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Abstract 
 

Melanoma cell adhesion molecule (MCAM) is a marker of melanoma metastasis and contributes to 

melanoma progression. Cell surface expression of MCAM is integral to its function, but how MCAM 

is sorted and recycled through the cell is unknown. Two putative endocytosis/sorting motifs have 

been identified in the intracellular domain of MCAM. Transduction of wild-type MCAM, and MCAM 

containing disruptive mutations in these sorting motifs, into an MCAM-negative cell line, produced 

cells with differences in morphology and spreading behaviour on matrix proteins. Disruption of the 

sorting motifs did not affect surface expression of MCAM but enhanced the directional motility of 

cells compared to the WT-expressing cell line. Both WT and MT MCAM consistently co-localised with 

F-actin and moesin in protrusions and structures resembling cytoskeletal stress fibres. Furthermore, 

both mutant cell lines consistently produced a structure believed to be the WRAMP (Wnt- receptor-

actin-myosin-polarity) structure, which has been described by others to contribute to melanoma 

migration. Exploration into the recycling of MCAM showed significant co-localisation with Rab7-

positive late endosomes, but not with early/recycling endosomes or lysosomes, suggesting that 

MCAM may be rescued from late endosomes. Preliminary investigations also suggested that 

retromer, a key player in endosomal sorting, may not play a major role in MCAM trafficking. Further 

elucidating the role of MCAM in melanoma metastasis, as well as the recycling/sorting pathways 

involved, may identify new therapeutic targets for metastatic melanoma. 
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1. Melanoma Biology and Epidemiology 
 

Melanoma was first described in 1787 by John Hunter, and the term melanoma was coined by Sir Robert 

Carswell from the Greek “melas” meaning black, and “-oma” denoting growth. Melanoma is a malignant 

tumour that arises from the uncontrolled proliferation of melanocytes, which are melanin-producing neural-

crest-derived cells located in the epidermis of the skin, hair follicles, and in the choroidal layer of the eye 

(Abdel-Malek et al. 1999; Abdel-Malek et al. 1995; Lerner and McGuire 1964; Tsatmali et al. 2002). Cutaneous 

melanoma is the most common form of melanoma and is a particularly aggressive form of skin cancer. 

1.0.1 Epidemiology 
 

The incidence of melanoma has risen faster than almost all other cancers (Ferlay et al. 2015; Kosary et al. 

2014; Rigel and Carucci 2000), as have hospitalisations arising from patients suffering from melanoma 

(Australian Institute of Health and Welfare 2016). Australia has the second- highest rate of melanoma 

worldwide (35/100,000 per year) and it remains the fourth most commonly diagnosed cancer in Australia as 

of 2016 (Australian Institute of Health and Welfare 2016). Furthermore, due to its tendency to metastasise, 

melanoma is the deadliest form of skin cancer and is responsible for 80% of skin cancer related deaths 

(Australian Institute of Health and Welfare 2016; Duggan et al. 2016; Estecha et al. 2009; Gloster and 

Brodland 1996; Linos et al. 2009; Miller and Mihm 2006).  

Melanoma is classified according to tumour thickness and ulceration at diagnosis, with stage 0, I and II 

referring to tumours that have not spread beyond the skin. Stage III melanoma indicates tumour cells have 

spread to lymph nodes and in stage IV, melanoma cells have spread to organs, such as brain, liver or lungs 

(Gershenwald et al. 2017); which is known as metastatic melanoma (MM). Following excision of a primary 

lesion, approximately 30% of patients then develop metastasis in distant organs; including up to 15% of 

patients with very thin primary tumours (< 1mm) (Sandru et al. 2014). 

1.0.2 Melanoma treatment 
 

Prior to the recent introduction of targeted and immunotherapies, the only treatment for metastatic 

melanoma available was decarbazine, which has an objective response rate of 13-30%, with a median overall 

survival of 9.1 months (Eggermont and Kirkwood 2004). As of 2011, a number of new treatments became 

available; including immunotherapies, targeted therapies and most recently an oncolytic viral therapy (Lee 

et al. 2017). Targeted therapies include kinase inhibitors (vemurafenib, dabrafenib, trametinib) which are 

indicated for the 50% of patients whose tumours harbor a mutation in the BRAF gene, leading to constitutive 

activation of the mitogen-activated protein kinase (MAPK) pathway. Unfortunately, some patients are 
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intrinsically resistant to BRAF inhibitors; and the majority of patients who do respond to treatment, become 

resistant in less than 12 months (Griffin et al. 2017).  

Immunotherapies include monoclonal antibodies (mAbs) that target cytotoxic T-lymphocyte-associated-

protein-4 (CTLA-4) and programmed cell death receptor-1 (PD-1) (Lee et al. 2017). These immunotherapies 

suppress inhibitory receptors on T cells and restore an anti-tumour immune response (Seidel et al. 2018). 

Used alone, mAbs targeting PD-1 (pembrolizumab and nivolumab) have an objective response rate (ORR) of 

33-43% and mAbs targeting CTLA-4 (tremelimumab and ipilimumab) have an ORR of 10.7 - 19% in metastatic 

melanoma (Seidel et al. 2018). However, when used together, nivolumab and ipilimumab demonstrated an 

ORR of 57.6%, and 52% overall survival at five years. However, despite this marked improvement in 

outcomes, many patients do not show a durable response to immunotherapy (Larkin et al. 2015; Larkin et al. 

2019). In addition, treatment-related toxicities remain a problem, particularly in patients receiving 

combination PD-1/CTLA-4 treatment (Buchanan et al. 2021). 

In 2015, the Food and Drug Administration (FDA, USA) also approved the use of an oncolytic virus, tamilogene 

laherparepvec (T-VEC); which is genetically modified to enable selective replication inside tumour cells. 

Although the exact mechanism of action of T-VEC is not completely understood, it is believed tumour cell 

lysis and release of tumour antigens help augment tumour-specific immunity (Kohlhapp and Kaufman 2016). 

