight with either 5 

μg/ml fibronectin or 12 mg/ml polyhema (both from Sigma). Cells grown to 80% 

confluence in a 75 cm2 flask were harvested using 2.5 mM EDTA/PBS and 

resuspended in Adhesion Assay Buffer. The cell concentration was adjusted to 1.5 x 10 
5 cells/ml and 8 ml of cell suspension added to the polyhema and fibronectin-coated 

petri dishes. Cells were incubated for 1.5 h, to allow them to fully spread on the 

fibronectin. This cell monolayer was rinsed twice with PBS and the cells scraped off the 

plastic using 500 μl of ice-cold Triton-X-100 lysis buffer (section 2.1.3.7). Cells in lysis 

buffer were transferred into an eppendorf tube and kept on ice. The cells plated on 

polyhema remained in suspension and were aspirated, washed twice in PBS, 

resuspended in 500 μl of ice cold Triton-X-100 lysis buffer and transferred into an 

eppendorf tube. Lysates were treated with either double centrifugation at 4oC (15 000 g 

for 4 min followed by 100 000g for 1 h) or with a single centrifugation at 4oC (100 000 

g for 1 h). Post-centrifugation, the supernatant was collected and mixed with 1 volume 

of 2x SDS loading buffer whilst the pellet was resuspended in 2 volumes of SDS 

loading buffer. Equal volumes of supernatant and solubilised pellet were separated by 

SDS PAGE and electroblotted onto PVDF membrane. Blots were probed with CC9 (α-

MCAM), α-ApxL2 and α-vinculin antibodies. 

 

6.2.5  Database analysis 
The full amino acid sequences of Apx/Shroom and ERM family members were 

analysed to search for motifs and structural configurations. Programs used included 

COILS (Lupas et al., 1991), Psort II ( http://psort.ims.u-tokyo.ac.jp) and NetPhos 2.0 

(Blom et al., 1999). COILS is a program that compares the amino acid sequence of a 

protein to a database of known parallel two-stranded coiled-coils (for example, myosin, 

tropomyosin and keratin) and derives a similarity score. By comparing this score to the 

distribution of scores in globular and coiled-coil proteins, COILS calculates the 

probability that an amino acid sequence will adopt a coiled-coil conformation, using 

window lengths of 7, 14 and 21 amino acids. Psort II is a program that predicts sub-
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cellular localization sites and targeting of proteins using their primary amino acid 

sequence and NetPhos 2.0 produces neural network predictions for serine, threonine 

and tyrosine phosphorylation sites in eukaryotic proteins. 

 

6.3   Results 
6.3.1  ApxL2 and MCAM co-immunoprecipitate from melanoma 

cell lysates 
The yeast two hybrid and in vitro pull-down data provided by Dr Karlen demonstrated 

that the truncated 2H-ApxL2 protein (corresponding to the original 2H-clone7 cDNA 

recovered from the yeast two hybrid screen) interacts with the cytoplasmic tail of 

MCAM. 

 

However, as proteins have secondary, tertiary and sometimes quaternary structure, and 

the three-dimensional structure of a protein determines its function (Petsko and Ringe, 

2004), there is always the possibility that partial proteins do not behave in a biologically 

relevant manner and may give misleading results. 

 

To demonstrate that full length (wild type) ApxL2 and MCAM interacted in vivo, a 

number of approaches were taken. Firstly, co-immunoprecipitation studies were 

performed using SK-Mel-28 melanoma cells transfected with a full length ApxL2 

contruct. Lysates were prepared (section 6.2.3, 2.2.2.1) and Western blot analysis 

indicated that the α-MCAM mAb CC9 detects a protein with a molecular weight (MW) 

of approximately 120 kDa and the α-ApxL2 antibody detects a protein of around 80 

kDa (Figure 6.12 a). Although this is slightly smaller than the predicted MW for ApxL2 

of 90.3 kDa, this result was repeated in a number of melanoma cell lines and CHO cells. 

Running reduced lysates did cause a change in mobility, so that the putative ApxL2 

band ran at a slightly higher MW, but the antibody appeared to bind the reduced protein 

less strongly and it was difficult to obtain clear immunoblots. Immunoprecipitating with 

the α-MCAM antibody CC9 and blotting with biotinylated CC9 produced a strong band 

at 120 kDa as expected. When α-ApxL2 was used to immunoprecipitate SK-Mel-28 

lysate, a band of approximately 120 kDa was also detected using biotinylated CC9, 

indicating that MCAM and ApxL2 co-precipitate (Figure 6.12 b). MCAM was not 

immunoprecipitated by pre-immune serum or control immunoglobulins. The difference 
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in intensity of these two bands suggests that ApxL2 forms a complex with only a subset 

of the total cellular pool of MCAM. 

 

Optimising conditions for the co-immunoprecipitation proved difficult, and a larger 

protein complex was also seen on a number of occasions when lysates were prepared 

using NP40-based lysis buffers (rather than Brij 97 as was used above). This protein 

complex migrated at a MW of approximately 180 kDa and was immunoprecipitated 

from melanoma cell lysates by α-ApxL2, but not pre-immune serum, and detected using 

biotinylated CC9 (Figure 6.12 c). A complex of a similar size was seen less frequently 

when immunoprecipitating with α-MCAM mAb CC9 and blotting with α-ApxL2 

(Figure 6.12 c). Increasing the SDS content of the loading buffer or including urea did 

not disrupt this putative protein complex. This data suggests that under some 

immunoprecipitation conditions, MCAM and ApxL2 show a stable interaction.  

 

6.3.2  ApxL2 and MCAM partially co-localise in melanoma cells 
Confocal immunofluorescence microscopy was used to analyze the cellular distribution 

of ApxL2 and MCAM. SK-Mel-28 melanoma cells were stained with α-ApxL2 serum 

and a α-MCAM antibody. ApxL2 exhibited clear cytoplasmic staining, which was 

concentrated in the perinuclear region, but there was also evidence of staining at the 

periphery in some cells (Figure 6.13). This is consistent with Psort II analysis, which 

predicted ApxL2 would have a largely cytoplasmic distribution, with some nuclear 

localization (despite the absence of any common nuclear localization signals). The SK-

Mel-28 cells did not exhibit any nuclear staining, although this was seen occasionally in 

A2058 melanoma cells (data not shown). MCAM, which is highly expressed, was 

extensively distributed throughout the cytoplasm and on the cell membrane. The merged 

image confirmed that co-localization of ApxL2 and MCAM could be observed in SK-

Mel-28 cells, although significant amounts of the two proteins were not associated 

under the conditions of this experiment. Co-localization was observed in spots at the 

cell periphery and in a perinuclear location (Figure 6.13). 

 

6.3.3  BRET analysis indicates ApxL2 and MCAM interact in 

vivo 
The in vivo interaction of ApxL2 and MCAM was investigated using Bioluminescence 

Resonance Energy Transfer (BRET) (Figure 6.6)(Eidne et al., 2002; Pfleger and Eidne, 
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2005),  a highly sensitive technique that measures protein interactions in live cells 

(section 6.2.2). A range of different expression constructs were developed for use in the 

BRET assays (Figure 6.11) and these were checked both by direct sequencing of the 

construct and by protein expression experiments to assess the integrity of the fusion 

proteins. 

 

Cell lysates were prepared from HEK293 cells transfected with each EGFP construct 

and analysed via SDS PAGE and Western blot using the α-GFP mAb JL-8 (Clontech) 

(Figure 6.14 a). MCAM-EGFP (C tag) constructs produced proteins that migrated at a 

MW of 140-150 kDa, which is consistent with the predicted MW created from the 

fusion of MCAM (115 kDa) and EGFP (27 kDa). The MCAM tail-less EGFP (C tag) 

construct tended to migrate at a slightly smaller size that the other MCAM EGFP 

constructs, which is expected as it lacks the entire cytoplasmic domain. EGFP alone 

produced a protein of approximately 27 kDa and TRHR-EGFP a protein of 

approximately 80 kDa, which are also consistent with their expected sizes. ApxL2-

EGFP constructs consistently produced proteins that appeared slightly larger than the 

MCAM-EGFP constructs. This was unexpected, but could be accounted for by a 

tendency of ApxL2 to dimerize, as is seen with the native protein (data to follow). 

These constructs were fully sequenced more than once and found to be correct.  

 

MCAM constructs (both EGFP and Rluc-tagged) were also immunoblotted with the α-

MCAM mAb CC9 and gave similar results to the α-EGFP mAb (Figure 6.14 b). An 

Rluc antibody was not available to check the ApxL2-Rluc fusion proteins, but the RLuc 

and EGFP plasmids were constructed using the same PCR product and restriction 

enzyme insertion sites. Similarly, the α-ApxL2 antibody was difficult to source at this 

stage of the project.  

 

The EGFP constructs were also examined using fluorescent microscopy to confirm that 

MCAM-EGFP and ApxL2-EGFP showed expression patterns similar to the native 

proteins (data not shown). In particular, it was verified that all MCAM-EGFP constructs 

displayed surface expression as an indication they were being processed and targeted 

correctly. MCAM membrane localization was also demonstrated by immuno-

precipitating MCAM from transfected HEK293 cells that were surface-labeled with 

biotin. Briefly, HEK293 cells were transfected with full length or deleted MCAM 
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constructs and surface biotinylated cell lysates prepared (section 2.2.21). Lysates were 

incubated with α-MCAM or control antibodies and immunoprecipitates analysed by 

SDS-PAGE. MCAM WT EGFP (C’ tag), MCAM del TYR and LL EGFP (C’ tag) and 

MCAM tail-less EGFP (C’ tag) were all found to have some cell surface expression, 

suggesting that the tagged proteins were localizing correctly (Figure 6.15). However, 

quantification of the proportion of each MCAM construct that localized to the cell 

surface was not performed. SK-Mel-28 melanoma cells were used as a positive control 

demonstrating cell-surface localization of native MCAM.  

 

HEK293 cells co-transfected with ApxL2-Rluc (N’ tag) and MCAM-EGFP (C’ tag) 

showed moderate but consistent increases in BRET ratio compared to HEK293 cells 

transfected with ApxL2-Rluc (N’ tag) alone or co-transfected with ApxL2-Rluc (N’ tag) 

and Thyrotropin releasing hormone receptor (TRHR) EGFP (C’ tag) (Figure 6.16 a). 

TRHR is an unrelated membrane bound protein and acts as a control to indicate whether 

or not ApxL2-Rluc (N’ tag) interacts non-specifically with membrane proteins. This 

data shows that full length ApxL2 and MCAM interact in a mammalian cell system and 

substantiates the results of the immunoprecipitation and co-localization experiments.  

 

An increase in BRET ratio was also seen in HEK293 cells transfected with ApxL2-Rluc 

(C’ tag) and MCAM-EGFP (C’ tag) compared to cells transfected with ApxL2-Rluc (C’ 

tag) alone or co-transfected with ApxL2-Rluc (C’ tag) and TRHR-EGFP (C’ tag). 

However, this BRET signal was always weaker (data not shown), possibly because 

ApxL2-Rluc (C’ tag) was expressed at lower levels than ApxL2-Rluc (N’ tag). The C’ 

tag ApxL2 may also have been in a less favourable conformation for RET activity. It 

has been well established that the relative orientations of donor and acceptor dipoles is 

critical in BRET and it cannot be predicted whether an N’ or C’ tag will be most 

appropriate (Pfleger and Eidne, 2005). Given that the ApxL2-Rluc (N’ tag) construct 

produced more consistent BRET data, it was used in all further experiments. 

 

To determine which regions of the cytoplasmic tail of MCAM were involved in the 

interaction between ApxL2 and MCAM, a number of deletion and mutant constructs 

were generated for testing in the BRET system. As some of the preliminary yeast two 

hybrid analysis indicated that the endocytosis motifs may be involved in the ApxL2: 

MCAM interaction (data not shown), point mutations were introduced into the MCAM 

cytoplasmic tail. These mutations changed a leucine in the di-leucine sorting motif to a 
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proline (MCAM LP EGFP), and the tyrosine of the tyrosine-based motif to a glycine 

(MCAM YG EGFP) (Figure 6.1, 6.11). When transfected into HEK293 cells these 

mutant proteins appeared to interact with ApxL2 to the same extent as wild type 

MCAM, with similar BRET ratios obtained in cells transfected with ApxL2-Rluc (N’ 

tag) and either the wild type MCAM-EGFP, MCAM-YG-EYFP or MCAM-LP-EGFP 

(C’ tag) constructs (Figure 6.16a). In all three cases the BRET ratio was consistently 

higher than that obtained from HEK293 cells transfected with ApxL2-Rluc (N’ tag) 

alone; or with ApxL2-Rluc (N’ tag) and TRHR-EGFP (C’ tag). Similarly, MCAM tail 

deletion constructs that lacked the tyrosine (MCAM del TYR), or tyrosine and di-

leucine motifs (MCAM del TYR & LL) (Figure 6.11) also appeared to interact with 

ApxL2 to the same extent as wild type MCAM (Figure 6.16 a). These constructs all 

produced BRET ratios similar to wild type MCAM and significantly higher than control 

TRHR-EGFP (C-tag).  

 

In contrast, a deletion construct (MCAM tail-less EGFP) that lacked the entire 

cytoplasmic tail except for a cluster of basic amino acids immediately adjacent to the 

trans-membrane domain (Figures 6.1, 6.11), failed to interact with ApxL2 (Figure 6.16 

a). HEK293 cells transfected with ApxL2-Rluc (N’ tag) and MCAM-tail-less-EGFP (C’ 

tag) showed BRET ratios equal to those obtained with HEK293 cells transfected with 

ApxL2-Rluc (N’ tag) and control TRHR-EGFP (C’ tag). 

 

Collectively, these data indicate that MCAM: ApxL2 binding is mediated by a site 

within the 30 aa located between the basic residues adjacent to the transmembrane 

domain, and the di-leucine endocytosis motif.  

 

To investigate which regions of ApxL2 were involved in the interaction with MCAM, 

two deletion constructs of ApxL2 were generated (Figure 6.11). ApxL2 del Pro-Rluc 

(N’ tag) lacked the C terminal poly-proline region and ApxL2 del ASD2-Rluc (N’ tag) 

lacked both the poly-proline and ASD2 motifs. Co-transfection of either of these 

ApxL2-Rluc (N’ tag) deletion constructs with MCAM-EGFP in HEK293 cells produced 

a similar BRET ratio to that obtained in cells transfected with wild type ApxL2-Rluc 

(N’ tag) and MCAM-EGFP (C-tag) (Figure 6.16 b). Indeed, the ApxL2-ASD2-del-Rluc 

(N’ tag) construct gave more consistent results than wild type ApxL2-Rluc (N’ tag). 

Thus, neither of these regions of ApxL2 appears to be critical for MCAM binding in 

mammalian cells. When this data is analyzed with reference to the partial clone 
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originally identified from the yeast two hybrid screen (2H-clone7, Figure 6.3), it would 

suggest that the region of ApxL2 immediately upstream of ASD2 must be involved in 

binding to MCAM. However, this is yet to be confirmed and further clarification is 

required. 

 

6.3.4  MCAM, ApxL2 and the actin cytoskeleton 
As other members of the Shroom family are known to interact with the cytoskeleton 

(Haigo et al., 2003; Hildebrand and Soriano, 1999; Prat et al., 1996) this was 

investigated for ApxL2. Selective extraction of ApxL2 and MCAM with Triton X-100 

was performed, as insolubility in this detergent is a common indicator of cytoskeletal 

association (Bardin et al., 2001). Triton soluble and insoluble fractions were prepared 

from sub-confluent monolayers of A2058 and SK-Mel-28 melanoma cells and 

examined for ApxL2 and MCAM content by western blot. The distribution of these 

proteins was similar in both cell lines. Most of the MCAM was found in the soluble 

fraction but a clear band was also consistently detected in the insoluble fraction when 

cells were spread on fibronectin (Figure 6.17 a). In contrast, ApxL2 was found 

exclusively in the insoluble fraction obtained from these cells suggesting that it 

associates with cytoskeletal elements regardless of whether the cells were spread on 

fibronectin or maintained in a spherical state on polyhema. The specificity of the 

experiment was monitored by probing for vinculin, which was detected in the soluble 

fraction when cells were spherical, with a proportion moving in to the insoluble fraction 

when cells were spread. As vinculin is recruited from an inactive cytosolic pool to 

anchor adhesion complexes to the actin cytoskeleton (Critchley, 2004) this distribution 

pattern is as expected.  

 

Further analysis of the possible interaction of ApxL2 with the cytoskeleton by confocal 

microscopy supports the conclusions drawn from Figure 6.17a. In A2058 melanoma 

cells, merged images of cells stained with αApxL2 and α-β-actin antibodies indicate 

co-localization (Figure 6.17 b). There is also evidence of some co-localization of ApxL2 

and F-actin (stained with rhodamine phalloidin) in SK-Mel-28 melanoma cells. 

  

6.3.5  Dimerization of ApxL2 
Sequence analysis of ApxL2 using PSORT II (http://psort.ims.u-tokyo.ac.jp) and 

COILS (Lupas et al., 2001) indicated that the majority of the ASD2 motif has a high 

probability of forming a α-helical coiled-coil structure (Figure 6.18 a). The coiled-coil 
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is a common protein motif, often used to control oligomerization (Petsko and Ringe, 

2004) and is found in many types of proteins, implying a role in a variety of cellular 

processes (Gillingham and Munro, 2003). All other members of the Apx/Shroom family 

showed a high probability of forming a coiled-coil within the ASD2 domain 

(demonstrated by COILS analysis of ShroomL, Figure 6.18 b). This is as expected, 

given the high degree of sequence identity seen in this region. Members of another 

actin-binding family of proteins known as the ERM (Ezrin, Radixin, Moesin) proteins 

also show this C-terminal α-helical coiled-coil structure, although it is more extensive 

in these proteins (Figure 6.18 c). 

 

Consistent with the presence of this coiled-coil domain, ApxL2 was found to form 

dimers in vivo. Western blot analysis of melanoma cell lysates with the α-ApxL2 

antibody indicates that although ApxL2 seems to exist primarily within the cells as a 

monomer, a small proportion appears to be dimerized (Figure 6.19 a). This can be seen 

by the large amount of ApxL2 detected at a MW of approximately 80 kDa, and a much 

smaller amount at >150 kDa. 