T-VEC has also been trialled in combination with anti-PD1 immunotherapy, with a phase 1b trial reporting an 

ORR of 48-57% (Long et al. 2016).  

Additional immunotherapies in clinical trial for melanoma include a mAb targeting lymphocyte activation 

gene-3 (LAG3), which is another immune checkpoint receptor; and cytokine therapies such as interleukin-2 

(IL-2) (Buchanan et al. 2021). IL-2 stimulates CD8 T cells and natural killer (NK) cells, but can also stimulate 

regulatory T cells, which reduces anti-tumour activity. Thus new-generation IL-2 based therapies aim to 

preferentially activate CD8 T cells and NK cells only (Buchanan et al. 2021).  Finally, T cell re-direction is also 

being explored using a new class of biologicals, immune mobilising monoclonal T-cell 

receptors against cancer (immTACs), which bind tumour-associated antigens on cancer cells and assist to 

recruit T cells to the tumour (Buchanan et al. 2021).  

1.1 Malignant Change and Metastasis 
 
1.1.1 Malignant Change 
 
Ultraviolet (UV) light is the primary environmental risk factor for transformation of melanocytes to a 

melanoma. Under normal conditions, keratinocytes produce melanocyte stimulating hormone (MSH) in 

response to UV-induced DNA damage. MSH binds to the melanocortin 1 receptor on melanocytes, inducing 

the production of melanin (the pigment that protects against further UV-related DNA damage) (Seyfried and 
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Huysentruyt 2013). However, UV exposure can also cause DNA damage in melanocytes, oxidative stress and 

inflammation; all of which contribute to the early stages of melanoma tumorigenesis (Leonardi et al. 2018). 

 Melanoma metastasis is linked to both cellular mutations and alterations in the microenvironment, which 

culminate in protein expression changes favourable to invasion and intravasation (Chiriboga et al. 2016; 

Falzone et al. 2016; Guarneri et al. 2017; Lee et al. 2014; Moro et al. 2014; Sandri et al. 2016). Mutations are 

frequently observed in both tumour suppressor genes and proto-oncogenes. Tumour suppressor genes often 

inactivated in melanocytic transformation include PTEN, NF1, CDKN2A and p53, while the proto-oncogenes 

BRAF, NRAS, KIT often harbour activating mutations (Hodis et al. 2012; Krauthammer et al. 2012). 

Additionally, mutations within the telomerase reverse transcriptase (TERT) core promoter are highly elevated 

in metastatic melanoma and is likely to be a major tumorigenic mechanism (Chappell et al. 2011). 

Cumulatively, these genetic changes often activate the two major signalling pathways involved in cell 

proliferation and survival: the mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-

kinase/protein kinase B (PI3K/AKT) pathways (Wang et al. 2007). Indeed, up to 90%  of melanoma display 

increased MAPK activation (Cohen et al. 2002; Gray-Schopfer et al. 2007). The increased activation of MAPK 

is often associated with BRAF mutations, which are found in ~50% of cutaneous melanoma (Curtin et al. 

2005). Other driver mutations in melanoma include variations in NRAS (seen in 15-30% of tumours) 

(Maertens et al. 2013), NF1 (10-15%) (Beadling et al. 2008; Whittaker et al. 2013), and KIT (2- 8%) (Handolias 

et al. 2010; Liu et al. 2014). For an extensive review on the genetic and molecular abnormalities underpinning 

the malignant transformation of melanocytes, see (Testa et al. 2017). 

The accumulation of mutations in tumour suppressor and proto-oncogenes over time may eventually 

produce a malignant cell capable of uncontrolled proliferation. However, additional changes are necessary 

to enable a complete metastatic phenotype, including the immunological state and anatomical site. TNF and 

IL-6, two pro-inflammatory cytokines, may modulate melanoma aggressiveness. TNF is thought to upregulate 

the activity of  metalloproteinases (MMP) in the skin (Han et al. 2001; Rossi et al. 2018). The MMPs, especially 

MMP-2 and MMP-9, degrade the extracellular matrix (ECM) and allow tumour intravasation (Falzone et al. 

2016; Moro et al. 2014). In addition to MMP-2 and MMP-9, MMP-12, MMP-14, and MMP-19 have also been 

implicated in melanoma aggressiveness (Gong et al. 2018; Salemi et al. 2018; Zhang et al. 2015) However, 

the role of TNF is controversial as it has been reported to both inhibit and promote cancer growth (Rossi et 

al. 2018). 

Further signalling pathways implicated in the progression of melanoma include Wnt signalling, the Notch 

pathway, endothelins, and SOX proteins (Liu et al. 2014) Angiogenesis also plays central role in supplying 

blood to the tumour and ensuring its continued development, with    VEGF a key player in melanoma 

angiogenesis (Dewing et al. 2012). 
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The uncontrolled cellular proliferation of melanocytes thus results in the formation of benign nevi, which may 

lay dormant for years before accumulating the mutations which produce a primary melanoma tumour. 

 

1.1.2 Metastasis: Invasion, Intravasation, and Extravasation 
 

Metastasis is believed to be the primary causative factor in ~90% of cancer-related deaths (Chaffer and 

Weinberg 2011). Metastasis is the process by which cancer cells spread beyond the primary tumour to distant 

tissues or organs (Australian Institute of Health and Welfare 2016), and is predominantly a linear cascade 

through three major processes: invasion, intravasation, and extravasation. Invasion involves cells detaching 

from the primary tumour and invading the surrounding tissue. In melanoma, tumour cell invasion occurs in 

two phases. First, during the radial growth phase (RGP), melanocytes acquire a proliferative and survival 

phenotype. Following this, during the vertical growth phase (VGP), cells invade downwards through the 

dermis and hypodermis (Elder 2006). Primary melanoma cells then intravasate into blood or lymphatic 

vessels, where they must evade detection by the immune system to allow dissemination to distal sites. 