 

To confirm this observation, BRET analysis was performed. HEK293 cells co-

transfected with ApxL2-Rluc (N’ tag) and ApxL2-EGFP (N’ tag) showed moderate 

increases in BRET ratio compared to HEK293 cells transfected with ApxL2-Rluc (N’ 

tag) alone or co-transfected with ApxL2-Rluc (N’ tag) and the control plasmid β-

arrestin-EGFP (N’ tag) (Figure 6.19 b).  β-arrestin is a cytoplasmic protein that plays an 

important role in the regulation of G protein-coupled receptor-mediated signaling 

(Wang et al., 2003) and acts as a control to indicate whether or not ApxL2-Rluc (N’ tag) 

interacts non-specifically with other intracellular proteins. The BRET ratio seen in 

HEK293 cells transfected with ApxL2-Rluc and ApxL2-EGFP appears similar to the 

BRET ratio produced in HEK293 cells transfected with ApxL2-Rluc (N’ tag) and 

MCAM-EGFP (C’ tag), which acted as a positive control in this experiment. This data 

indicates that full length ApxL2-Rluc (N’ tag) and ApxL2-EGFP (N’ tag) interact in a 

mammalian cell system and supports the western blot data. 

 

6.4  Discussion 
MCAM has long been recognized as a melanoma cell adhesion molecule the expression 

of which is highly correlated with invasive potential (Johnson et al., 1997; Shih et al., 
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1997a). However, how MCAM contributes to a metastatic phenotype and transduces 

information from the extra- to the intra-cellular environment is not well understood. 

This study has demonstrated that a novel protein, named ApxL2, binds to the 

cytoplasmic tail of MCAM. The data also suggest that ApxL2 associates with the 

cytoskeleton, consistent with findings described for its homologues. Whilst the 

association of MCAM with the actin cytoskeleton has been previously reported (Bardin 

et al., 2001) it was not clear whether MCAM was interacting directly with the actin 

cytoskeleton or indirectly via another protein(s). This study provides the first evidence 

that in melanoma cells MCAM may link to the cytoskeleton via other proteins. 

Elucidating which proteins bind to the intracellular tail of MCAM will help understand 

how MCAM contributes to metastatic potential in melanoma. 

 

ApxL2 is a protein of approximately 80 kDa and belongs to a small family of proteins 

including Apx, ApxL and Shroom. These proteins contain several motifs, ASD1 and 

ASD2 (Apx/Shroom domains 1 and 2), and a PDZ domain. The presence of two of 

these three domains defines the Apx/Shroom family (Dietz et al., 2006; Hildebrand and 

Soriano, 1999). The ASD1 and ASD2 motifs show no homology with other proteins and 

have no known function, although the ASD2 motif contains residues consistent with a 

leucine zipper motif (Dietz et al., 2006)and has a high probability of forming a α-helical 

coiled-coil (COILS analysis) (Lupas et al., 1991). 

 

ApxL2 binds MCAM (as demonstrated by co-immunoprecipitation and BRET), is 

found in the cytoskeletal fraction of melanoma cell Triton-X-100 extracts, and appears 

to partially co-localize with actin within the cell. Therefore, it is reasonable to suggest 

that ApxL2 is part of a complex linking membrane-bound MCAM with the 

cytoskeleton. 

 

The cytoskeletal association of ApxL2 accounts for the difficulties faced whilst co-

immunoprecipitating ApxL2 and MCAM. Actin-binding proteins are difficult to co-

immunoprecipitate because they are resistant to extraction by many detergents. 

However, Yonemura et al. (Yonemura et al., 1998) attribute their success in co-

immunoprecipitating E-cadherin-CD43 chimeras and moesin, an actin binding protein 

(described further below) to high expression of their protein of interest and a very 

effective antibody. This is perhaps the case with MCAM, which is very highly 

expressed in SK-Mel-28 melanoma cells. In addition, the α-MCAM mAb CC9 (Filshie 
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et al., 1998) is an extremely efficient antibody and is useful in many different 

applications. 

 

Why a 180 kDa SDS-resistant ApxL2: MCAM complex was co-immunoprecipitated 

from NP-40 lysates is more difficult to understand. Perhaps NP40, although considered 

a mild detergent, was able to extract small amounts of a very stable ApxL2: MCAM 

complex that Brij97 could not. A new concept of “keystone interactions” has recently 

been described (Smith et al., 2003), where one protein (or protein part) may contribute 

residues that allows the other protein to complete folding, producing a strong protein-

protein interaction that is difficult to dissociate. Moreover, although SDS-resistant 

protein complexes are not common they have been reported, most notably with respect 

to SNARE proteins, which are involved in intracellular membrane fusion events 

(Kubista et al., 2004). Interestingly, SNARE complexes were found to migrate to more 

than one position in SDS-PAGE, with as many as 3-5 bands being co-recognized by a 

panel of antibodies (Kubista et al., 2004; Matveeva et al., 2003). Although the structural 

basis of these complexes is unknown, it has been suggested that some of them may be 

folding intermediates (Lawrence and Dolly, 2002). However, at this stage, it is unknown 

why the expected (200 kDa) and observed (180 kDa) molecular weights of this putative 

ApxL2: MCAM complex differ. It is also possible that the resolution by SDS-PAGE 

was simply inadequate at those high molecular weights. 

 

The difficulties faced in investigating the ApxL2: MCAM interaction by co-

immunoprecipitation led to the use of the BRET technology. This allowed the full 

length proteins to be studied in vivo in live cells, and is perhaps another option for 

studying cytoskeletal-based interactions, which at present is performed largely using 

recombinant fusion proteins in an in vitro environment. 

 

The Apx/Shroom family is quite distinct from all other known proteins and ASD2 in 

particular appears to be a highly conserved domain, extending back as least as far as 

drosophila and sea urchins in the animal lineage. Such conservation throughout 

evolution suggests that this family of proteins play a critical role in cellular processes. 

Dietz et al. (2006) show that Shroom, ApxL and KIAA1202 all bind different subsets of 

actin within the cell via ASD1 or a related motif, and suggest that these proteins also 

bind myosin via the ASD2 domain. Each of these proteins also appears to be involved in 

different cellular processes. Shroom has been implicated in apical constriction of 



 171

epithelial cells (Dietz et al., 2006; Hildebrand, 2005; Hildebrand and Soriano, 1999), 

ApxL in endothelial cell morphology and cell-cell junctions and KIAA1202 is probably 

important in neural development (Hagens et al., 2006b), although it’s specific role is 

currently unknown. Dietz et al. (2006) suggest that the ability of the different members 

of the Apx/Shroom family to participate in different cellular activities is modulated 

spatially and temporally by their unique actin binding properties. 

 

How ApxL2 fits into this schema may be complex, as we have shown that ApxL2 binds 

MCAM, a membrane-bound protein, as well as actin (and possibly myosin, although 

that has not been evaluated in this study). Interestingly, Apx, the founding member of 

the family, is now considered to be on an evolutionary side branch to Shroom, ApxL 

and KIAA1202, and ApxL2 is considered the likely human homologue of Apx (Hagens 

et al., 2006a). Thus the cellular sublocalisation and function of ApxL2 may more 

closely resemble Apx than other members of the family. Currently, this seems confusing 

as Apx has been most fully described as affecting sodium channel activity, which is not 

an area explored with ApxL2 in this study. However, it is not unlikely that Apx and 

ApxL2 may bind multiple proteins within the cell and help mediate a range of functions. 

 

The interaction of ApxL2 with MCAM, a membrane-bound adhesion molecule, is the 

first comprehensive description of a member of the Apx/Shroom family linking a 

transmembrane protein with the actin cytoskeleton. This new data then raises the 

possibility that parallels exist between the Apx/Shroom and ERM (ezrin-radixin-

moesin) family of proteins. The similarities (and differences) between the ERM and 

Apx/Shroom proteins have not been considered in previous studies on Apx/Shroom, as 

there was no direct evidence of these proteins linking transmembrane proteins and the 

cytoskeleton. 

 

The ERM protein family has been studied extensively and is important in cross-linking 

cortical actin filaments with the plasma membrane (section 1.3.4) (Figure 6.20). The 

ERM family has been implicated in a range of cellular functions including cell shape 

determination, membrane protein localization and signal transduction (Louvet-Vallee, 

2000; Mangeat et al., 1999).  

 

The Apx/Shroom and ERM proteins show some very basic structural similarities (refer 

to Chapter 1, section 1.3.4 and Figure 1.9). Proteins from both families have a C-
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terminal domain predicted to form a coiled-coil (Lupas et al., 1991), although this 

region is more extensive in the ERM proteins and does not extend as far towards the C 

terminus as the ASD2 domain in the Apx/Shroom family. ApxL2 also contains a 

proline-rich region adjacent to the coiled-coil domain, as do ezrin and radixin, although 

it is the only member of the Apx/Shroom family to do so (Figure 6.4 a, Figure 1.9). 

 

As described in Section 1.3.4, ERM proteins can interact to form homo- and hetero-

dimers, in addition to intra-molecular associations, where the N-terminal FERM domain 

interacts with the C-terminal C-ERMAD domain of the same molecule. In both of these 

situations, the ERM proteins are inactive as the FERM domain (which binds membrane-

bound and adaptor proteins) and the F-actin binding site are masked. ERM proteins 

adopt an active conformation when a conserved threonine approximately 20 residues 

upstream of the C terminus is phosphorylated. There is also evidence that 

phosphatidylinositol 4,5-bisphosphate is required (Figure 6.20)(Bretscher et al., 2002). 

Although ApxL2 and ShroomL both contain a threonine residue in a similar region 

(approximately 12 amino acids upstream of the C terminus), only in ApxL2 is this 

residue predicted to be phosphorylated (NetPhos 2.0, (Blom et al., 1999)). This 

threonine is not conserved in Apx and ApxL. It is currently unknown whether 

phosphorylation contributes to the activity of ApxL2 in vivo.  

 

Similar to the ERM proteins, ApxL2 may also have the ability to dimerize in vivo, as 

indicated by Western blot and BRET data. In addition, ApxL2 without the ASD2 

domain appears to interact with MCAM at least as well as full length ApxL2 in the 

BRET system, indeed it gave more consistent BRET ratios. One interpretion of this 

finding is that the absence of ASD2 allows ApxL2 to adopt a more active conformation. 

Interestingly, a recent paper describes a similar phenomena for ApxL (Dietz et al., 

2006). Here, ApxL lacking the ASD2 (C terminal) domain localized more efficiently to 

tight junctions than full length protein, and the authors suggest that some kind of intra-

molecular interaction regulates its subcellular localization under some physiological 

conditions. In addition, confocal microscopy indicates that a large proportion of ApxL2 

is found in the cytoplasm, and that only a small amount of ApxL2 and MCAM co-

localize. This corresponds to the co-immunoprecitipitation data, which indicate that 

only a small amount of MCAM complexes with ApxL2.  
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Collectively, these results support the hypothesis that ApxL2 may exist largely as an 

inactive cytoplasmic form, and that only a small proportion of ApxL2 is interacting with 

cellular binding partners at any one time. Like the ERM proteins, it is possible that 

ApxL2 exists both as an inactive dimer (with ApxL2 dimers formed either through 

interactions of the coiled-coil and/or through monomers binding each other “head to 

tail”), and as an inactive monomer, whereby ApxL2 may fold back upon itself 

(Bretscher et al., 2002; Mangeat et al., 1999).  

 

The location of the site where ApxL2 binds to MCAM also resembles the region where 

ERM proteins interact with cell-surface molecules. The BRET data suggest that ApxL2 

binds to a region of the MCAM cytoplasmic tail proximal to the transmembrane region. 

This is similar to the ERM proteins, which are known to bind a number of different 

motifs in this area. In the membrane-bound proteins CD43, CD44 and I-CAM2, ERM 

proteins bind to a cluster of basic amino acids immediately adjacent to the 

transmembrane domain (Yonemura et al., 1998). Although the cytoplasmic tail of 

MCAM contains a similar cluster of basic amino acids, it is likely that ApxL2 binds a 

different or more extended motif than these residues, as the MCAM tail deletion 

construct (which included these basic amino acids) showed no interaction with ApxL2 

in BRET analysis. It is also worth noting that several other ERM-binding motifs have 

recently been described, namely a serine-rich region of I-CAM3 (Serrador et al., 2002) 

and an “RSLE” region in neural cell adhesion molecule L1 (Cheng et al., 2005).  

 

Interestingly, there is evidence that gicerin (a chicken homologue of MCAM) contains a 

moesin binding site in the membrane-proximal region of the cytoplasmic tail (Okumura 

et al., 2001), although whether this is true for MCAM is not known. However, as 

MCAM and gicerin show a high level of sequence identity throughout the cytoplasmic 

tail (Alais et al., 2001), it is quite probable.  

 

Thus, the data suggests a number of similarities between ApxL2 and the ERM proteins, 

and it is possible that ApxL2 binding could either complement or oppose the activities 

of the ERM proteins as they bind their cell-membrane partner proteins. As only a 

proportion of the ApxL2 expressed binds to MCAM, it is likely that ApxL2 has a 

number of binding partners. Given the discussion above, likely candidates are other cell 

surface adhesion molecules. ApxL2 has a proline-rich region that is not found among 

the other members of the family (Figure 6.4 a). This proline-rich region resembles 



 174 

consensus sites capable of binding Src homology 3 (SH3) domains (Chow et al., 1999). 

SH3 domains are 50-75 residue stretches found in a diverse range of molecules 

including cytoskeletal components such as spectrin (Rotin et al., 1994), adaptor and 

signaling molecules such as Grb2 and Ras (Briggs et al., 1995; Cussac et al., 1994) and 

protein and lipid kinases including Src, Ab1 and the p85 subunit of phosphatidylinositol 

3’-kinase (Cicchetti et al., 1992; Pisabarro and Serrano, 1996). The binding of proteins 

via their SH3 domains has been implicated in a range of functions, including cell 

growth and proliferation and endocytosis (Broome and Hunter, 1996; Wigge et al., 

1997). The interaction of ApxL2 with other proteins, and which domains are involved, 

remains to be investigated. 

 

6.5  Conclusions 
Overall, the data supports the conclusion that a proportion of MCAM molecules within 

the cell associate with, or are linked to, the actin cytoskeleton; and that this is mediated, 

at least in part, by a novel protein named ApxL2. ApxL2 belongs to the small 

Apx/Shroom family of proteins and shows a number of similarities to the actin-binding 

ERM proteins. It is possible that the interaction of ApxL2 with MCAM may contribute 

to the regulation of MCAM-mediated functions such as cell adhesion and motility. 

 

6.6  Future Directions 
ApxL2 appears to be a very interesting molecule and warrants further investigation. As 

it seems likely that ApxL2 may interact with a number of as yet unknown proteins, a 

yeast two hybrid screen using ApxL2 as the bait could be used to identify new binding 

partners. These interactions would then need to be confirmed in mammalian cells.  

 

ApxL2, like many proteins found to interact with the cytoskeleton, is not easy to work 

with in a mammalian cell system. Many investigators dealing with such proteins (for 

example, the ERM family) have thus used recombinant proteins and in vitro binding 

assays, coupled with immuno-fluorescence (Okumura et al., 2001; Serrador et al., 2002; 

Yonemura et al., 1998). This approach could also be utilized with ApxL2, as the 

production of recombinant cytoskeletal-associated proteins by baculovirus infection 

appears to be a significant improvement over bacterial expression systems, where 

expression and solubility problems were often encountered (Hirao et al., 1996; Turunen 

et al., 1994). This could also be extended to include BIAcore binding studies, which 
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would allow a very sensitive analysis of the association and dissociation of MCAM, 

ApxL2 and other newly-identified cellular proteins. 

 

However, as it is critical to confirm in vitro results in an in vivo environment, it would 

also be important to pursue co-immunoprecipitation or pull-down assays, along with 

immunofluorescence and especially BRET analysis, to obtain complementary data. 

  

Specifically, the interaction of MCAM and ERM family proteins (moesin) should also 

be explored; which may lead to some interesting experiments involving MCAM, ApxL2 

and moesin together. If a synergistic or antagonistic relationship exists between ApxL2 

and the ERM proteins, this could significantly improve our understanding of the 

interaction between membrane proteins, the cortical actin cytoskeleton and the 

subsequent regulation of cell shape, motility, migration and membrane traffickking. 
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Chapter 7:   

MCAM forms dimers at the cell surface and undergoes 

constitutive endocytosis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

The most exciting phrase to hear in science, the one that heralds new discoveries, is 

not “Eureka!” (“I found it”) but rather, “hmm … that’s funny …” 

 

- Isaac Asimov 
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7.1  Introduction 
7.1.1  Endocytosis 
Endocytosis and the recycling of cell surface molecules is critical for the interaction of 

cells with the extracellular milieu, and thus to cellular homeostasis (Szymkiewicz et al., 

2004). The regulation of cell surface levels of cadherins, integrins and IgSF proteins has 

profound effects on cell-cell and cell-matrix interactions and endocytosis contributes to 

this regulation (section 1.3.5). Endocytosis of plasma membrane proteins can occur via 

clathrin-mediated, caveolar-mediated or clathrin and caveolar independent mechanisms, 

and all involve specific ligand-receptor binding and internalization (Conner and 

Schmid, 2003). Once internalized, the ligand-receptor complex may be targeted for 

degradation, or the complex may disassociate, allowing the ligand to recycle back to the 

cell surface (section 1.3.5, Figure 1.10 b) (Royle and Murrell-Lagnado, 2003), a process 

that is best described in clathrin-dependent pathways. Moreover, it is becoming 

increasing apparent that cell surface proteins, such as the transferrin receptor (TfR) and 

glucose transporters, recycle between the cell surface and intracellular compartments on 

a ligand-independent, constitutive basis. Although this constant recycling is energy-

expensive, it permits a rapid and sensitive cellular response to changing environmental 

conditions (Royle and Murrell-Lagnado, 2003).  

 

Clathrin mediated endocytosis (CME) involves the concentration of transmembrane 

receptors (with or without bound ligands) into “coated pits” on the plasma membrane 

formed by the assembly of the cytosolic coat protein clathrin. The prevailing view is 

that clathrin mediated endocytosis is initiated by the movement of the heterotetrameric 

adaptor protein 2 (AP-2) to the cell membrane. AP-2 simultaneously recruits clathrin 

onto the cell surface and interacts with tyrosine and di-leucine sorting motifs in the 

cytoplasmic domains of transmembrane proteins (Figure 7.1). Until recently, the AP-2 

complex was considered critical to clathrin pit formation: the α unit of AP-2 directs it to 

the cell membrane, the μ2 subunit binds to tyrosine domains of transmembrane proteins, 

whilst the β subunit binds to both dileucine motifs of transmembrane proteins and to 

clathrin (Figure 7.1) (Conner and Schmid, 2003; Motley et al., 2003). However, Motley 

et al. (2003) suggest that AP-2 is not essential for clathrin-coat formation, and that 

alternative adaptors present in the clathrin complex, such as epsin, adaptor protein 180 

and β-arrestin, facilitate the internalization of some cell membrane receptors. Following 

clathrin coat assembly and the binding of the transmembrane protein to AP-2 or 
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alternate adaptors, the GTPase dynamin is believed to form a “collar” around the 

clathrin-coated pit. Dynamin then undergoes a hydrolysis-driven conformation change, 

and acts to constrict and “pinch off” the clathrin coated pit to form a vesicle, which 

carries plasma membrane receptors into the cell (Conner and Schmid, 2003; Motley et 

al., 2003; Royle and Murrell-Lagnado, 2003). 