Finally, the cells extravasate from the vessels and invade surrounding tissue, before proliferating to form a 

secondary tumour (Seyfried and Huysentruyt 2013). 

 

1.2 Cell Adhesion Molecules 
 

Cell adhesion molecules (CAMs) are a large family of transmembrane glycoproteins categorised into four 

structurally and functionally distinct subfamilies: integrins, selectins, cadherins, and the immunoglobulin 

superfamily (IgSF) (Fig. 1). The function of CAMs is integral to tissue homeostasis, regulating development, 

differentiation, migration, and tissue maintenance (Homrich et al. 2015). They function by directly modulating 

the interaction between cells and neighbouring cells or the ECM, as well as playing a role in signal transduction 

(Cohen et al. 1997). Changes in the expression of CAMs has been linked to metastasis in multiple cancers 

(Farahani et al. 2014), where their aberrant or altered expression can disrupt tissue homeostasis or produce 

malignant cell phenotypes. 

1.2.1 Immunoglobulin superfamily 
 

This review will focus on the largest and most diverse family of CAMs, the IgSF, which 

contains over 765 members (Wai Wong et al. 2012). IgSF proteins mediate calcium-independent adhesion 

and are categorised by the presence of one or more Ig-like domains in the extracellular region (Homrich et 

al. 2015). IgSF members often interact with other Ig-like domains via their N-terminal domains, as well as 

with integrins and carbohydrates, thereby coordinating both homophilic and heterophilic interactions (Wai 

Wong et al. 2012). The C-terminal domain often interacts with the cytoskeleton, or cytoskeletal adaptor 
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proteins, as well as signalling complexes. Multiple IgSF members have been identified as markers of cancer 

metastasis including melanoma cell adhesion molecule (MCAM), neural cell adhesion molecule (NCAM), 

platelet endothelial cell adhesion molecule (PECAM-1), activated leukocyte cell adhesion molecule (ALCAM), 

intercellular adhesion molecule (ICAM-1) and L1 cell adhesion molecule (L1CAM) (Wai Wong et al. 2012).  

 

 

 

1.2.2 Integrins 
 
Integrins are large heterodimeric transmembrane proteins which are primarily involved in the linkage of the 

intracellular cytoskeleton to the ECM via large signalling complexes (Campbell and Humphries 2011). 

Integrins are composed of covalently bound α- and β- subunits and respond to the pericellular environment 

through a complex receptor activation mechanism, which acts through conformational changes in the 

structure of the receptor (Campbell and Humphries 2011). There are eighteen α- subunits and eight β-

subunits, comprising 24 integrin heterodimers with varying functions and affinities (Howe and Addison 2012). 

β1-integrin is the most common β-subunit and is found in half of the possible heterodimers. Furthermore, 

and importantly, the β1-integrin subunit is most commonly found in the heterodimers upregulated in 
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tumours and is involved in ECM binding (Howe and Addison 2012). Aberrant and modified integrin expression 

and function has been noted in melanoma and is thought to contribute to progression (D'Onofrio et al. 2008; 

Kramer et al. 1991). Furthermore, possible coordination between MCAM and β1-integrin has been 

hypothesised, with expression of the chicken homolog of MCAM (HEMCAM) associated with downregulation 

of β1-integrin expression (Alais et al. 2001). Further, a similar finding was described in human SB2 melanoma 

cells transfected with MCAM, where MCAM expression was associated with a modest decrease in β1-integrin 

expression (Dye 2007).  

 

1.3 Melanoma Cell Adhesion Molecule (MCAM) 

1.3.1 Background 
 
MCAM (CD146/Mel-CAM/S-endo1/Muc18/gicerin/HEMCAM) is a member of the IgSF and is associated with 

many cancers, including melanoma, breast, pancreatic, prostate, gastric, ovarian, lung and kidney cancers, 

osteosarcoma, Kaposi sarcoma, Schwann cell tumours, and leiomyosarcoma (Stalin et al. 2017). MCAM was 

discovered as a marker for melanoma metastasis due to its expression in melanoma but not in primary 

melanocytes (Lehmann et al. 1989) and has since been linked to poor prognosis in melanoma, lung cancer, 

and digestive system cancers (Rapanotti et al. 2017; Stalin et al. 2017; Zeng et al. 2017). The 5- year survival 

rate of patients with MCAM-positive melanoma is 40%, whereas for MCAM- negative tumours it is 95% (Dye 

et al. 2013). Furthermore, MCAM is thought to be expressed in 70-90% of melanoma tumours (Pearl et al. 

2008). Like other CAMs, MCAM modulates a diverse range of homeostatic cell functions including cell 

adhesion, migration, invasion, proliferation, survival, and angiogenesis, and thereby directly promotes 

tumour progression (Johnson et al. 1997; Stalin et al. 2016; Xie et al. 1997; Zheng et al. 2016). 

 

1.3.2 Gene Structure 
 

The MCAM receptor consists of three domains: intracellular, transmembrane, and the extracellular domain 

containing five Ig-like domains (V1-V2-C2-C2-C2) (Fig. 2). MCAM is a ~14 kb gene located at chromosome 11 

q23.3 with a 3.3 kb mRNA and 1.94 kb coding region (Kuske and Johnson 1999; Lehmann et al. 1989). The 

coding region contains sixteen exons, thirteen of which encode the five Ig-like domains, with the remaining 

three encoding the intracellular and transmembrane domains (Fig. 2A). The V1 Ig-like domain is encoded by 

three exons; however, the remaining Ig-like domains are encoded by two exons. In these, the splice junctions 

lie between the β-sheets that form the Ig-like domains (Sers et al. 1993)(Fig. 2A). Furthermore, MCAM 

contains three poly(A) signals which are found at the fifth and fifteenth exons and result in alternative splicing 

and the formation of up to three isoforms – MCAM-Long (MCAM-L), MCAM-short (MCAM-S), and soluble 

MCAM (sMCAM)(Sers et al. 1993). MCAM is highly conserved between human, chicken, mouse, and 
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zebrafish: the coding sequence (CDS) of human MCAM shares ~73.8% identity with chicken MCAM and 

~80.6% identity with mouse MCAM (Yang et al. 2001). 