 

Endocytosis also occurs via caveolae-mediated pathways and through mechanisms that 

appear to be independent of both clathrin and caveolae (Conner and Schmid, 2003). 

Caveolae are flask-shaped invaginations of the plasma membrane and demarcate 

cholesterol and sphingolipid-rich domains of the plasma membrane that house a variety 

of signaling molecules and membrane transporters (Nabi and Le, 2003). Caveolae are 

present on many cells, are especially abundant on endothelia, and their shape and 

organization is conferred by caveolin, a dimeric protein that binds to cholesterol. 

Caveolae are quite static structures at the cell surface and are internalized via a 

dynamin-dependent mechanism in response to ligand-receptor binding. Interestingly, 

caveolae-mediated endocytosis occurs significantly more slowly than clathrin-mediated 

internalization (Conner and Schmid, 2003).  

 

Caveolae are just one type of cholesterol-rich domain on the plasma membrane. Other 

structures, generally known as lipid rafts, are detergent-insoluble, low-density 

membrane fractions that are rich in cholesterol and sphingolipids, and also undergo 

internalization. Nabi et al. (2003) suggest that caveolae are a type of glycolipid raft, and 

that caveolae- and raft-mediated endocytosis represent essentially equivalent clathrin-

independent endocytic routes with similar ligand specificities. 

 

The long cytoplasmic tail of MCAM contains putative tyrosine and di-leucine sorting 

motifs (sections 1.3.2.1 & 6.1.2, Figure 6.1). The tyrosine-based signal, “YIDL”, 

conforms to the YXXθ motif, where Y is tyrosine, X is any amino acid and θ is an 

amino acid with a bulky hydrophobic group. The di-leucine signal “EEMGLL” is an 

[D/E]XXXL[L/I]-like motif, where the first residue is aspartic or glutamic acid, X is 

any amino acid, and the last amino acid is leucine or isoleucine (Bonifacino and Traub, 

2003; Kurten, 2003). Both of these motifs on other membrane-bound proteins are 

involved in internalization via a clathrin-mediated mechanism (Figure 7.1); the tyrosine 

motif binds to the μ2 subunit of the AP-2 complex and the di-leucine motif binds to the 

μ2 and/or β2 subunits (Figure 7.1). These motifs are also involved in the targeting of 
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proteins to the basolateral surface in polarized epithelial cells and to the lysosomes for 

degradation, suggesting that they are recognized both at the cell membrane and at 

intercellular locations such as the trans-golgi network (TGN) and endosomes 

(Bonifacino and Traub, 2003). Guezguez et al. (2006) analyzed MCAM targeting in a 

kidney epithelial cell line and found that the long and short splice variants of MCAM 

were targeted to the basolateral and apical membranes, respectively. Interestingly, the 

basolateral targeting of MCAM “long” was found to be dependent upon the presence of 

the di-leucine motif in the cytoplasmic tail (Guezguez et al., 2006).  

 

In this study, the ability of MCAM molecules to internalize and recycle back to the 

plasma membrane was investigated in native MCAM-expressing melanoma cells and   

in MCAM transfected SB2 cells. The effect of mutations in the tyrosine and di-leucine 

sorting motifs were examined with respect to MCAM subcellular localization and 

receptor internalization and recycling.  

 

7.1.2  Dimerization of cell surface receptors 
The macromolecular structure of cell surface adhesion proteins is crucial for regulating 

their function. For example, the activity of integrin receptors depends on the formation 

of non-covalently bonded αβ heterodimers, with different subunit combinations 

producing receptors with diverse ligand specificities (Chapter 1, Table 1.1). In the 

cadherin superfamily, membrane-bound cis-dimers are believed to be the minimal 

functional unit required for cadherin-mediated cell adhesion in vivo. The formation of 

dimers within the plasma membrane is required prior to cadherin-based cell-cell 

adhesion, which is mediated through trans interactions of cis dimers on neighbouring 

cells (Shan et al., 2000; Takeda, 2004; Takeda et al., 1999). A number of IgSF members 

also form cis and trans homo-dimers or -oligomers, including ICAM-1, PECAM-1, and 

NCAM (Yoshida et al., 2000). 

 

NCAM participates in neural cell-cell adhesion via a homophilic NCAM-NCAM 

interaction. Current research proposes a model whereby the outermost Ig1 and Ig2 

modules of NCAM mediate both cis and trans interactions simultaneously, whereas the 

Ig3 domain is involved only in trans interactions. Thus, the joined forces of the first 

three Ig domains confer the strength of the NCAM-mediated adhesion (Kasper et al., 

2000; Soroka et al., 2003). In ICAM-1, two cis dimerization events are described, one 

occurs between the membrane proximal Ig domains and another between the outer-most 
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Ig modules (Yang et al., 2004). This membrane distal dimerization site forms the 

binding site for the ICAM-1 ligand LFA-1 (integrin αLβ2), with ICAM-1/LFA-1 

binding considerably reduced in monomeric ICAM-1 (Reilly et al., 1995; Yang et al., 

2004). Interestingly, PECAM-1 is believed to exist in a dynamic equilibrium between 

monomers, dimers and oligomers on the cell surface (Newton et al., 1999; Zhao and 

Newman, 2001). Cis dimerization of PECAM-1 was found to promote trans PECAM-1 

homophilic cell-cell binding, whereas the formation of cis oligomers acted as a positive 

modulator of integrin function, and promoted cell adhesion to fibronectin via the α5β1 

integrin heterodimer (Zhao and Newman, 2001). 

 

Thus, the formation of dimers and oligomers is a critical regulatory step in the 

functioning of many IgSF proteins. This phenomena in MCAM has not been well-

described, although Shih (1999) note that most recombinant full length MCAM exists as 

a dimer, whereas the recombinant extracellular domain of MCAM does not dimerize 

and occurs in a monomeric form. Moreover, as mentioned in Chapter 4, MCAM-

mediated cell adhesion is partially inhibited by full length MCAM, but not by the 

extracellular domain alone. These data suggest that the transmembrane and/or 

cytoplasmic domains of MCAM are important for functional activity and probably 

contribute to dimerization (Shih, 1999). Although the IgSF members described above 

dimerize through regions of the extracellular domains, the cytoplasmic tail and 

transmembrane domain have been implicated in the dimerization of other proteins, such 

as members of the G-protein coupled receptor family (Pfleger et al., 2004).  

 

In this chapter, the ability of MCAM to form cell-membrane bound cis dimers was 

investigated via cross-linking immunoprecipitation studies and BRET analysis. The 

contribution of the cytoplasmic tail in MCAM dimerization was also examined.  

 

7.2  Supplementary Methods 
7.2.1   MCAM internalization and recycling 
7.2.1.1   Biotin-labeling  

This method was adapted from Turvey and Blum (1998) and Roberts et al. (2001). 

Cultured melanoma cells were harvested using 2.5 mM EDTA/PBS, washed twice, and 

resuspended in ice-cold PBS at a concentration of 3.0 x 107 cells/ml. The cells were 

incubated on ice with 0.5 mg/ml Sulfo-N-hydroxysuccinimide S-S biotin for 30 min. 
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The biotinylation reaction was quenched by the addition of a 1/20 dilution of 1 M Tris-

HCl (pH 8.0). The cells were washed twice in cold PBS and resuspended in serum free 

media at 3.0 x 107 cells/ml. Cell aliquots containing equal cell numbers were incubated 

at 37oC for between 0 and 40 min before being placed on ice. Cell surface biotin was 

removed by incubating the cells in stripping solution (50 mM Tris-HCl (pH 8.6), 100 

mM NaCl and 20 mM 2-mercaptoethanesulfonate (MesNa)) for 5 min on ice before 

washing the cells with cold PBS. Following two rounds of stripping and washing, cell 

lysates were prepared in NP40 lysis buffer (section 2.1.3.7) and immunoprecipations 

were performed using the α-MCAM mAb CC9 (section 2.2.2.2). The immuno-

precipitated material was separated by SDS-PAGE, electroblotted onto a membrane and 

visualized using S-HRP. 

 

7.2.1.2.   Antibody-labeling and flow cytometry 

Melanoma cells were harvested using 2.5 mM EDTA/PBS, washed twice, and 

resuspended in ice-cold DMEM/0.25% BSA at a concentration of 4.0 x 106 cells/ml. 

Antibody labeling was performed using the α-MCAM mAb CC9, or a mouse IgG2a 

control antibody, as described for single colour flow cytometry (section 2.1.4.5), except 

that the cells were maintained in DMEM/0.25% BSA rather than in PBS/0.25% BSA. 

Following incubation with primary antibody, the cell aliquots were incubated at 37oC 

for between 0 and 40 min, and then placed on ice, prior to labeling with α-mouse Ig-

FITC secondary antibody (section 2.1.4.5). The negative controls were cells labelled 

with: mouse IgG2a only, α-mouse Ig-FITC only, and mouse IgG2a plus Ig-FITC. The 

positive control was cells labelled with α-MCAM mAb and placed directly on ice, 

indicating the “baseline” level of cell surface MCAM. Cells were fixed using 4% 

paraformaldehyde, and flow cytometric analysis was performed using a COULTER® 

EPICS® XL flow cytometer (Beckman Coulter) and the FlowJo software program (Tree 

Star Inc) (section 2.1.4.5). The cell surface fluorescence intensity was expressed as 

geometic mean fluorescence units. The values obtained using the α-MCAM mAb CC9 

were transformed into a percent value of total cell surface MCAM expression by 

dividing the mean cell surface fluorescence at every time point by the mean 

fluorescence intensity at time point 0 (the 100% control).  

 

7.2.1.3  Chemical blocking of endocytosis 

Primaquine diphosphate (primaquine), monodansyl-cadaverine (MDC) and sucrose 

were all obtained from Sigma. Primaquine (30 mM) was freshly prepared in PBS for 
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each experiment, MDC was prepared as a 10 mM solution in DMSO and 2M sucrose 

was prepared in ddH20. The primaquine diphosphate and MDC were added to cells 

resuspended in DMEM/0.25% BSA at a 1/100 dilution and the sucrose was added at a 

1/50 dilution (producing final concentrations of 0.3 mM, 100 μm and 400 mM, 

respectively). Cells were pre-treated with each solution, or a combination of solutions, 

for 30 min at 37οC. Cells were maintained in these solutions throughout the experiment. 

Following pre-treatment, cells were labelled with primary antibody (α-MCAM mAb 

CC9 or control mouse IgG2a), washed and resuspended in DMEM/0.25% BSA plus the 

appropriate chemical. Cells with and without chemical treatment were then subjected to 

incubation either on ice or at 37oC for between 10 and 40 min, and the surface staining 

of MCAM measured as described in section 7.2.1.2. The primaquine, MDC and sucrose 

concentrations used in these experiments were determined to have no significant effect 

on cell viability, as measured using the COULTER® MULTISIZER (Beckman Coulter), 

where live cells counts can be obtained by gating out of dead cells and debris (section 

2.1.4.3). 

 

7.2.2  BRET analysis 
7.2.2.1  Generation of MCAM-Rluc (C’ tag) constructs.  

The construction and characterization of all the MCAM-EGFP (C’ tag), MCAM-WT-

Rluc (C’ tag) and MCAM-tail-less-Rluc (C’ tag) plasmids was described in Chapter 6 

(section 6.2.1, Figures 6.7 - 6.11). MCAM-Rluc (C’ tag) constructs lacking the tyrosine 

motif, (MCAM del TYR), tyrosine motif and flanking region (MCAM del TYR & 

flank), and tyrosine and dileucine motifs (MCAM del TYR & LL) were generated by 

releasing the appropriate fragment from the previously constructed MCAM-EGFP (C’ 

tag) plasmids via HindIII/EcoR1 restriction enzyme digestion. These fragments were 

then ligated into Rluc (C’ tag) vector also digested with HindIII/EcoR1. The new 

constructs were transformed into E.coli, colonies selected and DNA produced and 

sequenced as described in section 6.2.1. The full names of all constructs are used 

throughout the results section (for example, MCAM-WT-Rluc (C’ tag)), but in the 

discussion, the (C’ tag) descriptor is not used, as all constructs discussed (with the 

exception of β-arrestin-EGFP) were tagged on the C’ terminus. 
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7.2.2.2  BRET:  adherent cell, competition and saturation assays 

The TRHR and β-arrestin control constructs were obtained from A/Prof Karin Eidne’s 

laboratory (WAIMR, Perth, WA) and fully sequenced prior to use. Standard BRET 

assays were performed as described in section 6.2.2.  

 

BRET assays were also performed comparing cells in solution to cells adherent to 

fibronectin or galectin-3. Fibronectin or galectin 3 (50 μl, both at 20 μg/ml) were added 

to the wells of a white tissue culture plate with clear-bottomed wells, and incubated 

overnight at 4oC before being aspirated, and the wells washed twice with PBS. HEK293 

cells transfected with various Rluc and EGFP constructs were harvested, counted and 

re-suspended at a concentration of 0.5 x 106 cells/ml in either PBS or adhesion assay 

buffer. The cells in PBS were left on ice. The cells in adhesion buffer were added to the 

wells (100 μl/well) coated with fibronectin or galectin-3 and incubated at 37oC for 40 

min to allow cell spreading, before the assay buffer was aspirated and replaced with 

warm PBS. At this time 100 μl of the cells on ice were aliquoted into the wells of the 

same tissue culture plate. The plate was returned to the incubator for 5 min to re-

equilibrate to 37oC. Galectin-3 (20 μg/ml) was added into wells containing cells in 

suspension and BRET assays performed as previously described. A reflective white 

sheet was placed under the clear bottom plate to maximize bioluminescence. 

 

For competition assays, HEK293, SK-Mel-28 and MM96L cells were transfected with 

0.5 μg MCAM-WT-Rluc alone , or co-transfected with 0.5 μg MCAM-WT-Rluc and 

1.0 μg EGFP, 1.0 μg MCAM-WT-EGFP, or 1.0 μg MCAM-WT-EGFP plus 1.0 μg 

pcDNA3.1-MCAM (unlabelled). BRET saturation assays involved co-transfection of a 

constant amount of donor MCAM-WT-Rluc (C’ tag) (1.0 μg) with increasing amounts 

of acceptor EGFP-tagged receptors (1.0 – 6.0 μg). The BRET ratio was graphed against 

the expression of the EGFP protein as measured by flow cytometry (fluorescence 

intensity) to produce a saturation curve.  

 

7.2.3    Cross-linking and immunoprecipitation of cell surface 

proteins 
A2058 melanoma cells were harvested using 2.5 mM EDTA and resuspended in ice-

cold PBS at 2.5 x 107 cells/ml. The cells were divided into three aliquots and one aliquot 

was placed directly on ice. The chemical cross-linker 3,3´-dithiobis (sulfosuccinimidyl-
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propionate) (DTSSP) (Pierce, Thermo Fisher Scientific ) was added directly to the 

second aliquot, and disuccinimidyl suberate (DSS) (Pierce) was dissolved in DMSO and 

added to the third cell aliquot, both to a concentration of 2 mM. All three cell aliquots 

were incubated on ice for 2 h with frequent mixing before stop solution (1 M Tris, pH 

7.5) was added at a 1/50 dilution and the cells incubated a further 15 min on ice. The 

cells were washed twice with ice-cold PBS and lysates prepared (section 2.1.1.1). 

Immunoprecipitations were performed by incubating cell lysates with either the α-

MCAM mAb CC9 or a mouse IgG2a control antibody and protein G sepharose (section 

2.2.2.2). Immunoprecipitated material was separated by SDS-PAGE and analyzed by 

Western blotting using biotinylated CC9 and S-HRP (sections 2.2.2.3, 2.2.2.6, 2.2.2.7). 

 

7.2.4   Co-immunoprecipitation of MCAM-EGFP/Rluc with 

MCAM 
A2058 cells were transfected with MCAM-WT-Rluc, MCAM-WT-EGFP, MCAM-tail-

less-EGFP, or TRHR-EGFP (all C’ tagged) (Figure 6.11). After 48 hr, the cells were 

harvested and biotinylated cell lysates were prepared (section 2.2.2.1). 

Immunoprecipitations were performed by incubating cell lysates with either α-MCAM 

mAb CC9, α-EGFP mAb clone JL-8 (Clontech), α-Rluc clone 1D5.2 (Chemicon) or a 

control mouse IgG2a control antibody and protein G sepharose. The immuno-

precipitated material was separated by SDS-PAGE and analyzed by Western blotting 

using S-HRP (sections 2.2.2.3, 2.2.2.6, 2.2.2.7). 

. 

7.3  Results 

7.3.1  Cell surface versus intracellular MCAM expression 

The total cellular and cell surface levels of MCAM and β1 integrin were measured 

using flow cytometry (sections 2.1.4.5, 2.1.4.6, 7.2.1.2). In the MM253 and A2058 

melanoma cells, approximately 70-75 % of total cellular MCAM was expressed on the 

cell surface (Figure 7.2 a). The relative cell surface expression was lower in the KW4 

6.5 and 6.6 cells, with 60% of total MCAM present on the cell membrane (Figure 7.2 

b). In the SB2 cell series, the SB2 14.1 and SB2 14.8 cells (which are both transfected 

with WT MCAM) expressed 75-80 % of total cellular MCAM on the cell surface. 

Interestingly, SB2 cells transfected with mutant MCAM constructs showed evidence of 

intracellular MCAM accumulation. The SB2 LP 5.13 cells, a population transfected 

with MCAM containing a mutated di-leucine motif in the cytoplasmic tail (Figure 6.7, 
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section 7.1.1), expressed only 35% of the total MCAM on the cell surface. However, 

55% of total cellular MCAM was found on the cell surface of the SB2 LP-YG 76.2 

cells, a cell line transfected with MCAM containing mutations in both the di-leucine and 

tyrosine motifs (Figure 6.7).  

 

The total cellular and cell surface expression of β1 integrin was also measured on the 

P525 KW4 and SB2 cell series. The MCAM positive and negative cell lines of the P525 

KW4 series all expressed 85-93% of total β1 integrin on the cell surface, whereas in the 

SB2 cell series this proportion was somewhat lower (70–80%). However, there was no 

significant difference in the proportion of β1 integrin expressed on the cell surface 

between MCAM positive and negative SB2 cells, or between SB2 cells transfected with 

WT or mutant MCAM constructs. 