 

1.3.3 Gene Regulation 
 

MCAM contains a TATA- and CAAT-box absent core promoter region (Sers et al. 1993). This core promoter 

region contains many putative transcription factor binding sites: Activator protein 2 (AP-2), specificity protein 

1 (SP1), initiator element (INR), c-myeloblastosis (c-myb), myoblast determination protein 1 (MyoD), 

geranylgeranyl pyrophosphate synthase (CArG), and a cyclic-AMP response element (CRE)(Sers et al. 

1993)(Fig. 2B). In total, the promoter region contains four  AP-2 binding sites. The one found at -23 bp was 

found to upregulate reporter activity, while the two further upstream (-131 and -302) are thought to have a 

down-regulatory effect (Mintz-Weber and Johnson 2000).  Furthermore, there are five Sp1 sites which are 

thought to be necessary for MCAM transcription, as deletion of all putative locations in the promoter 

region reduced core promoter activity by 80% (Mintz-Weber and Johnson 2000). Additionally, the INR 

initiator sequence is also linked to MCAM expression through basic helix-loop-helix (bHLH) regulatory factors, 

which may downregulate MCAM expression through phorbol 12-myristate 13-acetate (PMA) stimulation or 

upregulate MCAM expression via forskolin stimulation (Rummel et al. 1996). Importantly, deletion of the INR 

sequence completely abrogated MCAM expression (Karlen and Braathen 2000). Finally, MCAM expression 

may be modified by activation of the G-couple protein receptor, protease-activated receptor 1 (PAR-1). PAR-

1 appears to stimulate platelet activation factor (PAF) and PAF-receptor (PAF-R) expression. Then, PAF/PAF-

R signalling mediates MCAM transcription via activation of the c-AMP responsive element-binding protein 

(CREB) and SP1 (Melnikova et al. 2009). 

 

 



9  

1.3.4 Protein Structure 
 
MCAM is an approximately ~113 kDa, heavily glycosylated single-span transmembrane protein. The MCAM 

protein is organised into three distinct domains mentioned above: an extracellular domain (ECD) 558 amino 

acids (AA) long which consists of five Ig-like domains (V1-V2-C1-C1- C1), a transmembrane domain 24 AA 

long, and an intracellular domain (ICD) existing in two isoforms (Fig. 3). The Ig-like domains of the MCAM 

protein are β-sheets stabilised by disulphide bonds lying between the sheets (Fig. 3). Two isoforms, MCAM-L 

and MCAM-S, differ in the length of their intracellular domains, with MCAM-L containing 64 AA and MCAM- S 

containing 21 AA (Taira et al. 1995). The MCAM protein shows a high level of conservation between species 

(Table 1). The intracellular domain of MCAM-L contains an ezrin-radixin-moesin (ERM) binding motif, two 

putative endocytosis motifs - the dileucine (EEMGLL) and tyrosine (YIDL) motifs, and two putative protein 

kinase C (PKC) sites (Fig. 3A). The MCAM-S intracellular domain is much shorter in comparison and contains 

the ERM motif, a single PKC site, and a PDZ-binding domain (Wang et al. 2020) (Fig. 3B). 

The intracellular domain of both long and short isoforms of MCAM is highly conserved at the amino acid level 

(Table 1). Mouse, chicken, and zebrafish intracellular domains display higher homology to the human 

intracellular domains than the total protein sequence does. This suggests that there may be higher functional 

importance in the intracellular tail. In addition, all putative domains in the intracellular tail of human isoforms 

are conserved in the mouse and chicken proteins. 
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Table 1. Conservation of mouse, chicken and zebrafish full length MCAM and intracellular tail protein sequences 
compare to the human isoforms 

Isoform Mouse Chicken Zebrafish 

MCAM-L 76.2% 36.6% 32.1% 

MCAM-L tail 90.8% 69.2% 54.7% 

MCAM-S 75.3% 36.4% 31.8% 

MCAM-S tail 91.3% 69.6% 56.5% 

 

MCAM is highly glycosylated. The theoretical mass of MCAM is ~70 kDa, which suggests that over 30% of its 

true mass results from glycosylation of the protein. The glycosylation occurs in the extracellular domain 

where there are predicted to be eight N-glycosylation sites (Wang et al. 2020) (Fig. 3). These are located at 

positions 58, 418, 449, 467, 508, 518, 527, and 544 (Wu et al. 2001). Six of these sites are conserved in the 

mouse protein, indicating the importance of glycosylation in the function of MCAM (Lei et al. 2015). Various 

other post-translational modifications of MCAM are thought to occur including sialylation of the extracellular 

domain (Jouve et al. 2013; Lehmann et al. 1987), and ubiquitination (Tang et al. 2015), palmitoylation (Wang 

et al. 2015) and phosphorylation (Xu et al. 2019) of the intracellular domain. 

The third isoform of MCAM is a soluble, cleaved protein (sMCAM) consisting entirely of the extracellular 

domain. sMCAM appears to be generated in endothelial cells by MMP- mediated cleavage at the 

transmembrane region (Bardin et al. 2009; Bardin et al. 1998; Boneberg et al. 2009; Ouhtit et al. 2017). 

However, chicken sMCAM appears to be produced by alternative splicing rather than MMP-mediated 

cleavage (Vainio et al. 1996)It is important to determine whether alternative splicing also plays a role in the 

production of sMCAM in human cells. 