 
Next, the intracellular localization of MCAM was investigated in the SB2 14 and SB2 

LP 5.13 cells. The SB2 14 cells are a mixed population of MCAM positive and negative 

cells from which the SB2 14.1 cell line was derived (Chapter 3, Figure 3.9). Cells were 

co-stained for MCAM (CC9), the golgi apparatus (α-golgi-97) and the nucleus (DAPI, 

4',6-diamidino-2-phenylindole), and visualized using confocal microscopy (Figure 7.3). 

In the SB2 14 cells, MCAM was detected on the cell membrane and within the 

cytoplasm. There was also evidence of peri-nuclear staining with some co-localization 

of MCAM with the golgi apparatus. In the SB2 LP 5.13 (di-leucine mutant) cells, 

MCAM was expressed on the cell membrane at the sites of cell-matrix and cell-cell 

interactions. MCAM was also visible in a distinct peri-nuclear intracellular pool that co-

localized with the golgi apparatus. However, there was no evidence of diffuse 

cytoplasmic staining. 

 

7.3.2 Endocytosis of wild-type (WT) MCAM  
7.3.2.1  Internalization and recycling with and without primaquine 

The internalization and recycling of WT MCAM was investigated in the native MCAM-

expressing MM253 cells and the MCAM transfected SB2 14.1 and SB2 14.8 melanoma 

cells (Figures 7.4, 7.6). The internalization of MCAM in MM253 cells was examined 

using biotin labeling and surface stripping of biotin according to a time course, followed 

by cell lysate analysis (section 7.2.1.1). MCAM internalization was also analyzed by 

cell surface staining of MCAM using a flow cytometric approach (section 7.2.1.2). 
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Endocytosis of cell surface MCAM was investigated in the presence or absence of 

primaquine (section 7.2.1.3). Primaquine allows internalization of membrane proteins, 

but interferes with the movement of proteins from endosomes back to the plasma 

membrane, causing intracellular accumulation (van Weert et al., 2000). Thus, 

primaquine treatment enables internalization to be studied without the confounding 

effects of recycling. In the MM253 cells, biotin labeling experiments showed that in the 

presence of primaquine, biotin-MCAM was readily detected following incubation at 

37oC for 30 or 40 min, indicating that MCAM had been internalized from the cell 

surface (Figure 7.4). These data were supported by an investigation of MCAM 

internalization using the antibody-based approach. Flow cytometric analysis showed 

that MCAM surface levels remained relatively constant when cells were incubated at 

37oC for up to 20 min in primaquine, but by 30-40 min, 20% of surface MCAM had 

become internalized. Interestingly, in the absence of primaquine, MCAM levels 

remained relatively constant (a 5% decrease over 40 min). Taken together, these data 

suggest that MCAM is internalized, and returned to the cell surface, at approximately 

equal rates in the absence of chemical treatment. This interpretation assumes that the 

MCAM: CC9 antibody complex remains intact whilst passaging through the endocytic 

pathway.  

 

As early and recycling endosomes are known to have an acidic environment (pH of 6.0 

and 6.4, respectively) (Mellman et al., 1986; Yamashiro and Maxfield, 1984), the 

stability of the MCAM: CC9 interaction was examined at a range of pH values (Figure 

7.5). The CC9 antibody remained complexed with MCAM on the cell surface when 

cells were washed in solutions of pH 7.5 or pH 5.0, although at pH 3.0 more than 75% 

of CC9 had disassociated from MCAM, and this increased to 100% at pH 2.0. However, 

in the pH range most representative of the endocytic pathway, the MCAM: CC9 

complex appeared to be stable (Figure 7.5).  

 

The recycling of cell surface MCAM on the SB2 14.1 (MCAM positive) cells was also 

examined via biotin labeling and cell surface flow cytometry. Both of these approaches 

indicated that MCAM began to internalize within 20 - 30 min at 37oC (Figure 7.6 a). 

MCAM recycling occurred at a faster rate in the SB2 14.1 cells than the MM253 cells. 

In SB2 14.1 cells treated with primaquine, 45% of cell surface MCAM had become 

internalized after 40 min at 37oC, compared to 20% in the MM253 cells (Figures 7.4, 

7.6). As the biotin-recycling and the antibody/flow cytometry experimental approaches 
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produced similar data, the antibody-based system alone was used for most subsequent 

experiments. The SB2 14.8 (MCAM positive) cells produced very similar flow 

cytometry profiles to the SB2 14.1 cells, indicating relatively rapid recycling of MCAM 

from the plasma membrane (Figure 7.6 b). 

  

7.3.2.2  MCAM internalization and clathrin-mediated endocytosis 

Given that the intracellular domain of MCAM includes motifs implicated in clathrin 

mediated endocytosis (section 7.1.1, Figure 6.11), the internalization of MCAM was 

examined in the presence of two chemicals known to block clathrin-mediated pathways, 

sucrose and monodansyl-cadaverine (MDC). The MM253, SB2 14.1 and SB2 14.8 cells 

were treated with primaquine alone (to allow internalization but not recycling of 

membrane receptors), or with primaquine in combination with 400 mM sucrose, 100 

μM MDC or 1% DMSO as a control for MDC (section 7.2.1.3). The cells were 

incubated at 37oC for between 0-40 min and endocytosis was measured using the 

antibody-based approach (section 7.2.1.2). 

 

SB2 14.1 cells re-suspended in DMEM or DMEM plus 1% DMSO displayed a constant 

level of MCAM surface expression over a 30 min period, indicating that internalization 

and recycling back to the plasma membrane were occurring at close to equal rates 

(Figure 7.7 a). When SB2 14.1 cells were incubated in DMEM and primaquine, with or 

without the addition of 1% DMSO, 30% of cell surface MCAM was internalized after 

30 min at 37oC. These results are consistent with previous experiments (Figure 7.6). The 

addition of sucrose or MDC to SB2 14.1 cells treated with primaquine partially blocked 

internalization, with 15-18% (compared to 30%) of cell surface MCAM becoming 

internalized in 30 min at 37oC. As there was no difference in MCAM internalization or 

recycling in cells incubated in DMEM plus or minus 1% DMSO, these controls were 

omitted in subsequent experiments. 

 

The SB2 14.8 and MM253 cells re-suspended in DMEM also showed a constant level 

of cell surface MCAM (Figure 7.7 a&b). When treated with primaquine and incubated 

for 30 min, the SB2 14.8 and MM253 cells showed internalization of 20% and 10% of 

cell surface MCAM, respectively, which is lower than seen in previous experiments 

(Figures 7.4, 7.6). Sucrose was found to partially inhibit MCAM internalization in the 

SB2 14.8 cells and fully inhibit endocytosis in the MM253 cells. In contrast, MDC had 

little effect on MCAM internalization in either of these cell lines 
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7.3.2.3  MCAM internalization and the endocytosis motifs 

The internalization of MCAM was measured in SB2 cells transfected with MCAM 

containing mutations in the di-leucine and/or tyrosine endocytosis motifs (Figures 6.1, 

6.11). The internalization of MCAM in the SB2 14.1 (WT) cells was examined using 

biotin labeling and the antibody-based approach in the presence or absence of 

primaquine (Figure 7.8 a). The SB2 14.1 cells again showed intracellular accumulation 

of MCAM in the presence of primaquine, with a small (10%) decrease in cell surface 

MCAM expression when incubated in DMEM alone. Flow cytometric analysis of the 

SB2 LP 5.13 (di-leucine mutant) cells showed similar levels of intracellular 

accumulation of MCAM in cells incubated both with and without primaquine (Figure 

7.8 b). Interestingly, analysis of MCAM internalization in the SB2 LP+YG 76.2 (di-

leucine and tyrosine mutant) cells indicated that MCAM recycling in these cells was 

similar to that seen in the SB2 14.1 WT cells (Figure 7.8 c). 

  

7.3.3  MCAM exists as a dimer on the cell surface 
7.3.3.1  BRET analysis, competition and saturation assays 

HEK293 cells co-transfected with MCAM-WT-Rluc (C’ tag) and MCAM-WT-EGFP 

(C’ tag) showed a significant increase in BRET ratio compared to cells transfected with 

MCAM-WT-Rluc (C’ tag)  alone or co-transfected with MCAM-WT-Rluc (C’ tag) and 

TRPH-EGFP (C’ tag) or EGFP, suggesting that MCAM homo-dimerizes in vivo (Figure 

7.9 a). The effect of cell adhesion and the addition of galectin-3 (a protein shown to 

bind MCAM) on MCAM dimer formation were then investigated. HEK293 cells 

transfected with various constructs were maintained in suspension (with or without the 

addition of galectin-3) or allowed to adhere to the wells of a 96-well plate coated with 

fibronectin or galectin-3 (section 7.2.2.2). HEK293 cells co-transfected with MCAM-

WT-Rluc (C’ tag) and MCAM-WT-EGFP (C’ tag) showed a significantly higher BRET 

ratio than cells transfected with MCAM-WT-Rluc (C’ tag) and all other EGFP plasmids 

whether the cells were adherent or in suspension (Figure 7.9 b). In addition, cells co-

transfected with the MCAM-WT-Rluc and MCAM-WT-EGFP constructs and plated on 

fibronectin demonstrated a higher BRET ratio than those plated on galectin-3 or assayed 

whilst in suspension. Interestingly, this experiment also provided data suggesting that 

the efficient formation of MCAM dimers requires the presence of the MCAM 

cytoplasmic tail. Cells co-transfected with MCAM-WT-Rluc (C’ tag) and MCAM-tail-

less-EGFP (C’ tag) produced BRET ratios similar to those seen in cells co-transfected 

with MCAM-WT-Rluc (C’ tag) and the TRHR-EGFP (C’ tag) control construct.  
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The specificity of the putative MCAM-MCAM interaction was examined using 

competition and saturation assays. HEK293, SK-Mel-28 and MM96L cells co-

transfected with MCAM-WT-Rluc (C’ tag), MCAM-WT-EGFP (C’ tag) and unlabelled 

pcDNA3.1-MCAM showed a decrease in BRET ratio compared to cells co-transfected 

with MCAM-WT-Rluc (C’ tag) and MCAM-WT-EGFP (C’ tag) alone (Figure 7.10 a). 

Moreover, the SK-Mel-28 and MM96L melanoma cells showed lower BRET ratios than 

the HEK293 cells, consistent with the fact that these cell lines express endogenous 

MCAM capable of competing with the labeled proteins. 

 

BRET saturation assays were performed by expressing a constant amount of donor 

MCAM-WT-Rluc (C’ tag) with increasing amounts of EGFP-tagged acceptor. 

Saturation curves were generated by plotting the BRET ratio against the fluorescence 

intensity of EGFP expression, as measured by flow cytometry (Figure 7.10 b). The 

BRET ratio produced by the co-expression of MCAM-WT-Rluc (C’ tag) and MCAM-

WT-EGFP (C’ tag) became greater as the expression of MCAM-WT-EGFP increased, 

until fluorescence intensity reached approximately 25 units. After this, the BRET ratio 

started to decrease with increasing EGFP expression, possibly indicating homo-

oligomerization of the acceptor MCAM EGFP tagged protein. Co-transfection of 

HEK293 cells with MCAM-WT-Rluc (C’ tag) and increasing amounts of MCAM-tail-

less-EGFP (C’ tag) produced BRET ratios approximately half that of full length 

MCAM, with some evidence of saturation. The TRHR-EGFP (C’ tag) construct showed 

similar BRET ratios to MCAM EGFP tail-less. Co-transfection of cells using MCAM-

WT-Rluc (C’ tag) and increasing amounts of EGFP alone produced BRET ratios of 

close to zero for all EGFP expression levels. 

 

7.3.3.2  MCAM immunoprecipitation studies 

MCAM dimerization was investigated in MCAM positive A2058 cells left untreated or 

incubated with the chemical crosslinkers DSS or DTSSP (section 7.2.3). Cell lysates 

were prepared, immunoprecipated using the α-MCAM mAb CC9 or a mouse IgG2a 

control antibody and analyzed via SDS-PAGE and Western blot (Figure 7.11). In all 

lysates immunoprecipitated with the α-MCAM mAb CC9, a band of protein was 

detected at 120 kDa, indicative of the MCAM monomer. Untreated cell lysates also 

showed the presence of faint band at a molecular weight > 200 kDa which may 

represent dimerized MCAM. In cells treated with DSS and DTSSP, CC9-reactive bands 

were present at approximately 120 kDa and at higher molecular weights. These higher 
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molecular weight bands may correspond to MCAM oligomers. These gels also suggest 

that DTSSP cross-linking has altered the epitope recognized by CC9. Although 

exposing the blot for 180 s brought up the 120 kDa band, only very faint high molecular 

weight bands were visible when DTSSP was used.  

 

Next, the interaction of untagged (endogenous) and tagged MCAM was investigated in 

A2058 melanoma cells transfected separately with EGFP-MCAM WT (C’ tag), EGFP-

MCAM tail-less (C’ tag), Rluc-MCAM WT (C’ tag) and EGFP-TRHR (C’ tag) (section 

7.2.4). A protein of 120 kDa was immunoprecipated from all A2058 cell populations 

with the α-MCAM CC9 mAb, indicating untagged MCAM (Figure 7.12 a). Higher 

bands corresponding to MCAM fusion proteins were also immunoprecipated with the 

α-MCAM antibody from A2058 cells transfected with MCAM contructs, but not the 

TRHR plasmid. The two MCAM-EGFP (C’ tag) fusion products were present as strong 

bands at 145 kDa or 140 kDa (MCAM-WT-EGFP (C’ tag) and MCAM-tail-less-EGFP 

(C’ tag) respectively). The MCAM-WT-Rluc (C’ tag) fusion protein appeared as a faint 

band at ~150 kDa. These data indicate that the α-MCAM antibody recognizes the 

fusion proteins and they localize to the cell membrane (Figure 7.12 a). 

 

Immunoprecipitation using the α-EGFP antibody demonstrated the presence of two 

bands in MCAM-tail-less EGFP transfected cells (Figure 7.12 b). The highest molecule 

weight band of protein corresponds to immunoprecipitated MCAM-tail-less-EGFP (C’ 

tag), whilst the lower band represents native MCAM co-precipitated with the EGFP 

protein. Two bands were also visible in the cells transfected with MCAM-WT-EGFP 

(C’ tag), although both were very faint. Interestingly, this data suggests that both 

MCAM-WT-EGFP (C’ tag) and MCAM-tail-less-EGFP (C’ tag) are capable of 

interacting with full length MCAM, which conflicts with the BRET data (Figures 7.9 b, 

7.10 b). Immunoprecipitation experiments using cells transfected with MCAM-WT-

Rluc (C’ tag) and the α-Rluc antibody also produced two faint bands corresponding to 

tagged and untagged MCAM (Figure 7.13 b). In cells transfected with TRHR-EGFP (C’ 

tag), the α-EGFP mAb immunoprecipitated a protein of approximately 80 kDa, 

corresponding to TRHR-EGFP. 

 

7.3.3.3  BRET analysis of MCAM deletion constructs 

BRET analysis was performed in HEK293 cells transfected with MCAM-WT-Rluc (C’ 

tag) and a range of MCAM-EGFP (C’ tag) constructs in an attempt to further investigate 
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the role of the cytoplasmic tail in MCAM dimerization. Cells co-transfected with 

MCAM-WT-Rluc (C’ tag) and MCAM-WT-EGFP (C’ tag), MCAM-del TYR-EGFP 

(C’ tag), MCAM-del TYR & flank-EGFP (C’ tag) or MCAM-del TYR & LL-EGFP (C’ 

tag) (see Figure 6.11) all produced BRET ratios significantly higher than cells 

transfected with MCAM-WT-Rluc alone or co-transfected with MCAM-WT-Rluc and 

MCAM-tail-less-EGFP (C’ tag), TRHR-EGFP (C’ tag)  or EGFP (Figure 7.13 a).  

 

HEK293 cells were then transfected with MCAM-tail-less-Rluc (C’ tag) alone or co-

transfected with MCAM-tail-less-Rluc (C’ tag) and a range of EGFP (C’ tag) constructs 

(Figure 7.13 b). In these experiments, the BRET ratio produced by the co-transfection of 

MCAM-tail-less-Rluc (C’ tag) and TRHR-EGFP (C’ tag) was significantly lower than 

the BRET ratio that was consistently produced by the co-transfection of MCAM-WT-

Rluc and TRHR-EGFP (C’ tag). The low BRET ratio produced by the co-transfection of 

MCAM-tail-less-Rluc (C’ tag) and TRHR-EGFP (C’ tag) suggests that all MCAM-

EGFP constructs interact to some extent with MCAM-tail-less-Rluc (C’ tag) (Figure 

7.13 b). Moreover, the interaction between MCAM-tail-less-Rluc (C’ tag) and the 

MCAM-EGFP deletion proteins, with the exception of MCAM-tail-less-EGFP (C’ tag), 

produced greater BRET ratios than the interaction between MCAM-tail-less-Ruc (C’ 

tag) and MCAM-WT-EGFP (C’ tag). It is also worth noting that the MCAM-tail-less 

Rluc (C’ tag) construct was not as well expressed in the HEK293 cells as the MCAM-

WT-Rluc (C’ tag) plasmid. Thus, the bioluminescence counts using the MCAM-tail-less 

Rluc (C’ tag) construct were lower. 

 

7.3.4  Summary 
Melanoma cells display constitutive internalization and recycling of plasma membrane-

bound MCAM and this is mediated, at least in part, by clathrin mediated endocytosis. 

Mutation of the di-leucine motif in the cytoplasmic domain of MCAM affects the ability 

of MCAM to recycle back to the cell membrane, and is also associated with intracellular 

accumulation of MCAM concentrated in a peri-nuclear location. Lastly, MCAM 

appears to exist as a dimer on the cell membrane, although it is not yet clear which 

domain/s of MCAM are involved in this interaction. 
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7.4  Discussion  
7.4.1  MCAM internalization and recycling 
Due to time constraints, this investigation of MCAM internalization and recycling was 

essentially a pilot study. The development of the SB2 wild-type and mutant cell lines 

(described in Chapter 3) represents a considerable investment of time, and although 

these cells were not used to their full potential in this study, they constitute a valuable 

resource. Specifically, further analysis of internalization and recycling may yield 

important data that can be correlated with the behaviour of these mutant cells in 

functional assays. 

 

In this study, two different approaches measuring cell membrane protein internalization 

were compared, biotin-labeling, and antibody binding followed by flow cytometry. 