 

1.3.5 Dimerisation and Binding 
 

Interestingly, the binding behaviour of MCAM remains contentious in the literature. MCAM undergoes 

heterophilic binding with various cellular and ECM molecules, and these interactions will be discussed in 

Section 1.6. However, whether MCAM undergoes inter- cellular homophilic binding is controversial. One 

group has presented data suggesting that neuronal cells over-expressing chicken MCAM displayed increased 

aggregation compared to control cells, and produced longer neurites when cultured on an MCAM-Fc chimeric 

protein substrate (Taira et al. 2004, 2005; Taira et al. 1995; Taira et al. 1998; Taira et al. 1999). A critique of 

these studies suggested that the findings may be a result of heterophilic interactions between MCAM and an 

unknown ligand on the neuronal cells (Hiroi et al. 2003). In studies of human MCAM, evidence of homophilic 

binding of MCAM is yet to be produced. An early study of MCAM reported that MCAM contributed to cell-cell 

adhesion via interaction with an unknown, heterophilic ligand (Johnson et al. 1997). Furthermore, surface 
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plasmon resonance experiments found that human sMCAM had no binding capacity for immobilised MCAM 

(Bardin et al. 2009). 

Despite the lack of evidence for trans-homophilic binding, MCAM does form cis-dimers on the cell surface, 

and this function is thought to be integral to its involvement in various signalling complexes (Bu et al. 2007; 

Zhuang et al. 2010). This is discussed in further detail in Section 1.6.1 with regards to specific binding partners. 

 

1.3.6 Expression and Localisation 
 
MCAM is expressed in a wide range of normal tissues, such as endothelial and neuronal cells, playing a 

functional role in homeostasis and normal cell function. MCAM is often expressed in stem and embryonic 

tissues and is associated with stem-like characteristics. Table 2 summarises the expression and function of 

MCAM as reported in the literature. 

 
1.3.7 Endocytosis and Recycling 
 

The internalisation of membrane proteins occurs for many reasons including nutrient uptake, signal 

transduction and regulation, regulation of the cell membrane composition, and the homeostatic turnover of 

membrane proteins (Aguilar and Wendland 2005). Surface receptor levels influence cell-cell and cell-matrix 

interactions as well as normal cell behaviour. Thus, transport of membrane proteins to and from the surface 

is essential for cell function. 

Little is known about the endocytosis and recycling of MCAM, although it contains two putative 

endocytosis/sorting motifs (Fig. 3). The dileucine motif conforms to the structure of  the [DE]XXXL[LI] 

consensus motif while the tyrosine motif conforms to the YXXØ consensus motif (Ø stands for a residue with 

a bulky hydrophobic side chain, and X stands for any amino acid)(Bonifacino and Traub 2003). These motifs 

are involved in the internalisation and sorting of proteins to endosomal and lysosomal compartments, as well 

as basolateral targeting (Bonifacino and Traub 2003). Interestingly Y641G (which forms part of the YXXØ 

consensus motif), has also recently been identified as a site of MCAM phosphorylation in endothelial cells 

following growth factor stimulation (Xu et al. 2019); although it not yet clear whether these two putative 

functions are mutually exclusive. 
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Table 2. Expression and function of MCAM in normal tissue 

 

  

Location Isoform  References 

Mesenchymal stem 
cells 

ND Increased differentiation  
and migration 

(Espagnolle et al. 2014; Fayazi et al. 
2015; Russell et al. 2010; Sacchetti et al. 
2007; Tormin et al. 2011; Xu et al. 2009) 

Human Endothelial Cells ND Cell-cell interactions/ 
angiogenesis 

(Bardin et al. 2001; Bardin et al. 2009; 
Bardin et al. 1998; Yan et al. 2003) 

 MCAM-L Vascular stabilisation (Kebir et al. 2010; Stalin et al. 2013) 

 MCAM-S Angiogenesis (Kebir et al. 2010) 

 sMCAM Angiogenesis (Bardin et al. 2009; Bardin et al. 1998; 
Bardin et al. 2003; Harhouri et al. 2010) 

Pericytes ND ND (Espagnolle et al. 2014; Shih et al. 1994) 

Hair Follicles ND ND (Shih et al. 1994) 

Keratinocytes ND Adhesion/ 
inflammation marker 

(Weninger et al. 2000) 

Smooth muscle ND ND (Shih et al. 1994) 

Neurological tissue ND Neurite extension (Shih et al. 1994; Taira et al. 2005; Taira 
et al. 1995) 

Trophoblast ND Marker for differentiation/ 
Limits migration 

(Shih et al. 1998; Shih et al. 1994; Shih 
and Kurman 1996) 

 sMCAM Defective trophoblast 
invasion 

(Pasquier et al. 2005) 

B-lymphocytes ND ND (Elshal et al. 2005) 

T-lymphocytes, TH17 cells ND Increased adhesion to 
endothelium/ activation 
marker 

(Elshal et al. 2007; Elshal et al. 2005; 
Kamiyama et al. 2012; Pickl et al. 1997) 

Follicular Dendritic Cells ND ND (Bardin et al. 1996) 

NK cells ND Maturation (Despoix et al. 2008) 
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1.3.7.1 Endocytosis 
 

Endocytosis occurs via either clathrin-dependent, caveolin-dependent, or clathrin/caveolin- independent 

mechanisms (Fig. 4)(Doherty and McMahon 2009; Kawauchi 2012). Clathrin-dependent endocytosis is more 

broadly understood than clathrin-independent mechanisms and involves over 50 known components 

(Kaksonen and Roux 2018). The process of clathrin-dependent endocytosis is summarised as follows: first, 

endocytic coat proteins (such as clathrin) cluster at the cell surface, along with receptors targeted for 

internalisation. Next, a clathrin-coated pit forms whereby the plasma membrane is invaginated via enveloping 

coat proteins (Kaksonen and Roux 2018). Following this, the neck of the invagination is constricted and 

excised, forming a clathrin-coated vesicle containing the cargo receptors which is subsequently trafficked to 

early endosomes (Kaksonen and Roux 2018). Caveolin-dependent endocytosis involves the coating of 

membrane invaginations with caveolin rather than clathrin. Furthermore, there are multiple 

clathrin/caveolin-independent pathways of endocytosis, including RhoA, Flotillin, Cdc42, and Arf6 mediated 

endocytosis, as well as micropinocytosis (Mayor et al. 2014). 
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The mechanism by which MCAM is internalised into the cell is unknown, however, as many other members 

of the IgSF are endocytosed via the clathrin-mediated pathway, it has been speculated that this is most likely 

the pathway by which MCAM is internalised (Dye 2007; Kamiguchi and Lemmon 1997; Minana et al. 2001; 

Thelen et al. 2008). Data suggests the clathrin-mediated pathway is at least partially accountable for the 

endocytosis of MCAM, as sucrose-mediated blockade of the clathrin-mediated pathway reduced MCAM 

internalisation (Dye 2007). 

Following the endocytosis of membrane receptors, cargo-containing vesicles are trafficked to early 

endosomes (Xu et al. 2017). The cargo is then either: trafficked directly to the cell surface; to late endosomes 

followed by lysosomes for degradation; to recycling endosomes for signalling or re-expression on the cell 

surface; to the Golgi via retrograde transport; or to the nucleus to regulate transcription factors (Fig. 4)(Xu et 

al. 2017). The recycling of membrane receptors is integral to their function and is necessary for the 

maintenance of receptor expression on the cell surface. The sorting of receptors through either recycling or 

degradative pathways determines their expression level and therefore has a direct link to cell phenotype, 

such as cell adhesion and migration (Burd and Cullen 2014; Cullen and Korswagen 2011). 

Receptors can be recycled to the cell surface from the early endosomes via the Rab4-mediated fast pathway, 

or from the recycling endosomes via the Rab11-mediated slow pathway (Fig. 4)(Grant and Donaldson 2009). 

The pathway that MCAM takes to be recycled is not known, however, it has been postulated that the 

dileucine motif is necessary for this process to occur (Dye 2007). Furthermore, both Rab4 and Rab11 have 

been shown to co-localise with MCAM under various conditions in melanoma cells (Dye et al. 2009; Witze et 

al. 2008). 

 

1.3.7.2 Endosomal Sorting 
 

Endosomal sorting is also regulated by the retromer complex, which has been described as a “master 

conductor” of this process (Burd and Cullen 2014). Retromer regulates the sorting and recycling of proteins 

from endosomes to the trans-Golgi network (TGN) (retromer-mediated retrograde transport) and plasma 

membrane (retromer-mediated recycling)(Vagnozzi and Pratico 2019; Zhang, Huang, et al. 2018), and is a 

complex system which involves many accessory proteins. The sorting nexins (SNXs) are an integral part of the 

retromer complex, and contribute to retromer-membrane associations (Burd and Cullen 2014). All SNXs have 

a SNX-phox-homology (SNX-PX) domain but vary in their C-terminal domains (Zhang, Huang, et al. 2018)(Fig. 

5). 
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Retromer consists of two sub-complexes: the core retromer, or cargo selection complex (CSC), which consists 

of a trimer of vacuolar protein sorting (VPS) associated proteins VPS26, VPS29 and VPS35, and the membrane 

deformation complex, which is composed of different combinations of SNXs that regulate membrane 

deformation, tubule formation, and play a role in cargo selection (Burd and Cullen 2014). The most common 

retromer complex is the SNX-BAR-retromer, comprised of heterodimers of SNX1-SNX2 or SNX5-SNX6 

(Vagnozzi and Pratico 2019). These SNXs contain a C-terminal BIN/Amphiphysin/RVS (BAR) domain (Vagnozzi 

and Pratico 2019). Finally, an accessory protein is required to stabilise the CSC upon membrane interactions, 

such as SNX3 and RAB7A (Vagnozzi and Pratico 2019). Other retromer complexes include the SNX27-

retromer, which contains a C-terminal FERM (4.1/ezrin/radixin/moesin) domain, and the SNX3-retromer 

(Harterink et al. 2011; Steinberg et al. 2013; Temkin et al. 2011; Zhang et al. 2011). 

Each retromer complex takes part in distinct and overlapping cargo sorting pathways, and recent studies 

suggest that components of the complex can also act individually (McNally and Cullen 2018). Plasma 

membrane proteins are a principal cargo for retromer-mediated recycling, however, few studies have 

explored its role in cancer. The SNX-FERMs, SNX17, SNX27 and SNX31, mediate recycling of cargo via an 

NPx[Y/F] motif recognition (where x is any residue), although SNX27 also sorts proteins containing a PDZ 

ligand. SNX17 mediates the recycling of over 200 cell surface proteins, including many integrins and 

receptors, but does not interact with the CSC (McNally et al. 2017). Interestingly, SNX31 appears to be 

upregulated during melanoma metastasis and has been described as a driver mutation, yet it is silenced 
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during in vitro cell culture (Hodis et al. 2012; Tseng et al. 2014). Furthermore, SNX4 mediates the sorting of 

the transferrin receptor away from the degradation pathway (Johannes and Popoff 2008). 

 

1.4 MCAM in Cancer 
 

MCAM is highly expressed in multiple cancers, and in many of these is a marker for metastasis or poor 

prognosis. Table 3 contains a non-exhaustive list of cancers in which MCAM has been either associated with 

poor prognosis or directly implicated in tumourigenicity. Interestingly, after an extensive literature review, 

only two examples were found where MCAM expression was associated with an anti-metastatic phenotype: 

pancreatic cancer (Zheng et al. 2016) and breast cancer (Shih et al. 1997).  

 

MCAM appears to be involved in all steps of metastasis. In the early stages of metastasis, MCAM expression 

is often involved in epithelial-mesenchymal transition (EMT) and increased invasion of tumour cells. For 

instance, in melanoma, MCAM appears to contribute to the transition from the RGP to the VGP. This 

transition is one of the early steps  in melanoma progression and has been described as an “EMT-like” process 

(Zigler et al. 2011). However, MCAM is also often implicated in the later stages of metastasis, including 

extravasation, angiogenesis, and secondary tumour formation (Schlagbauer-Wadl et al. 1999). The following 

sections will expand upon the role of MCAM in cancer, with a specific focus on its role in melanoma, and how 

these effects are mediated. 