Biotin-labeling of cell surface receptors is an established methodology for monitoring 

both internalization and transport of proteins to the cell surface (Turvy and Blum, 

1998). For molecules such as the transferrin receptor (TfR) and MHC class II antigens, 

the addition of a biotin tag does not affect normal cell surface expression or endocytic 

transport (Pinet et al., 1995; Volz et al., 1995). The disadvantage of this method is that 

direct measurement of internalized biotin-tagged proteins is relatively cumbersome, 

involving the stripping of cell surface biotin, immunoprecipitation, SDS-PAGE, western 

blot and densitometry (Turvy and Blum, 1998). In this study, stripping of cell surface 

biotin was problematic as it was difficult to remove a high proportion of biotin from the 

cell surface without adversely affecting cell viability. In addition, there was often 

significant cell loss due to the multiple washing and centrifugation steps. These 

methodological issues made the accurate quantification of MCAM internalization and 

recycling quite challenging. 

 

The use of an antibody-based labeling system was explored in an attempt to obtain more 

easily quantifiable data. Antibody labeling is routinely used to study internalization and 

cellular traffickking of cell surface molecules, but is most often coupled to immuno-

fluorescent microscopy. In this approach, cells adherent to a substrate are labeled with 

receptor-specific antibodies and internalization experiments are performed essentially as 

described in this study. Cells are then permeabilized and treated with fluorescent 

secondary antibody to visualize internalized receptors (Mamdouh et al., 2003; 

Yamazaki et al., 1996). However, a number of studies have successfully used antibody 

staining and flow cytometric analysis to investigate receptor internalization. Morelon 
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and Dautry-Varsat (1998), investigating the cell surface half life of a chimeric protein 

composed of the extracellular part of interleukin 2-receptor  and transmembrane and 

intracellular part of the common cytokine receptor γc, found that a flow cytometric 

approach produced comparable results to iodination and immunoprecipitation. 

Similarly, Ehrlich et al. (2001) investigated the rate of internalization of transforming 

growth factor β (TGF-β) receptor using antibody binding and flow cytometry, and 

found that this method produced data consistent with that obtained using a radioisotope 

based approach (Dore et al., 1998). The use of antibodies to investigate endocytosis 

requires that the antibody: receptor complex remains stable within early and recycling 

endosomes. In accordance with other studies of antibody: receptor complexes 

(Yamazaki et al., 1996), the MCAM: CC9 association was found to be stable at the pH 

range likely to be encountered in the endocytic pathway (Figure 7.5). 

 

Interestingly, an antibody-binding approach appears to be appropriate for some cell 

surface receptors but not others. For example, cross-linking of the stromal cell-derived 

factor-1 receptor (CXCR4) on the cell surface with an α-CXCR4 mAb triggers receptor 

traffickking, whereby the receptor is rapidly internalized and recycled back to the cell 

surface (Forster et al., 1998). The issue of receptor cross-linking can be circumvented 

by the use of F’ab fragments rather than whole antibody. F’ab fragments are produced 

by protease (papain) digestion of antibodies and contain the antigen binding sites, but 

cannot form multivalent complexes. However, antibody-promoted internalization is not 

observed with all cell surface proteins, for example Koo et al., (1996) found that the 

traffickking of amyloid β-protein precursor occurred similarly in receptors labeled with 

whole antibody or F’ab fragments.  

 

In this study, the use of whole antibody in internalization experiments produced data 

consistent with that generated in preliminary biotin-labeling experiments (Figure 7.4, 

7.6, 7.8 a). Thus, antibody-driven MCAM internalization does not appear to be a major 

contributing factor in the MCAM recycling assays described here. Given that both 

approaches yielded similar results, antibody labeling followed by flow cytometry was 

selected as the standard protocol because it allowed direct measurement of cell surface 

MCAM levels with minimal processing steps.  

 

In melanoma cells incubated at 37oC in DMEM alone, MCAM showed relatively stable 

cell surface levels over a 40 min period, with an observed decrease in plasma membrane 
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expression of 2-8%. In cells treated with primaquine, however, cell surface levels 

decreased by 20% in the MM253 cells and up to 45% in the SB2 14.1 and SB2 14.8 

cells over 40 min at 37oC. Taken together, these data indicate that MCAM is 

constitutively internalized from the cell surface and rapidly recycles back to the plasma 

membrane. The decrease in MCAM cell surface expression in cells treated with DMEM 

alone could indicate a small imbalance between internalization and recycling, that is, 

some MCAM: CC9 complexes may be degraded. Alternatively, it could be due to the 

dissociation of antibody from cell surface receptor during the 37oC incubation, which 

has been linked by other groups to a 15% reduction in cell surface expression of TGF-

β receptor (Ehrlich et al., 2001).  

 

What is not clear from the experiments described here is whether intracellular MCAM 

is trafficked to the cell surface during this 40 min period. Between 20 and 40% of the 

total MCAM present in melanoma cells exists in an intracellular location (Figure 7.2). 

This appears to be consistent between the MM253 and A2058 cells, which express 

endogenous MCAM, and the MCAM-transfected KW4 and SB2 cells. It is possible that 

the biosynthetic and recycling pathways of MCAM converge or interact to control cell 

surface expression levels, as has been described for E-cadherin (section 1.3.5) (Lock 

and Stow, 2005). The movement of intracellular MCAM to the cell surface could be 

examined in the following way. A standard internalization assay could be performed 

with or without primaquine (sections 7.2.1.2, 7.2.1.3), including the labeling of cells 

with α-mouse Ig-FITC following the 37oC incubations. The presence of nascent 

MCAM protein on the surface may then be detected by re-staining the cells with the α-

MCAM mAb CC9 and α-mouse-R-phycoerythrin. The levels of recycled FITC-labeled 

MCAM and nascent RPE-labeled MCAM could be assessed using two-colour flow 

cytometry. 

 

The presence of tyrosine and di-leucine domains in the cytoplasmic tail of MCAM 

suggested that clathrin-mediated endocytosis was likely to play a role in the regulation 

of MCAM cell surface levels (Bonifacino and Traub, 2003). This was investigated in 

two ways – by chemical blockade and by mutating the endocytosis motifs. Sucrose is 

believed to inhibit clathrin mediated endocytosis by inducing abnormal polymerization 

of clathrin into empty microcages, rendering clathrin unavailable for assembly into 

normal coated pits (Heuser and Anderson, 1989). MDC inhibits clathrin-mediated 

internalization by stabilizing clathrin cages, and suppressing the “pinching off” of 
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clathrin-coated vesicles from the membrane (Chow et al., 1998). MDC treatment had no 

effect on MCAM internalization in the MM253 and SB2 14.8 cells, and partially 

inhibited MCAM endocytosis in the SB2 14.1 cells. In contrast, sucrose completely 

abrogated MCAM internalization in the MM253 cells and decreased endocytosis in the 

SB2 14.1 and 14.8 cells (Figure 7.7). It is possible that MDC was used at an insufficient 

concentration in the experiments described here, as the sucrose blocking experiments 

suggest that MCAM internalization does occur at least in part via a clathrin-mediated 

mechanism. As the SB2 14.1 and 14.8 cells display a faster rate of endocytosis than 

MM253 cells, it is possible that the concentration of sucrose was inadequate to 

completely block the formation of clathrin-coated pits in the MCAM transfected SB2 

cells. Alternatively, the SB2 14.1 and 14.8 cells may internalize MCAM via more than 

one pathway, a phenomena which has been described in a number of proteins (Citores et 

al., 2001; Di Guglielmo et al., 2003; Herring et al., 2003). 

 

Herring et al. (2003) describe that in HEK293 cells transfected with the GABAA 

receptor, receptor internalization was efficiently blocked by the introduction of a 

dominant-negative dynamin construct (known to inhibit clathrin- and caveolar-mediated 

endocytosis) in cells expressing low to moderate amounts of GABAA receptor , but was 

not as effective in highly expressing cells. They concluded that the clathrin-based 

mechanism had become saturated, and that under these conditions, an alternative 

endocytic pathway was utilized (Herring et al., 2003). Although the SB2 14.1 and SB2 

14.8 cells express higher levels of MCAM than the MM253 cells, their expression 

levels are comparable with a number of other MCAM positive melanoma cells, 

including the MM96L and SK-Mel-28 cells. An analysis of MCAM internalization in 

these two cell lines, including chemical inhibition studies, may indicate whether the use 

of alternative endocytic pathways is a significant biological feature of MCAM 

recycling. For example, the TGF-β receptor is internalized by both clathrin and caveolar 

based mechanisms, and both play an important role in regulating TGF-β receptor 

signaling. Clathrin-dependent endocytosis promotes TGF-β receptor signaling, whereas 

lipid raft-caveolar internalization acts as a negative regulator by mediating receptor 

degradation (Di Guglielmo et al., 2003). 

Lastly, the effects of mutations in the di-leucine and tyrosine endocytosis motifs of 

MCAM were investigated. MCAM internalization in the SB2 LP 5.13 (di-leucine 

mutant) cells was not inhibited, and in the presence of primaquine showed a profile very 
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similar to the SB2 14.1 (WT) cells. However, when the SB2 LP 5.13 cells were 

incubated in DMEM alone, MCAM was internalized but did not recycle back to the cell 

membrane (Figure 7.8). This suggests that the di-leucine domain, whilst not required for 

MCAM internalization, may be important in the traffickking of MCAM from early to 

recycling endosomes. There is evidence to suggest that di-leucine motifs bind to adaptor 

proteins 1 and 3 (AP-1, AP-3) as well as to AP-2. Although all of the adaptor protein 

complexes function to vesiculate membranes, they localize to different cell 

compartments and perform unique functions (Blumstein et al., 2001). For example, AP-

2 is located at the plasma membrane and is involved in clathrin mediated endocytosis 

whereas AP-1 is found predominantly in coated buds of the trans golgi network (TGN) 

and has been implicated in transport to endosomes (Heilker et al., 1999). AP-3 appears 

to be localized to the TGN and/or endosomal compartments and participates in 

traffickking to the lysosome (Yang et al., 2000). Therefore, it is possible that mutation 

of the di-leucine domain of MCAM affects the interaction of MCAM with AP-1 or AP-

3, disrupting intracellular transport rather than AP-2 mediated internalization.  

Flow cytometric analysis indicated that only 35% of total cellular MCAM was localized 

to the cell surface (Figure 7.2), consistent with the hypothesis that disruption of the di-

leucine motif interferes with appropriate traffickking and recycling of MCAM. 

However, immunofluorescent staining of the SB2 LP 5.13 cells indicated clear 

expression of MCAM on the cell membrane. The most striking features of these cells, 

compared to the SB2 14.1 cells (transfected with WT MCAM), was a lack of diffuse 

cytoplasmic staining and a concentration of MCAM co-localizing with the trans-golgi 

network (Figure 7.3). This suggests that in the SB2 LP 5.13 cells the intra-cellular 

movement of MCAM is inhibited, but that MCAM is still targeted to the plasma 

membrane. It is possible that the diffuse cytoplasmic staining of WT, but not di-leucine 

mutant MCAM, is partially due to the presence of MCAM in various exocytic, 

endocytic and recycling vesicles. This could be investigated by co-staining melanoma 

cells undergoing endocytosis with antibodies against MCAM and markers such as the 

small GTPases Rab 4 (early endosomes) and Rab 11 (perinuclear recycling 

compartment) (Roberts et al., 2001), or CD63 (lysosomes). Interestingly, a recent study 

found that the di-leucine domain of MCAM was required for basolateral localization in 

polarized epithelial cells, and that MCAM lacking a functional di-leucine domain was 

erroneously targeted to the apical membrane, which may affect cell to cell cohesion in 

epithelial cells (Guezguez et al., 2006). Although melanoma cells are not polarized in 
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the manner of epithelial or endothelial cells, it is apparent that the di-leucine mutant 

MCAM shows a different sub-cellular distribution and recycling profile to WT MCAM 

protein.  

 

Unfortunately, the SB2 cells transfected with MCAM containing a mutation in the 

tyrosine domain did not show a stable MCAM expression profile in medium-term cell 

culture, and have not yet been subjected to an analysis of endocytosis and recycling. 

The SB2 LP + YG 76.2 cells, which express MCAM containing mutations of both the 

di-leucine and tyrosine based motifs, produced conflicting data. These cells showed less 

obvious intracellular accumulation of MCAM compared to the SB2 LP 5.13 cells 

(Figure 7.2), and internalization and recycling profiles were similar to that seen in the 

SB2 14.1 and SB2 14.8 cells (Figures 7.8 c). It is possible that MCAM internalization in 

these cells is occurring via a non-clathrin-mediated pathway. As previously discussed, 

this has been described for a number of cell surface receptors, such as the TGF-

β receptor (Di Guglielmo et al., 2003) and PECAM-1 (Mamdouh et al., 2003; Muro et 

al., 2003), and there is also some evidence that MCAM internalization in the SB2 14.1 

cells is not entirely clathrin-mediated. However, further analysis of the SB2 LP + YG 

cells is required before any conclusions can be reached.  

 

7.4.2  MCAM and dimerization 
Although the availability and thus function of plasma membrane receptors is partially 

regulated by processes such as endocytosis and recycling, protein function can also be 

regulated by the formation (and disassociation) of macromolecular complexes (section 

7.1.2). Complex formation of membrane proteins may be either structural or part of 

functional regulation. Functional complex formation usually occurs at the site of action, 

for example, ligand binding may induce signaling receptors to dimerize. Structural 

complex formation, on the other hand, usually occurs as part of the maturation process 

in the endoplasmic reticulum (Strous and Gent, 2002).  

 

In recent years, it has become increasingly accepted that ligand-independent homodimer 

formation is a common feature of cell membrane proteins (Strous and Gent, 2002). It 

has also become clear that homo-dimer formation is often critical for normal protein 

function. For example, binding of the ICAM-1 ligand, LFA-1, is facilitated by the prior 

formation of ICAM-1 homodimers (Reilly et al., 1995; Yang et al., 2004). Although 
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ligand binding is not considered necessary for receptor dimerization in many cases, it is 

critical for receptor activation and downstream signaling and interaction events. 

 

The BRET and immunoprecipitation data presented in this chapter indicate that at least 

a proportion of MCAM on the cell surface exist as dimers. This dimerization probably 

occurs in a ligand-independent manner, as it was observed in HEK293 cells, which do 

not express MCAM and do not appear to express the (unknown) MCAM ligand. 

Moreover, BRET experiments were largely carried using a well-mixed, single cell 

suspension, decreasing the probability of cell-cell and thus putative MCAM-ligand 

interactions. Interestingly, a higher BRET ratio was observed in cells adherent to the 

matrix protein fibronectin, which may indicate greater dimer stability in cells spread on 

matrix compared to cells in suspension. This increased BRET ratio was not observed in 

cells adherent to galectin-3, and we know from other experiments that MCAM 

expressing cells adhere to galectin-3 but do not spread (Patel, 2004). This is interesting, 

given that we believe MCAM expression may delay focal adhesion maturation when 

cells are plated on certain matrices (Chapter 4). It is possible that MCAM dimer 

formation plays a role in the ability of cells to spread on different matrix proteins, and a 

comparison of the MCAM BRET ratio in cells plated on fibronectin versus cells plated 

on laminin 1 may produce useful data. 

 

The specificity of the MCAM-MCAM interaction was investigated via competition and 

saturation assays (Figure 7.10) (Pfleger and Eidne, 2005). Competition assays showed 

that the MCAM-WT-Rluc and MCAM-WT-EGFP interaction was partly abrogated by 

the addition of unlabelled MCAM, suggesting that the MCAM-MCAM interaction is 

specific. A saturation curve was generated by the graphing the BRET ratio produced by 

the interaction of MCAM-WT-Rluc with increasing amounts of MCAM-WT-EGFP. In 

a saturation assay of two interacting molecules, the BRET signal should theoretically 

increase with increasing amounts of acceptor (EGFP) until all donor molecules (Rluc) 

are interacting with acceptor molecules (Mercier et al., 2002; Pfleger and Eidne, 2005). 

At this point, further increases in acceptor expression do not increase the BRET ratio. In 

addition, if the acceptor-EGFP tagged receptors interact with each other, further 

increases in EGFP expression can lead to a reduction in BRET signal, as acceptor-

acceptor interactions out-compete donor-acceptor interactions (Mercier et al., 2002; 

Pfleger and Eidne, 2005). The saturation curve of MCAM displays these characteristics, 

with the maximum BRET ratio produced at MCAM-WT-EGFP expression levels of 
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between 25 and 30 fluorescence intensity (FI) units. When EGFP expression increased 

to 35 fluorescence intensity units, the BRET ratio decreased, possibly indicating the 

interaction of MCAM-EGFP with MCAM-EGFP.  

 

In contrast to the theoretical saturation curves of a specific interaction, BRET ratios 

resulting from non-specific “random collisions” are predicted to produce a quasi-linear 

relationship between acceptor expression and BRET signal (Pfleger and Eidne, 2005). 

In this study, however, co-transfection of increasing amounts of EGFP alone with 

MCAM-WT-Rluc produced BRET ratios of close to zero. Interestingly, the BRET 

ratios produced by the interaction of MCAM-WT-Rluc with MCAM-tail-less-EGFP 

showed some evidence of saturation, although the BRET ratios were less than half that 

seen with interactions of the MCAM-WT-Rluc and MCAM-tail-less EGFP. The 

interaction of MCAM-WT-Rluc with TRHR-EGFP showed similar ratios to that seen in 

the “tail-less” experiments, although there was less evidence of a saturating effect. 

Taken together, these data suggest that WT MCAM interacts specifically to form homo-

dimers.  

 

In addition, these BRET experiments also suggested that MCAM-WT-Rluc and 

MCAM-tail-less-EGFP did not interact, as the BRET ratios produced in these assays 

were the same as those seen in BRET experiments involving MCAM-WT-Rluc and 

TRHR-EGFP, a transmembrane receptor used as a control. Although the BRET ratio 

generated by MCAM-WT-Rluc and TRHR-EGFP was significantly lower than that 

generated by the interaction of MCAM-WT-Rluc and MCAM-WT-EGFP, it was higher 

than expected. However, as it is difficult to hypothesize that a relevant biological 

interaction exists between MCAM and TRHR, it was assumed this was a baseline non-

specific interaction due to the over-expression and crowding of two membrane-bound 

receptors.  

 

In a recent study, James et al. (2006) suggest that non-radiative (non-specific) energy 

transfer between EGFP and Rluc tagged transmembrane protein monomers can reach a 

level previously assigned only to the formation of oligomeric structures. As there is no 

detectable energy transfer between EGFP tethered to the membrane and Rluc expressed 

in the cytoplasm, the cell surface may provide a microenvironment that favours the cis 

interaction of monomeric membrane proteins, probably because proteins occupy more 

than 25% of the cell surface by area (James et al., 2006). This may explain why the 
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MCAM-WT-Rluc and TRHR-EGFP BRET ratio is higher than expected in these 

experiments, yet this was not a problem encountered in BRET experiments investigating 

the interaction of membrane bound MCAM with cytosolic ApxL2 (Chapter 6). 

 

To confirm that MCAM dimerization does occur, chemical cross-linking of A2058 cells 

was performed using membrane impermeable DTSSP or membrane permeable DSS, 

followed by immunoprecipitation using the α-MCAM mAb CC9. Interestingly, a small 

proportion of MCAM in the untreated cells was present as a dimer, whereas cells treated 

with DTSSP or DSS showed the presence of faint banding that may represent higher-

order oligomers (Figure 7.11). However, it also appears that DTSSP cross-linking 

interfered with the epitope recognized by the α-MCAM mAb CC9. Although over-

exposure of the western blot allowed visualization of the monomeric band of MCAM at 

120 kDa, the higher molecular weight species were very faint.  

 

To further investigate MCAM dimerization, co-immunoprecipitations were performed 

on lysates prepared from A2058 melanoma cells transfected with MCAM-WT-Rluc, 

MCAM-WT-EGFP, MCAM-tail-less-EGFP or TRHR-EGFP (Figure 7.12). These 

experiments provided evidence that endogenous MCAM could be co-precipitated with 

MCAM-WT-EGFP and MCAM-WT-Rluc, but not with TRHR-EGFP. However, 

endogenous MCAM was also co-precipitated with MCAM-tail-less-EGFP, suggesting 

that the lower BRET signal obtained with MCAM-WT-Rluc and MCAM-tail-less-

EGFP (compared to MCAM-WT-Rluc and MCAM-WT-EGFP) was in fact indicative 

of a specific interaction. 

 

Therefore, further BRET experiments were performed using both MCAM-WT-Rluc and 

MCAM-tail-less-Rluc as the donor molecules, and a range of EGFP tagged proteins as 

the acceptor molecules (Figure 7.13). The BRET ratios produced by the interaction of 

MCAM-WT-Rluc and MCAM-tail-less-Rluc with various MCAM-EGFP proteins are 

quite similar, suggesting that MCAM-WT-Rluc interacts with all MCAM-EGFP 

constructs to a greater or lesser degree. The interaction between MCAM-WT-Rluc and 

MCAM-tail-less EGFP, whilst significantly lower that with the other constructs, was 

still significantly higher than that seen with EGFP alone. Similarly, the BRET ratios 

produced by MCAM-tail-less-Rluc and the MCAM-EGFP constructs are all well above 

the baseline BRET ratio produced by MCAM-tail-less-Rluc and EGFP alone. 

Furthermore, these BRET ratios increased when the length of the MCAM tail in the 
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MCAM-EGFP constructs decreased. One interpretation of this data is that as the 

differential in the length of the MCAM tail constructs decreases, the Rluc and EGFP 

moieties were brought into closer proximity, producing higher BRET ratios (Figure 7.13 

b).  However, as the MCAM tail became even shorter (MCAM del TYR & LL, MCAM-

tail-less-EGFP) the BRET ratios decreased. This result may indicate that the increasing 

truncation of the cytoplasmic tail affects the conformation of the intracellular domain 

and tag, as on the basis of length alone one would expect that the shortest 

EGFPconstructs to produce the greatest BRET ratio when interacting with MCAM-tail-

less-Rluc.  

 

However, crucial to the interpretation of the MCAM dimerization data are the BRET 

ratios produced by the interaction of MCAM-WT-Rluc and MCAM-tail-less-Rluc with 

TRHR-EGFP. The interaction of MCAM-tail-less-Rluc and TRHR-EGFP was 

negligible, whereas the interaction between MCAM-WT-Rluc and TRHR-EGFP was 

comparable to that seen between MCAM-WT-Rluc and MCAM-tail-less-EGFP (Figure 

7.13 a&b). As previously discussed, non-specific interaction between crowded 

membrane proteins is a recognized problem (James et al., 2006). In addition, it is also 

helpful to consider this data with respect to the length of the cytoplasmic tail. The 

intracellular domain of WT MCAM is 63 amino acids (aa) long, compared to 6 aa for 

the MCAM-tail-less and 93 aa for TRHR. On this basis, it can be hypothesized that the 

distance between the C terminal tags of MCAM-tail-less-Rluc and TRHR-EGFP (87 aa) 

was too great to register a BRET ratio. However, the difference in length between the 

MCAM-WT-Rluc and TRHR-EGFP (30 aa) allowed the production of a spurious BRET 

ratio, whereas the difference in length of the MCAM-WT-Rluc and MCAM-tail-less-

EGFP (57 aa) was too great to produce a maximal response. Thus, the similar BRET 

ratios observed when cells are co-transfected with MCAM-WT-Rluc and MCAM-tail-

less-EGFP or TRHR-EGFP are produced by two entirely different mechanisms, and 

lead to the mis-classification of what may be a “real” interaction (MCAM-WT_Rluc 

and MCAM-tail-less-EGFP). 

 

In conclusion, although the hypothesis described above requires confirmation and 

further experimental analysis, it appears that MCAM is present as dimers on the cell 

surface, and that this interaction may not require the cytoplasmic tail. This interpretation 

conflicts with that of Shih (1999), who reported that the cytoplasmic tail of MCAM was 

necessary for dimerization. However, this was based on the observation that, in solution, 
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recombinant WT-MCAM formed dimers whereas the extracellular domain alone did 

not. Experiments such as these do not take into account the possibility that dimerization 

may occur through the transmembrane domain (Strous and Gent, 2002), or that 

dimerization initiated by interactions of the extracellular domain may require secondary 

stabilizing sites present in the transmembrane domain (Pfleger et al., 2004). 

 
7.5 Conclusion 
MCAM appears to be constitutively recycled from the cell membrane, and this appears 

to be mediated primarily by clathin-based mechanisms. However, there is some 

evidence to suggest that MCAM may also be internalized by alternate endocytic 

pathways. Mutation of the di-leucine motif in the cytoplasmic tail of MCAM does not 

interfere with internalization but may disrupt intracellular traffickking and cause 

intracellular accumulation of MCAM in a peri-nuclear location. In addition, evidence 

suggests that MCAM forms dimers within the cell membrane, although there is some 

conflicting data concerning the role of the cytoplasmic tail in this interaction. 

 

7.6  Future Directions 
As the endocytosis and recycling experiments performed in this chapter were essentially 

preliminary investigations, a significant body of work would be required to fully 

characterize MCAM traffickking within the cell. Firstly, further experiments should be 

performed to confirm if MCAM is internalized solely via clathrin mediated endocytosis, 

or whether alternative pathways are involved, especially in cells that express high levels 

of MCAM. Another priority is to investigate the role of the tyrosine based motif in 

MCAM recycling, and how the tyrosine and di-leucine motifs may complement or 

oppose each other to regulate intracellular traffickking of MCAM. In addition, it is 

important to explore the influence of these motifs on the functional activity of 

melanoma cells.  
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Success is the ability to go from failure to failure without losing your enthusiasm. 

 

- Winston Churchill 
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8.0 Conclusion 
Overall, the results presented in this study suggest that MCAM expression in melanoma 

cells is associated with increased levels of cell surface glycosylation, a modulation or 

delay in certain cell-matrix interactions, and an increase in cell-cell interactions. 

Furthermore, MCAM expression was correlated with an increased ability to migrate 

through a basement membrane. The cytoplasmic tail of MCAM was confirmed to 

interact with a novel protein, ApxL2, a member of the Shroom family of actin-binding 

proteins (Hagens et al., 2006a). MCAM also appears to exist as dimers within the 

plasma membrane and displays constitutive recycling. Although these data are related 

to diverse aspects of MCAM expression and function in melanoma cells, they integrate 

into a conceptual framework, presented in Figure 8.1 that provides an explanation for 

why MCAM expression is so highly correlated with the poor prognosis of melanoma. 

 

Although MCAM positive and negative melanoma cells adhered equally well to all 

matrix proteins examined, MCAM expression was associated with delayed spreading of 

cells on collagen type I, collagen type IV and laminin 1 (but not on fibronectin, 

vitronectin or laminin 10). These changes in cell-matrix interactions were not 

associated with consistent changes in cell surface integrin expression. In addition, 

MCAM positive melanoma cells plated on a matrix containing laminin 5 assumed a 

distinctive disc-like morphology and displayed concomitant disruption to the actin 

cytoskeleton. These observations are consistent with the hierarchical model of cell 

adhesion proposed by Cohen and colleagues (section 1.4.1, Figure 1.11) (Cohen et al., 

2004; Cohen et al., 2006; Zaidel-Bar et al., 2003; Zaidel-Bar et al., 2004). These 

authors propose that cell adhesion is initially mediated by interactions of the cellular 

glycocalyx (specifically, hyaluronan) with matrix proteins. These carbohydrate-based 

interactions tether the cell to the substrate, and allow the formation of specific receptor-

matrix interactions. The first adhesive structures to form are relatively weak focal 

contacts, which contain αvβ3 integrin and cytoskeletal elements including talin and 

paxillin. Enduring adhesion and cell spreading is thought to involve the maturation of 

these focal contacts into more stable focal adhesions, which contain additional 

cytoskeletal elements and β1 integrin (Figure 1.12). Given that my data indicates that 

MCAM expression in melanoma cells has no effect on αvβ3-associated cell adhesion, 
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but modulates cell-matrix interactions mediated by β1 integrin, I propose that MCAM 

expression may contribute to a delay in focal adhesion maturation. Interestingly, 

Anfosso et al. (1998, 2001) found that MCAM activation in endothelial cells induces 

phosphorylation of p125FAK and the association of p125FAK with paxillin and concluded 

that MCAM expression may promote focal adhesion assembly. However, an alternate 

explanation could be that by signalling via p125FAK and paxillin, the cytoplasmic tail of 

MCAM impedes focal adhesion maturation by limiting the amount of these proteins 

available to interact with the intracellular domain of β1 integrin. Such a mechanism is 

possible, given that MCAM is expressed at significantly higher levels than β1 integrin 

by metastatic melanoma cells as well as by endothelia. It is likely that melanoma-

expressed MCAM and endothelial expressed MCAM display similar interactions with 

these focal adhesion proteins, but that the overall effects of MCAM expression on cell-

cell and cell-matrix adhesion differ due to structural, functional and proteomic 

differences between melanoma and endothelia. For example, in endothelia, MCAM is 

one of a number of adhesion molecules involved in the cohesion of a confluent cell 

monolayer (Bardin et al., 2001), whereas melanoma cells display less structural 

complexity in cell-cell contacts. The increased glycosylation, and in particular the 

increase in β1-6 branched oligosaccharides, seen at the surface of  melanoma cells 

expressing high levels of MCAM could contribute to the ability of these cells to interact 

with the extracellular matrix. It has been reported that expression of these 

oligosaccharides serves to decrease cell matrix adhesion (Dennis et al., 1999). 

 

Perhaps the most interesting data generated from the investigation of cell-matrix 

interactions, however, was the behaviour of MCAM positive cells on a laminin 5 

containing matrix. Although the cytoskeletal reorganisation observed in MCAM 

positive cells on this matrix is consistent with a disruption in focal adhesion assembly 

as proposed above, the morphological changes observed are very different to those seen 

on any other matrix. This suggests that there may be other factors involved, and one 

possibility is that MCAM may interact directly with laminin 5. Interestingly, gicerin, an 

MCAM homologue, is known to interact with NOF (neurite outgrowth factor), a 

member of the laminin family (Taira et al., 1999), and BCAM, an IgSF member 

structurally related to MCAM, binds to the α5 subunit of laminin 10 (Eyler and Telen, 

2006).  
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This study also found that MCAM expression was associated with an increased ability 

of melanoma cells to migrate through a basement membrane towards a chemotactic 

agent, an observation which has been previously described (Alais et al., 2001; Shih, 

1999; Xie et al., 1997). However, in contrast to other studies (Kang et al., 2006), I 

found that forced MCAM expression was associated with decreased movement of cells 

into a scratch-wound site. It was hypothesized that this may be due to a delayed 

interaction of MCAM positive cells with matrix proteins present in the wound and/or an 

increase in cell-cell interactions, such that directed cell movement into the wound was 

slower. An examination of the relative strength of cell-cell versus cell-matrix 

interactions using the Matrigel cell network assay revealed that MCAM positive cells 

showed an increased propensity to form cell networks on Matrigel. Interestingly, 

MCAM expression appeared to be necessary, but not sufficient, to mediate the 

formation of these cell networks. The formation of tessellated cell cords on Matrigel is 

believed to indicate a limited amount of cell-matrix and a relatively higher degree of 

cell-cell adhesion (Ingber and Folkman, 1989).  

 

When the data from the cell network, cell wounding and cell-matrix assays are 

considered together, MCAM expression in melanoma cells seems to be associated with 

a change in the balance of the cell’s adhesive forces. Cell-matrix interactions are 

diminished and cell-cell interactions become more prominent. This is consistent with a 

number of studies that have identified MCAM as an important intercellular adhesion 

molecule (Johnson et al., 1997; Shih et al., 1994; Shih et al., 1997a). Moreover, these 

changes are associated with increased invasive potential.  

 

These observations can be considered in the context of collective cell migration.  

Collective cell migration has been observed in vivo in a number of cancers, including 

melanoma, and involves cells moving as a highly organised group. Such a strategy is 

believed to confer a survival advantage over single-cell migration and increases the 

likelihood that tumour cells will produce metastatic lesions (section 1.4.2) (Axelrod et 

al., 2006; Friedl and Wolf, 2003). It is proposed that MCAM expression may contribute 

to the ability of a melanoma cell collective to move through surrounding stroma in 

several ways. By facilitating cell-cell interactions, MCAM may contribute to the 

intercellular communication necessary for a multicellular mass to move in a 

coordinated fashion. An MCAM-mediated modulation of cell-matrix interactions may 

also promote the release of cell-matrix adhesions in the lagging cells of a cell group, or 
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at the rear of a single cell.  Furthermore, a decrease in cell-matrix interactions (mediated 

by down-regulation of β1 integrin activity) is considered a critical feature in the 

transition from collective and mesenchymal cell movement to amoeboid migration 

(Figures 1.13, 1.14) (Friedl, 2004; Friedl and Wolf, 2003). Thus, MCAM may also 

contribute to the ability of a cell to adopt different modes of cell migration in response 

to changing environmental conditions. 

 

This study also provided evidence that the intracellular domain of MCAM interacts 

with the actin cytoskeleton via a novel protein called ApxL2, which, based on sequence 

homology, belongs to the actin-binding Shroom family of proteins (Figure 6.4). The 

Shroom family includes ApxL, Shroom and KIAA1202, and these proteins are involved 

in maintaining aspects of cellular architecture. Shroom was found to associate with F-

actin stress fibres in vivo, ApxL interacts with cortical actin, and KIAA1202 associates 

with a pool of cytoplasmic actin (Hagens et al., 2006b; Haigo et al., 2003; Hildebrand, 

2005; Hildebrand and Soriano, 1999). Dietz et al. (2006) predict that the ability of 

different members of the Shroom family to bind different pools of cellular actin may be 

critical in regulating the function of these proteins. The interaction of ApxL2 with 

MCAM, however, is the first description of a member of the Apx/Shroom family 

linking a transmembrane protein with the actin cytoskeleton. ApxL2 and the Shroom 

family of proteins were found to share some structural and functional similarities with 

the ERM (ezrin, radizin, moesin) family of proteins. The ERM proteins are critical in 

cross-linking cortical actin filaments with cell surface receptors and have been 

implicated in a range of cellular functions including cell shape determination, cell 

adhesion and cell motility, possibly via an interaction with the Rho family of proteins 

(Bretscher et al., 2002; Louvet-Vallee, 2000; McClatchey, 2003). Interestingly, ApxL2 

appears to bind to the membrane-proximal region of the MCAM cytoplasmic tail, 

which is similar to the site where ERM proteins bind transmembrane receptors. 

Moreover, moesin is believed to bind to the cytoplasmic tail of gicerin, an MCAM 

homologue (Okumura et al., 2001). Thus, it is possible that the interaction of ApxL2 

with MCAM may contribute to the regulation of MCAM-mediated functions such as 

cell shape and motility.   

 

The final areas of investigation in this thesis involved the conformation of MCAM on 

the cell membrane and the ability of MCAM to be internalized and recycled back to the 

cell surface. The evidence suggests that MCAM exists as dimers within the cell 
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membrane although it is yet to be determined which domain(s) of MCAM mediate this 

interaction. It is possible that MCAM co-exists as monomers and dimers, and that dimer 

formation regulates MCAM interactions with both intracellular proteins (for example, 

ApxL2) and extracellular ligand(s). An elegant regulatory system has been described 

for PECAM-1, where cis dimerization promotes trans PECAM-1 homophilic cell-cell 

binding, and the formation of cis oligomers positively modulates integrin function, and 

promotes cell adhesion to fibronectin via α5β1 (Zhao and Newman, 2001). 

Furthermore, dimerization of ICAM-1 and NCAM are necessary for appropriate 

receptor-ligand interactions (Kasper et al., 2000; Soroka et al., 2003; Yang et al., 2004). 

  

Data from this study also suggests that MCAM is constitutively recycled from the cell 

surface, and that this is at least partly mediated via a clathrin-based mechanism. The 

movement of proteins to and from the cell membrane allows for the dynamic regulation 

of cell surface expression, which is critical to the regulation of both cell-cell and cell-

matrix interactions. For example, for cells to spread and migrate over matrix, cell 

surface receptors such as integrins are internalized at the rear of the cell, and re-inserted 

into the membrane at the leading-edge of the cell (Bretscher, 1996). As my data indicate 

that MCAM expression on the cell membrane facilitates cell-cell interactions, whilst 

down-regulating cell-matrix adhesions, the ability of a cell to rapidly internalize (and 

re-distribute) MCAM molecules may play an important role in cell movement. In 

addition, the di-leucine domain in the cytoplasmic tail of MCAM appears to be critical 

to appropriate intracellular traffickking of MCAM. 