1.5 MCAM interaction Partners and Signalling Pathways 
 

1.5.1 VEGF/VEGFR-2 
 

Angiogenesis is defined as the process by which new blood vessels are formed (Adair and Montani 2010). It 

is necessary to provide nutrients to a tumour once it reaches a critical mass, and thereby promotes tumour 

growth and survival (Yadav et al. 2015). Pro-angiogenic factors are usually required to promote angiogenesis, 

and vascular endothelial growth factor VEGF is the predominant family of pro-angiogenic factors (Jiang et al. 

2012), of which VEGF-A is the founding member (Holmes and Zachary 2005; Tugues et al. 2011). The cognate 

receptors for VEGF are the vascular endothelial growth factor receptors, VEGFR-1, VEGFR-2, and VEGFR-3 

(Tugues et al. 2011). VEGF-A is the primary ligand for VEGFR-2 and therefore much of the literature focuses on 

the mechanism by which their interaction promotes angiogenesis (Tugues et al. 2011). 

  



17  

 

Table 3. MCAM expression in various cancers and its reported effects. 

 

  

Cell line/Tissue Isoform Effect References 

Melanoma ND In vitro – increased invasion, 
motility 
In vivo – poor prognosis 

(Dye et al. 2013; Rapanotti et al. 
2017; Stalin et al. 2017; Watson-
Hurst and Becker 2006; Zeng et al. 
2017) 

 sMCAM Increased 
angiogenesis, survival 

(Stalin et al. 2013) 

Prostate Cancer ND Increased invasiveness, 
metastasis 

(Liu et al. 2008; Wu et al. 2011; Zoni 
et al. 2019) 

Breast Cancer ND In vitro – increased motility, 
tamoxifen resistance 
In vivo – poor prognosis 

(Garcia et al. 2007; Imbert et al. 
2012; Liang et al. 2017; Zabouo et al. 
2009) 

Ovarian Cancer ND In vitro - Increased invasion, 
proliferation, survival 
In vivo – Poor prognosis 

(Aldovini et al. 2006; Wu et al. 2012; 
Zeng et al. 2017) 

Osteosarcoma ND In vitro – Potential marker for 
metastasis 
In vivo – Increased invasion, 
pulmonary metastasis 

(McGary et al. 2003; Schiano et al. 
2012) 

Gastric Cancer ND In vitro – EMT 
In vivo – Poor prognosis 

(Liu et al. 2012) 

Non-Small Cell Lung 
Cancer / Lung 
Adenocarcinoma 

ND In vivo – Poor  prognosis (Kristiansen et al. 2003; Oka et al. 
2012; Zhang et al. 2014) 

Pancreatic Cancer ND increased invasiveness 
In vivo – Low  expression 
associated with poor prognosis 

(Zheng et al. 2016) 
 

Uterine Leiomyosarcoma ND In vivo – Increased lymph node 
metastasis, poor prognosis 

(Zhou et al. 2015) 

Hepatocellular  Carcinoma ND In vitro – Increased  invasion, 
motility, EMT transition 
In vivo – Increased  invasion, poor 
prognosis 

(Jiang et al. 2016) 

Squamous Cell  Carcinoma ND In vivo – Increased  lymph node 
metastasis, poor prognosis 

(Li et al. 2014) 

Colorectal Cancer  
ND 

In vivo – Marker for 
liver metastasis 

(Tian et al. 2013) 

Malignant Rhabdoid 
Tumour 

 
ND 

In vitro – Marker for 
tumourigenicity 

(Nodomi et al. 2016) 
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VEGFRs often require a co-receptor to form signalling complexes (Tugues et al. 2011). MCAM is a co- receptor 

for VEGFR-2, and the interaction between MCAM and VEGFR-2 appears to be essential for VEGF-mediated 

phosphorylation and subsequent activation of VEGFR-2 (Zheng et al. 2009). This phosphorylation leads 

directly to the activation of the PI3K-AKT, nuclear factor kappa- light-chain-enhancer of activated B cells 

(NFκB), and p38 MAPK pathways, promoting angiogenesis and enhancing tumour survival (Halt et al. 2016). 

The mechanism is summarised as follows: An MCAM dimer forms a complex with a VEGFR-2 molecule on the 

cell surface via interactions between their extracellular domains (Fig. 6). The formation of this complex leads 

to the recruitment of VEGF and the phosphorylation and activation of VEGFR-2. Following this, ERM proteins 

(cytoskeletal linkers) are recruited to the intracellular tails of MCAM/VEGFR-2, forming a 

cytoskeletal/signalling complex which then transduces the downstream pro-angiogenic activation of the AKT, 

NFκB, and p38 MAPK pathways (Zheng et al. 2009) (Fig. 6). 
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The interaction between MCAM and VEGFR-2 has been confirmed in subsequent studies (Jiang et al. 2012; 

Zhuang et al. 2010). One study found that treatment of cells with an anti-MCAM blocking antibody (AA98) 

prevented the MCAM-VEGFR-2 interaction and inhibited VEGF-mediated endothelial tube formation by ~50% 

(Jiang et al. 2012). Additionally, it was found that MCAM was necessary for VEGF- mediated vessel 

permeability in endothelial cells (Jiang et al. 2012). Finally, MCAM knockdown also resulted in a ~50% 

reduction in microvasculature density in Matrigel plugs which had been implanted into a mouse model (Jiang 

et al. 2012). These data are supported by So et al (2010) who found  that knockdown of chicken MCAM MCAM 

also displayed a similar reduction in tumour angiogenesis (So et al. 2010).Interestingly, data suggests that 

MCAM dimerization and the NFκB pathway may be involved in a positive feedback system. Bu et al (2007) 

found that MCAM dimerization was associated with activation of NFκB (Fig 6)(Bu et al. 2007), and that 

chemical inhibition of NFκB, in turn, reduced MCAM dimerization. This suggests a positive feedback system 

by which the NFκB pathway promotes MCAM-expression and/or dimerization (and thus the interaction of 