 

In summary, MCAM appears to contribute to invasive potential in melanoma by 

increasing cell-cell, and delaying cell-matrix interactions. This may facilitate the ability 

of melanoma cells to move as a cell collective, which is a highly efficient method of 

cell dissemination leading to the development of metastasic disease. MCAM-mediated 

changes in cell adhesion and migration are probably regulated by the cell surface 

expression of MCAM, which is controlled by constitutive endocytosis, and by the 

propensity of MCAM to form dimers within the cell membrane. Moreover, MCAM is 

believed to interact with the actin cytoskeleton, and this interaction is mediated, at least 

in part, via the novel protein ApxL2. 
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APPENDIX A 
 

 
MCAM protein and DNA sequence 
 
NCBI accession number NM_006500 
 
PROTEIN 
MGLPRLVCAFLLAACCCCPRVAGVPGEAEQPAPELVEVEVGSTALLKCGLSQSQGNLSH
VDWFSVHKEKRTLIFRVRQGQGQSEPGEYEQRLSLQDRGATLALTQVTPQDERIFLCQG
KRPRSQEYRIQLRVYKAPEEPNIQVNPLGIPVNSKEPEEVATCVGRNGYPIPQVIWYKN
GRPLKEEKNRVHIQSSQTVESSGLYTLQSILKAQLVKEDKDAQFYCELNYRLPSGNHMK
ESREVTVPVFYPTEKVWLEVEPVGMLKEGDRVEIRCLADGNPPPHFSISKQNPSTREAE
EETTNDNGVLVLEPARKEHSGRYECQAWNLDTMISLLSEPQELLVNYVSDVRVSPAAPE
RQEGSSLTLTCEAESSQDLEFQWLREETDQVLERGPVLQLHDLKREAGGGYRCVASVPS
IPGLNRTQLVKLAIFGPPWMAFKERKVWVKENMVLNLSCEASGHPRPTISWNVNGTASE
QDQDPQRVLSTLNVLVTPELLETGVECTASNDLGKNTSILFLELVNLTTLTPDSNTTTG
LSTSTASPHTRANSTSTERKLPEPESRGVVIVAVIVCILVLAVLGAVLYFLYKKGKLPC
RRSGKQEITLPPSRKTELVVEVKSDKLPEEMGLLQGSSGDKRAPGDQGEKYIDLRH 
 
 
DNA 
Start and stop codons are highlighted in yellow. 
 
   1 acttggctct cgccctccgg ccgggaagca tggggcttcc caggctggtc tgcgccttct 
  61 tgctcgccgc ctgctgctgc tgtcctcgcg tcgcgggtgt gcccggagag gctgagcagc 
 121 ctgcgcctga gctggtggag gtggaagtgg gcagcacagc ccttctgaag tgcggcctct 
 181 cccagtccca aggcaacctc agccatgtcg actggttttc tgtccacaag gagaagcgga 
 241 cgctcatctt ccgtgtgcgc cagggccagg gccagagcga acctggggag tacgagcagc 
 301 ggctcagcct ccaggacaga ggggctactc tggccctgac tcaagtcacc ccccaagacg 
 361 agcgcatctt cttgtgccag ggcaagcgcc ctcggtccca ggagtaccgc atccagctcc 
 421 gcgtctacaa agctccggag gagccaaaca tccaggtcaa ccccctgggc atccctgtga 
 481 acagtaagga gcctgaggag gtcgctacct gtgtagggag gaacgggtac cccattcctc 
 541 aagtcatctg gtacaagaat ggccggcctc tgaaggagga gaagaaccgg gtccacattc 
 601 agtcgtccca gactgtggag tcgagtggtt tgtacacctt gcagagtatt ctgaaggcac 
 661 agctggttaa agaagacaaa gatgcccagt tttactgtga gctcaactac cggctgccca 
 721 gtgggaacca catgaaggag tccagggaag tcaccgtccc tgttttctac ccgacagaaa 
 781 aagtgtggct ggaagtggag cccgtgggaa tgctgaagga aggggaccgc gtggaaatca 
 841 ggtgtttggc tgatggcaac cctccaccac acttcagcat cagcaagcag aaccccagca 
 901 ccagggaggc agaggaagag acaaccaacg acaacggggt cctggtgctg gagcctgccc 
 961 ggaaggaaca cagtgggcgc tatgaatgtc agggcctgga cttggacacc atgatatcgc 
1021 tgctgagtga accacaggaa ctactggtga actatgtgtc tgacgtccga gtgagtcccg 
1081 cagcccctga gagacaggaa ggcagcagcc tcaccctgac ctgtgaggca gagagtagcc 
1141 aggacctcga gttccagtgg ctgagagaag agacaggcca ggtgctggaa agggggcctg 
1201 tgcttcagtt gcatgacctg aaacgggagg caggaggcgg ctatcgctgc gtggcgtctg 
1261 tgcccagcat acccggcctg aaccgcacac agctggtcaa cgtggccatt tttggccccc 
1321 cttggatggc attcaaggag aggaaggtgt gggtgaaaga gaatatggtg ttgaatctgt 
1381 cttgtgaagc gtcagggcac ccccggccca ccatctcctg gaacgtcaac ggcacggcaa 
1441 gtgaacaaga ccaagatcca cagcgagtcc tgagcaccct gaatgtcctc gtgaccccgg 
1501 agctgttgga gacaggtgtt gaatgcacgg cctccaacga cctgggcaaa aacaccagca 
1561 tcctcttcct ggagctggtc aatttaacca ccctcacacc agactccaac acaaccactg 
1621 gcctcagcac ttccactgcc agtcctcata ccagagccaa cagcacctcc acagagagaa 
1681 agctgccgga gccggagagc cggggcgtgg tcatcgtggc tgtgattgtg tgcatcctgg 
1741 tcctggcggt gctgggcgct gtcctctatt tcctctataa gaagggcaag ctgccgtgca 
1801 ggcgctcagg gaagcaggag atcacgctac ccccgtctcg taagagcgaa cttgtagttg 
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Appendix A cont. 
 
 
1861 aagttaagtc agataagctc ccagaagaga tgggcctcct gcagggcagc agcggtgaca 
1921 agagggctcc gggagaccag ggagagaaat acatcgatct gaggcattag ccccgaatca 
1981 cttcagctcc cttccctgcc tggaccattc ccagctccct gctcactctt ctctcagcca 
2041 aagcctccaa agggactaga gagaagcctc ctgctcccct cgcctgcaca ccccctttca 
2101 gagggccact gggttaggac ctgaggacct cacttggccc tgcaaggccc gcttttcagg 
2161 gaccagtcca ccaccatctc ctccacgttg agtgaagctc atcccaagca aggagcccca 
2221 gtctcccgag cgggtaggag agtttcttgc agaacgtgtt ttttctttac acacattatg 
2281 gctgtaaata cctggctcct gccagcagct gagctgggta gcctctctga gctggtttcc 
2341 tgccccaaag gctggcttcc accatccagg tgcaccactg aagtgaggac acaccggagc 
2401 caggcgcctg ctcatgttga agtgcgctgt tcacacccgc tccggagagc accccagcag 
2461 catccagaag cagctgcagt gttgctgcca ccaccctcct gtctgcctct tcaaagtctc 
2521 ctgtgacatt ttttctttgg tcagaagcca ggaactggtg tcattcctta aaagatacgt 
2581 gccggggcca ggtgtggtgg ctcacgcctg taatcccagc actttgggag gccgaggcgg 
2641 gcggatcaca aagtcaggac gagaccatcc tggctaacac ggtgaaaccc tgtctctact 
2701 aaaaatacaa aaaaaaatta gctaggcgta gtggttggca cctatagtcc cagctactcg 
2761 gaaggctgaa gcaggagaat ggtatgaatc caggaggtgg agcttgcagt gagccgagac 
2821 cgtgccactg cactccagcc tgggcaacac agcgagactc cgtctcgagg aaaaaaaaag 
2881 aaaagatacg tgcctgcggt gaggaagctg ggcgctgttt tcgagttcag gtgaattagc 
2941 ctcaatcccc cgtgttcact tggctcccat agccctcttg atggatcacg taaaactgaa 
3001 aggcagcggg gagcagacaa agatgaggtc tacactgtcc ttcatgggga ttaaagctat 
3061 ggttatatta gcaccaaact tctacaaacc aagctcaggg ccccaaccct agaagggccc 
3121 aaatgagaga atggtactta gggatggaaa acgggcctgg ctagagcttc gggtgtgtgt 
3181 gtctgtctgt gtgtatgcat acatatgtgt gtatatatgg ttttgtcagg tgtgtaaatt 
3241 tgcaaattgt ttcctttata tatgtatgta tatatatata tgaaaatata tatatatatg 
3301 aaaaataaag cttaattgtc ccagaaatca ta 
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APPENDIX B 

 

β1 integrin isoforms 

 

The protein encoded by the β1 integrin gene is a beta subunit of the integrin family. 

There are six alternatively spliced variants, coding for five proteins with alternative 

carboxy termini. 

 

Isoform 1A (NCBI accession number NM_02211) is the most common variant, and 

encodes the same protein as isoform 1E (NM_133376). These two variants differ in 

their promoter – with 1A using a proximal and 1E an alternate distal promoter. Variant 

1B (NM_033666) contains an intron 6 sequence in its 3’ region and has a unique 12 

amino acid carboxy terminus. Variants 1C-1 (NM_033667) and 1C-2 (NM_033669) 

include an alternate exon “C”, with 1C-1 containing a unique 48 amino acid C’ terminus 

and 1C-2 a unique 42 amino acid C’ terminus. Variant 1D (NM_033668) includes an 

alternate exon “D”, and contains a unique 24 amino acid C’ terminus.  

 

Complete amino acid sequence of β1-isoforms 1A and 1E 
MNLQPIFWIGLISSVCCVFAQTDENRCLKANAKSCGECIQAGPNCGWCTNSTFLQEGMPTSARCDDLEAL

KKKGCPPDDIENPRGSKDIKKNKNVTNRSKGTAEKLKPEDITQIQPQQLVLRLRSGEPQTFTLKFKRAED

YPIDLYYLMDLSYSMKDDLENVKSLGTDLMNEMRRITSDFRIGFGSFVEKTVMPYISTTPAKLRNPCTSE

QNCTSPFSYKNVLSLTNKGEVFNELVGKQRISGNLDSPEGGFDAIMQVAVCGSLIGWRNVTRLLVFSTDA

GFHFAGDGKLGGIVLPNDGQCHLENNMYTMSHYYDYPSIAHLVQKLSENNIQTIFAVTEEFQPVYKELKN

LIPKSAVGTLSANSSNVIQLIIDAYNSLSSEVILENGKLSEGVTISYKSYCKNGVNGTGENGRKCSNISI

GDEVQFEISITSNKCPKKDSDSFKIRPLGFTEEVEVILQYICECECQSEGIPESPKCHEGNGTFECGACR

CNEGRVGRHCECSTDEVNSEDMDAYCRKENSSEICSNNGECVCGQCVCRKRDNTNEIYSGKFCECDNFNC

DRSNGLICGGNGVCKCRVCECNPNYTGSACDCSLDTSTCEASNGQICNGRGICECGVCKCTDPKFQGQTC

EMCQTCLGVCAEHKECVQCRAFNKGEKKDTCTQECSYFNITKVESRDKLPQPVQPDPVSHCKEKDVDDCW

FYFTYSVNGNNEVMVHVVENPECPTGPDIIPIVAGVVAGIVLIGLALLLIWKLLMIIHDRREFAKFEKEK

MNAKWDTGENPIYKSAVTTVVNPKYEGK 
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APPENDIX B CONT. 

 

C’ terminal sequence differences 

 

1A/1E  KEKMNAKWDTGENPIYKSAVTTVVNPKYEGK 

1B  KEKMNAKWDTVSYKTSKKQSGL 

1C-1  KEKMNAKWDTSLSVAQPGVQWCDISSLQPLTSRFQQFSCLSLPSTWDYRVKILFIRVP 

1C-2  KEKMNAKWDT------PGVQWCDISSLQPLTSRFQQFSCLSLPSTWDYRVKILFIRVP 

1D  KEKMNAKWDTQENPIYKSPINNFKNPNYGRKAGL 
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APPENDIX C 

 

ApxL2 Supplementary Methods 

Methods C.1 to C.8 were supplied by Dr Stéphane Karlen. These detail the yeast two 

hybrid analysis, identification and characterisation of ApxL2 coding sequence, 

northern blots, RT-PCR, ApxL2 antibody production and in vitro translation and 

binding studies. The data associated with this methodology is presented in the 

Introduction of Chapter 6. 

 

C.1  Constructs for the yeast two hybrid system 

The region encoding the intracellular domain of MCAM (consisting of the last 63 aa) 

was amplified by reverse transcriptase polymerase chain reaction (RT-PCR) from SK-

Mel28 total RNA. The 5’ and 3’ RT-PCR primers contained restriction sites (BamHI 

and SalI, respectively) to allow in-frame insertion of MCAM with the GAL4 binding 

domain and the HA epitope in the vector pAS1 (Durfee et al., 1993). The resulting 

pAS1/MCAM construct was transfected into the yeast reporter strain Y153 cells using 

the lithium acetate method (Schiestl and Gietz, 1989). Western blotting of cell lysates 

with anti-HA antibody (Roche Diagnostics) indicated whether transformants expressed 

the GAL4-HA-MCAM fusion protein. A filter-lift β-galactosidase assay (Breeden and 

Nasmyth, 1985) ensured that recombinant clones had not auto-activated lacZ 

expression.  

C.2    Yeast two hybrid library screening 

The screening strategy was as described (Staub et al., 1996). Briefly, a colony of Y153 

cells transformed with pAS1/MCAM-tail was grown in YPD-broth and transformed 

with a human brain cDNA library (Matchmaker, Clontech, BD Biosciences) constructed 

in pACT2. Transformants were selected on SD-broth plates lacking Trp, Leu and His, 

but containing 20 mM 3-AT (Sigma). Filter-lift β-Galactosidase assays were performed 

to select β-galactosidase positive clones from which total DNA was isolated and 

transformed into HB101 cells. Transformed colonies were transferred to minimal M9 

plates lacking Leu and selected for expression of LEU2 on pACT2. To check for true 

positives, isolated plasmids were transfected into yeast Y153 cells either alone, or with 

pAS1/MCAM-tail, or, as negative controls, with pAS1/C-tail that encodes the 

cytoplasmic domain of the β-adrenergic receptor (a gift from Dr. A.L. Lattion). Liquid 
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β-galactosidase assays using o-nitrophenyl-β-D-galactoside (ONPG) were performed 

for quantitation (Guarente, 1983). The results were expressed as defined units (Miller, 

1972). Positive clones were sequenced and compared to data base entries using a Blast 

algorithm. A partial cDNA clone (2H-clone7) encoding the C-terminal domain of a yet 

unidentified protein was isolated.  

 

C.3  Identification of ApxL2 Full Length cDNA  

Two approaches were taken. Firstly, based on the sequence of the 2H-clone7 

(pACT2/2H-clone7), a specific primer (clone7-Race1: 5’-

GAGGAGGTCACTCTCTGCAGCTGTGG-3’; nt 1670 to 1645) was designed and 

used with Clontech SMART RACE (rapid amplification of cDNA ends) PCR system as 

recommended by the manufacturer. Secondly, a Blastn analysis performed with the 2H-

clone7 sequence indicated this cDNA was encoded on chromosome 5 (P1 clone 1308e5, 

nt 2362-4259; GenBank accession No. ACC004775). The genomic sequence 

overlapping this region was searched for potential exons and exon-intron boundary 

motifs using the FGENE and FGENESH programs (Genefinder package, Sanger Centre 

website). From this analysis, pairs of RT-PCR primers were designed: chr5-269s (nt 

269-291 in 1308e5, nt 1-23 in ApxL2) 5’-AGCGCTTGTGACGGTGTGACCAG-3’ and 

chr5-505as (nt 483-505 in 1308e5, nt 215-237 in ApxL2) 5’-

ACAGGTCCAGGCTGCTAGTGGAC-3’;  Apx/ATGs (nt 418-441 in 1308e5, nt 150-

173 in ApxL2) 5’-TCAGCACTCATCTGCGCAGCCATG-3’ and chr5-1375as (nt 

1354-1374 in 1308e5, nt 1086-1107 in ApxL2) 5’-

CCAAGACTTCGCCTGAAGCGCT-3’; chr5-1354s (nt 1354-1375 in 1308e5, nt 1086-

1107 in ApxL2) 5’-AGCGCTTCAGGCGAAGTCTTGG-3’ and clone7-as (nt 2894-

2913 in 1308e5, nt 2061-2080 in ApxL2). Hybridization temperatures were 58°C for the 

first two primer sets and 56°C for the last set. Amplified products were subcloned into 

pGEM-T easy (Promega) and sequenced. 

 

C.4  ApxL2 Constructs 

pACT2/2H-clone7, the C-terminal domain of ApxL2 (nt 1614-3190) is expressed as a 

GAL4-HA-fusion protein. The vector pCMV/ApxL2 was constructed by assembling 

into pcDNA3.1(-) (Invitrogen) the fragments NcoI-Eco47III (nt 170 to 1086), Eco47III-

XhoI (nt 1087-1794) and XhoI-ApaL1 (nt 1795 to 2738). pHA/2H-ApxL2 consists of 

the original 2H-clone7 partial cDNA fused to a synthetic HA N-terminal tag and 

inserted between the EcoRI and HindIII sites of pcDNA3.1(-). RNA expression in 
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pcDNA3.1-based constructs is under the control of either the CMV promoter for 

mammalian cell expression or the bacteriophage T7 promoter for in vitro translation 

assays.  

 

C.5  Northern Blots 

Human cancer cell line multiple tissue Northern (MTN) blot was from Clontech. RNA 

was hybridized with a 600 bp (nt 1614-2213) ApxL2 probe labeled randomly with [α-
32P] dATP using the prime-a-gene kit (Promega) and purified on Biorad micro bio-spin 

P-30 columns. Hybridization was for 60 min at 68°C in HexpressHyb solution 

(Clontech). Filters were rinsed and washed 4x 10 min in 2x SSC, 0.05% SDS at room 

temperature, then treated 2x 20 min in 0.1x SSC, 0.1% SDS at 50° C, exposed to a 

PhosphoImager screen and analyzed with the Storm 860 (Molecular Dynamics, now 

part of GE Healthcare). Filters were stripped and rehybridized with a β-actin probe. 

 

C.6  RNA analysis by RT-PCR 

Total RNA from normal and tumor tissues were from Clontech. Total RNA from cell 

lines was prepared as described (Karlen and Braathen, 1999). Detection of MCAM 

(GenBank accession Nr. NM_006500) and ApxL2 (GenBank accession Nr. AF314142) 

mRNA was performed using the one tube/two enzymes Access reverse transcriptase 

PCR system (Promega). 100 ng of RNA were used in standard reactions. MCAM 

primers were: hMCAMs (nt 1346-1366) 5’-GTGTTGAATCTGTCTTGTGAA-3’ and 

hMCAMas (nt 1930 to 1945) 5’-ATGCCTCAGATCGATG-3’. These primers generate 

fragments of 600 bp and 482 bp, corresponding to the long (MCAM-L) and short 

(MCAM-S) cytoplasmic variants (Alais et al., 2001). ApxL2 RNA was detected using 

the primers: clone7-s (nt 1675-1684) 5’-CTGTCCCAGCTGATGCCTTG-3’ and 

clone7-as (nt 2061-2080) 5’-CCACATGGCTGGTCAAGCAC-3’. Hybridization 

temperatures were 52° C (MCAM) or 58° C (ApxL2). PCR products were analyzed on 

2% agarose gels and visualized using ethidium bromide. The human β-actin amplimer 

set (Clontech) was used for controls. 

 

C.7  Antibodies and In Vitro Translation 

Rabbit anti-ApxL2 (α-ApxL2) was generated against the peptide SPS PAR PPG TCP 

PVQP (aa 825 - 840) by Eurogentec (Seraing, Belgium). Monoclonal (mAb) mouse 

anti-HA (α-HA, clone 12CA5) was from Roche Diagnostics and the anti-Penta⋅His (α-
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His) was from Qiagen. [35S]-labeled in vitro translated ApxL2 products were 

synthesized using the TnT-T7 quick coupled transcription/translation system (Promega) 

using pHA/2H-ApxL2 circular DNA. To immunoprecipitate ApxL2, 16 μl of α-ApxL2 

serum was added to the TnT mix and incubated overnight at 4°C. Control experiments 

were performed with 16 μl of pre-immune (PI) serum, or α-HA or α-His mAbs at a 

final concentration of 2 ng/ μl. The immunocomplexes were collected with Roche 

Diagnostics protein A agarose (rabbit antibodies) or protein G a garose (mouse mAbs), 

washed extensively with IP buffer and eluted in sample buffer. Proteins were separated 

on SDS-PAGE and the gels analyzed by autoradiography or the Storm 860. 

 

C.8   Binding Studies and Western blotting 

The MCAM cytoplasmic tail and the β-adrenergic receptor C-tail fragment were 

subcloned into pcDNA3.1(His) (Invitrogen) to generate the 6xHis-tagged expression 

vectors pHis/MCAM and pHis/β-adren-Ct, respectively. They were co-transfected into 

COS7 cells with pHA/2H-ApxL2. Cell extracts were prepared in lysis buffer and 

incubated with Ni-agarose beads for 2 h at 4°C. Beads were washed (4x) in high salt 

buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole). Bound proteins were 

eluted with SDS-sample buffer containing 250 mM imidazole, separated on SDS-PAGE 

and blotted with αHis (1:2000) or αHA (1:2000) mAbs, followed by anti-mouse Ig 

HRP-conjugated antibody and ECL detection (Amersham Biosciences).  
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APPENDIX D 

ApxL2 protein and DNA sequence 
 
NCBI accession number AF314142 
 
PROTEIN 
MEALGPGGDRASPASSTSSLDLWHLSMRADSAYSSFSAASGGPEPRTQSPGTDLLPYLD
WDYVRVVWGGPGPAPPDAALCTSPRPRPAVAARSGPQPTEVPGTPGPLNRQATPLLYAL
AAEAEAAAQAVEPPSPPASRAAYRQRLQGAQRRVLRETSFQRKELRMSLPARLRPTVPA
RPPATHPRSASLSHPGGEGEPARSRAPAPGTAGRGPLANQQRKWCFSEPGKLDRVGRGG
GPARECLGEACSSSGLPGPEPLEFQHPALAKFEDHEVGWLPETQPQGSMNLDSGSLKLG
DAFRPASRSRSASGEVLGSWGGSGGTIPIVQAVPQGAETPRPLFQTKLSRFLPQKEAAV
MYPAELPQSSPADSEQRVSETCIVPAWLPSLPDEVFLEEAPLVRMRSPPDPHASQGPPA
SVHASDQPYGTGLGQRTGQVTVPTEYPLHECPGTAGADDCWQGVNGSVGISRPTSHTPT
GTANDNIPTIDPTGLTTNPPTAAESDLLKPVPADALGLSGNDTPGPSHNTALARGTGQP
GSRPTWPSQCLEELVQELARLDPSLCDPLASQPSPEPPLGLLDGLIPLAEVRAAMRPAC
GEAGEEAASTFEPGSYQFSFTQLLPAPREETRLENPATHPVLDQPCGQGLPAPNNSIQG
KKVELAARLQKMLQDLHTEQERLQGEAQAWARRQAALEAAVRQACAPQELERFSRFMAD
LERVLGLLLLLGSRLARVRRALARAASDSDPDEQRLRLLQRQEEDAKELKEHVARRERA
VREVLVRALPVEELRVYCALLAGKAAVLAQQRNLDERIRLLQDQLDAIRDDLGHHAPSP
SPARPPGTCPPVQPPFPLLLT 
 
 
DNA 
Start and stop codons are highlighted in yellow. 
 
   1 agcgcttgtg acggtgtgac cagggagggg aagtgtaagt gtctggccgt ccgtggtggc 
  61 ggggccagca ggctgtccca gccctcaccc ggagctcctc acccggcacc acatctgtgt 
 121 tttcccagga cccacgcagc cacccagcct cagcactcat ctgcgcagcc atggaggccc 
 181 tgggacctgg gggcgaccgc gcctccccgg cctcgtccac tagcagcctg gacctgtggc 
 241 atctgtccat gcgcgcggac tcggcctaca gctctttctc cgcagcctcc ggcggccccg 
 301 agccgcgcac gcagtcgccg gggacagacc tccttcctta cctagactgg gactacgtgc 
 361 gtgtggtttg gggcggcccg ggccccgccc cgcccgacgc tgccctttgc acatccccgc 
 421 ggccccggcc cgcggttgca gcccgcagtg ggccgcagcc aacagaggtc ccggggaccc 
 481 cgggaccact gaacaggcag gccaccccgc tgctgtacgc gctggcggcc gaggcggagg 
 541 ccgcggcgca ggctgtcgag ccgcccagcc cgccggcctc gagggccgcc taccgccagc 
 601 ggcttcaggg cgcgcagcgg cgagtgctcc gggagacgtc gttccagcgc aaggagctcc 
 661 gcatgagcct gcccgcccgt ctgcggccca ctgtcccagc gcggcccccg gcgactcacc 
 721 cgcgctccgc ctcgctcagc cacccgggcg gggaggggga gccggcgcgc tcccgggctc 
 781 ccgcgccagg aactgccggc cggggtcccc tcgccaacca gcagcggaag tggtgcttct 
 841 cagagccagg aaagctggat cgtgtgggtc ggggcggtgg gccggcgcgg gaatgcctgg 
 901 gtgaggcctg ctccagctct ggcctccctg ggcccgagcc cttggagttc cagcatccgg 
 961 cgctggctaa gtttgaagat cacgaggtcg gatggctgcc cgagacgcaa ccccaaggct 
1021 ccatgaacct ggactccggg tccttgaagc tcggtgatgc cttcaggccc gccagtcgga 
1081 gtcggagcgc ttcaggcgaa gtcttgggtt cctggggagg atcaggaggg accataccca 
1141 ttgtccaggc tgttccccaa ggagcagaaa cccccagacc attgtttcag accaaacttt 
1201 ccaggttctt gcctcagaaa gaggctgcgg tgatgtatcc tgcagagtta ccccagagca 
1261 gccctgctga cagtgaacag agggtctcag agacctgcat tgtgcctgcc tggctcccct 
1321 cccttcctga tgaagtgttc ctagaagagg ccccactggt cagaatgaga tcaccaccag 
1381 acccccatgc ctcccagggg cccccagcca gtgtccatgc ctctgaccag ccgtatggaa 
1441 ctggcttagg ccaaagaact ggccaggtta cagtccccac ggagtacccg ctccatgagt 
1501 gtccaggaac tgcaggggca gatgactgct ggcagggggt gaatggttct gtaggtattt 
1561 ccaggcccac aagccacacc cccactggga ctgcaaatga taacatccca actattgacc 
1621 ccactggact gaccaccaat ccccccacag ctgcagagag tgacctcctc aaacctgtcc 
1681 cagctgatgc cttgggactt tcaggcaatg atactccagg tccctctcac aatactgccc 
1741 tagccagggg cactggccag cctggttcca ggcccacatg gcctagtcag tgcctcgagg 
1801 agctggttca ggagctggcc agattagatc cctctctatg tgaccctctt gcttcccagc 
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1861 ccagcccaga gccacccctg ggcctgctgg atggactgat tcctttagca gaggtccggg 
1921 ctgcaatgcg gcctgcctgt ggggaggctg gagaggaggc tgccagtact tttgagccag 
1981 ggtcctatca gttcagcttc acccagctcc tgccggctcc tcgggaggag acaaggcttg 
2041 aaaaccctgc cacccaccct gtgcttgacc agccatgtgg gcaggggctc cctgcaccaa 
2101 acaacagcat ccagggcaag aaagtggagc tggccgcccg cctccaaaag atgcttcagg 
2161 accttcacac ggagcaggag cggctgcagg gggaggcaca agcatgggcc aggcgccaag 
2221 cggctctgga ggctgcagtg cgccaggcct gtgcccctca ggagctggag cggttcagcc 
2281 ggttcatggc cgacctagag cgcgtgcttg gccttctgct gctgctgggc agtcgcctgg 
2341 cgcgcgtgcg ccgcgccctg gcccgggcgg cctcagacag cgaccctgat gagcagcgac 
2401 tccggctcct gcagcggcag gaggaggacg ccaaggagct gaaggagcac gtagcgcggc 
2461 gcgagcgggc cgtgcgggag gtgctggtgc gagcactacc ggtggaggag ctgcgcgtct 
2521 attgcgccct gctggcgggc aaggccgccg tcctggccca gcagcgcaac ctggacgagc 
2581 gcatccgcct ccttcaggac caactggacg ccatcaggga cgaccttggc catcatgccc 
2641 cgtctcccag cccggcgcgg cccccaggga cctgtcctcc agttcagccg cccttccctc 
2701 ttctccttac atagttatag gtggagaggg tggggtgcac cgcccctatc tctcacccac 
2761 gtaagtgggg tgatgctgat ttagtctctg cttttccctt gagggattgg ggaggaccca 
2821 gtccaggcct ttctaagata ctcctccagc cgggcgcggt ggctcacgcc tgtaatccca 
2881 gcactttggg aggccgaggc gggcggatca caaggtcagg agatcgagac catcctggct 
2941 aacacggtga aaccccgtct ctactaaaaa tataaaaaat tagccgggcg tggtggcggg 
3001 tgcctgtatt gccagctact cggaaggctg aggcaggaga atggcgtgaa cctgggaggt 
3061 ggagcttgca gtgagcggac atcgcgccac tgcactccag cctgggcgac agagcaagac 
3121 tccgtctcaa aaaaaaaaaa aaaaaaaaaa aaaaaaaaga tacttctcca aagtgttctc 
3181 atgtggcctc 
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(Lauffenburger and Horwitz, 1996) 

(Li et al., 2003b) 

(Bretscher et al., 2002) 

(Hemler, 1990; Melker and Sonnenberg, 1999) 

(Juliano, 2002) 

(Fidler, 2003) 

(Haluska et al., 2006) 

(Hynes, 1992; Hynes, 2002) 

(Cohen et al., 2006; Zimmerman et al., 2002).  

(Voura et al., 2001) 

(Shih et al., 1994a; Shih et al., 1997a). 

(Mintz-Weber and Johnson, 2000). 

 
(Hemler, 1990; Hynes, 1992; Hynes, 2002) 

(Melker and Sonnenberg, 1999) 

 
(Xie et al., 1997) 

(Shih, 1999) 

(Kim, 2005). 

(Guo et al., 2002) 

(Fisher and Werb, 1995) 

(Wu et al., 2005; Wu et al., 2004; Wu et al., 2001) 

(Shih et al., 1997b) 

(Kang et al., 2006) 

(Mintz-Weber and Johnson, 2000). 

(Shan et al., 2000; Takeda et al., 1999) 
 
(Mellman et al., 1986; Yamashiro and Maxfield, 1984) 
(Roberts et al., 2001; Turvy and Blum, 1998) 
 
(Bretscher, 1996a; Pellinen and Ivaska, 2006) 
 
 
(Dore et al., 1998; Ehrlich et al., 2001; Morelon and Dautry-Varsat, 1998) 
(Carroll et al., 2001; Herring et al., 2003) 
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Table 2.1.  Primary antibodies

Antigen Antigen synonym Reacts against Clone Species, Isotype Applications * Manufacturer/Provided by

Integrins

αV human LM142 Mouse IgG1 flow cytometry CHEMICON International       
Temecula, CA 

αV human 69.6.5 Rat IgG2a WB Beckman Coulter                    
Fullerton, CA

αVβ3 vitronectin receptor human, bovine, chick, 
monkey etc LM609 Mouse IgG1 flow cytometry CHEMICON

αVβ5 human P1F6 Mouse IgG1 flow cytometry CHEMICON

α2 CD49b human 16B4 Mouse IgG1 flow cytometry Serotec                            
Oxford, UK

α3 CD49c human C3 (VLA3) Mouse IgG1 flow cytometry Beckman Coulter

α4 VLA-4 human HP2/1 Mouse IgG1 flow cytometry Beckman Coulter

α4 VLA-4 human P4G9 Mouse IgG flow cytometry Dako A/S                          
Glostrup, Denmark

α5 VLA-5 human P1D6 Mouse IgG flow cytometry Dako A/S                    

α5 Cd49e human Sam1 Mouse IgG2b flow cytometry Beckman Coulter

α6 CD49f human, mouse Go H3 Rat IgG2a flow cytometry Beckman Coulter



Table 2.1.  Primary antibodies cont.

Antigen Antigen synonym Reacts against Clone Species, Isotype Applications * Manufacturer/Provided by

Integrins cont.

β1 CD29 human P5D2 Mouse IgG1 flow cytometry, IP CHEMICON

β1 CD29 human MAR4 Mouse IgG1 flow cytometry BD PharMingen, BD Biosciences       
Becton Dickinson, Franklin Lakes, NJ

β1 CD29 human HUTS-21 Mouse IgG2a flow cytometry BD PharMingen, BD Biosciences

β1, biotinylated CD29 human QE2Es WB Dr Leonie Ashman                  
HICR, Adelaide, Australia

Other adhesion molecules

MCAM CD146, Muc18 human CC9.c19 Mouse IgG2a IF, flow cytometry, IP, WB
functional exp.

, Dr Andrew Zannettino, Dr Paul 
Simmons (see section 2.9.2)

MCAM CD146, Muc18 human, dogs, rabbit, 
mouse P1H12 Mouse IgG1 IF, flow cytometry CHEMICON

ICAM-1 human RR1/1 Mouse IgG1 flow cytometry, WB Bender MedSystems                 
Vienna, Austria

N-cadherin A-CAM human, chicken, rat, 
mouse, rabbit GC-4 Mouse IgG1 Sigma                             

St Louis, MO

PECAM-1 CD31 human JC70 Mouse IgG1 WB Dako



Table 2.1.  Primary antibodies cont.

Antigen Antigen synonym Reacts against Clone Species, Isotype Applications * Manufacturer/Provided by

Intracellular and secreted proteins 

β1/β2 adaptins human, rat 100/1 Mouse IgG1 IF, WB Sigma                             

golgi golgi-97 most vertebrate species CDF4 Mouse IgG1 IF Molecular Probes, Invitrogen          
Carlsbad, CA

MMP-2 Gelatinase A human, mouse, rat, 
bovine 42-5D11 (5) Mouse IgG1 WB

Oncogene Research Products          
Calbiochem, EMD Biosciences, Inc. San 

Diego, CA

Laminin 5 Kalinin B1 human, dog 17 Mouse IgG1 WB BD PharMingen, BD Biosciences

Laminin 5 Kalinin human GB3 Mouse IgG1 WB Harlan Sera-Lab                   
Loughborough, UK

Galectin-3 Mac-2 human M3/38 Rat IgG2a flow cytometry, WB Hybridoma purchased from the ATCC, 
Manassas, VA

Galectin-3 Mac-2 hamster, human polyclonal Rabbit WB
Dr Colin Hughes                    

National Institute for Medical Research, 
Mill Hill, UK

ApxL2 human polyclonal Rabbit WB, IP, IF
Dr. Stéphane Karlen                 

Dermatological Clinic, Inselspital, 
Berne, Switzerland

CD63 human 12F12 Mouse Ig IF Dr Leonie Ashman                  
HICR, Adelaide, Australia

Transferrin Receptor human OKT9 Mouse IgG1 IF Hybridoma purchased from the ATCC



Table 2.1.  Primary antibodies cont.

Antigen Antigen synonym Reacts against Clone Species, Isotype Applications * Manufacturer/Provided by

Cytoskeletal 
elements

β-actin
human, cat, chickin, 

cow, dog etc AC-15 Mouse IgG1 WB, IF Abcam                            
Cambridge, UK

Moesin human, dog, rat, mouse, 
chicken 38 Mouse IgG1 WB, IF Abcam

Vinculin human, bovine, chicken, 
dog, mouse hVIN-1 Mouse IgG1 WB, IF Sigma

F-actin
filamentous actin      

(α, β and γ)
wide range of species Rhodamine 

Phalloiden IF Molecular Probes

Tags

Green flourescent 
protein GFP all species JL-8 Mouse IgG2a WB, IP Clontech, BD Biosciences

Renilla luciferase Rluc all species 1D5.2 Mouse Ig WB Chemicon

Lectins (both biotinylated)

Phaseolus vulgaris 
erythroagglutinin 

pytohaemagglutinin
E-PHA

bisecting 
oligosaccharides carried 

by cell proteins
Flow cytometry, WB Vector Laboratories               

Burlingham, CA

Phaseolus vulgaris 
leukoagglutinin 

phytohaemagglutinin
L-PHA

β1-6 branched 
oligosaccharides carried 

by cell proteins
Flow cytometry, WB Vector Laboratories               

*Abbreviations used are: WB = Western blot, IP = immunoprecipitation, IF = immunofluorescence



Table 2.2.  Secondary antibodies

Name, species, isotype Reacts against Conjugated Applications Manufacturer

Goat anti-mouse Ig mouse Ig, mainly IgG FITC flow cytometry, IF Dako

Goat anti-mouse Ig mouse Ig, mainly IgG RPE IF Dako

Goat anti-mouse Ig mouse Ig, mainly IgG HEP WB Dako

Goat anti-mouse Ig mouse Ig, mainly IgG unconjugated blocking Dako

goat anti-mouse IgG1 mouse IgG1 alexa-fluor 488, 546 IF Molecular Probes

goat anti-mouse IgG2a mouse IgG2a alexa-fluor 488, 546 IF Molecular Probes

goat anti-rat Ig rat Ig FITC flow cytometry, IF Sigma

goat anti-rat Ig rat Ig HRP WB Amersham Biosciences, GE Healthcare   
Little Chalfont, UK

goat anti-rabbit Ig rabbit Ig FITC flow cytometry, IF Sigma

 goat anti-rabbit rabbit Ig HRP WB Amersham Biosciences

donkey anti-rabbit rabbit Ig biotin WB Amersham Biosciences

streptavidin FITC flow cytometry, IF Amersham Biosciences

streptavidin HRP WB Amersham Biosciences
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