MCAM with VEGFR-2), which in turn activates the NFκB pathway. A similar feedback pathway may involve 

reactive oxygen species (ROS)-mediated dimerisation of MCAM (Zhuang et al. 2010).  
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The small GTP-binding protein Rac1 and NOX4 (NADPH oxidase 4) are activated via VEGFR-2 signalling. This 

leads to the release of ROS species that induced MCAM dimerisation, which in turn may activate more VEGFR-

2 receptors (Zhuang et al. 2010). These mechanisms illustrate how MCAM and VEGFR- 2 constitute a pro-

angiogenic signal transduction system in endothelial cells, contributing to the vascularisation and growth of 

tumours.The interaction between MCAM and VEGF/VEGFR has also been associated with transendothelial 

migration, whereby melanoma cells migrate across the surface of an endothelial layer (Bardin et al. 2009). 

This is required for melanoma cells to intra- and extravasate (Section 1.3.2). Following  

VEGF treatment of endothelial cells, MCAM appears to stimulate the  phosphorylation of focal adhesion 

kinase (FAK), which subsequently leads to the phosphorylation of vascular endothelial (VE)-cadherin and 

opening of endothelial junctions, enabling migration of melanoma cells (Bardin et al. 2009). Furthermore, 

MCAM knockout in endothelial cells  also reduced the capacity for melanoma cells to transmigrate (Bardin et 

al. 2009). 

Interestingly, it is yet to be confirmed whether MCAM and VEGF/VEGFR also interact in melanoma cells. 

In addition, there is some controversy in the literature regarding VEGFR2 expression in melanoma. A number 

of studies have found VEGFR2 expression on ~ 80% of melanoma cells, whereas in a recent study, where 

antibody specificity was demonstrated by immunofluorescence, immunoblot, knock-down and knock-in 

experiments, only 7% of melanoma cells expressed VEGFR2 (Molhoek et al. 2011). Thus, VEGFR2-MCAM 

interaction may contribute to melanoma metastasis indirectly via endothelial cell activation rather than occur 

in melanoma     cells themselves. 

1.5.2 Galectins 
 

As previously mentioned, MCAM is highly glycosylated and contains eight N-glycosylation sites in its 

extracellular domain (Section 1.5.4). Galectin-3 (Gal-3), a galactoside-binding protein, interacts directly with 

MCAM via N-linked glycan structures (Colomb et al. 2017; Zhang, Zheng, et al. 2018). Gal-3 appears to bind 

predominantly to the fifth Ig-like domain of MCAM, as deletion of this portion significantly abrogated MCAM-

Gal-3 binding (Zhang, Miller, et al. 2019). Gal-3 also interacts directly with VEGFR-2  to form multimers, which 

stabilise VEGFR2 on the cell surface. When VEGF-A is also bound, Gal-3 binding maintains the VEGR2/VEGFA 

complex on the cell surface and promotes prolonged angiogenic signaling (Markowska et al. 2011). As MCAM 

interacts with both Gal-3 and VEGFR-2 directly, it may be possible that Gal-3 contributes to the interaction 

between MCAM and VEGFR-2. Furthermore, the binding of Gal-3 to MCAM induces MCAM dimerisation, 

which is required for MCAM-mediated activation of VEGFR-2 (Colomb et al. 2017). Additionally, Gal-3-induced 

dimerisation of MCAM leads to the activation of the PI3K-AKT pathway, as well as IL-6 and granulocyte-colony 

stimulating factor (G-CSF) production, all of which are implicated in metastatic progression (Colomb et al. 

2017). 
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Galectin-1 (Gal-1) also interacts directly with MCAM (Jouve et al. 2013). In vitro, this interaction appears to 

promote survival in endothelial cells by inhibiting apoptotic pathways (Colomb et al. 2017; Jouve et al. 2013). 

1.5.3 Id-1 
 

Inhibitor of DNA binding 1 (Id-1) is a transcription regulator that is associated with cancer progression (Zigler 

et al. 2011). Activating transcription factor 3 (ATF-3) is a transcription factor which inhibits Id-1 activation. 

MCAM is thought to downregulate ATF-3 leading to increased activation of Id-1. MCAM-mediated activation 

of the Id-1 cascade is thought to increase MMP-2 expression, resulting in increased invasion in melanoma cells 

(Zigler et al. 2011). 

 

1.5.4 Laminins 
 

Laminin-411 and laminin-421 (laminins 8 and 9) have both been identified as interaction partners of 

MCAM (Flanagan et al. 2012). These α4-laminins are upregulated during the progression of several cancers and 

have been linked to melanoma migration (Ishikawa et al. 2014). Laminin-411 is expressed on the basement 

membrane of vascular endothelial cells and may be required for the MCAM- mediated invasion of T-cells into 

tissues (Flanagan et al. 2012). Blocking MCAM with an anti-MCAM antibody  reduced the ability of T-cells to 

invade or infiltrate endothelial monolayers (Flanagan et al. 2012). In contrast,  Ishikawa et al (2014) 

demonstrated that laminin-421, but not laminin-411, bound MCAM in solid state binding assays. In addition, 

they found that an anti-MCAM antibody blocked MCAM-mediated migration on laminin-421 but could not 

achieve the same effect on laminin- 411 (Ishikawa et al. 2014). Finally, chicken MCAM interacts directly with 

NOF (neurite outgrowth factor), which is a member of the laminin family, and this interaction contributes to 

neurite outgrowth (Taira et al. 2004, 2005; Taira et al. 1994). 

 

1.5.5 Wnt-receptor-actin-myosin-polarity (WRAMP) structure 
 

The trailing edge mechanics of directional cell migration are poorly understood. Generally, Ras homolog gene 

family, member A (RhoA) and Rho kinase-dependent processes drive cytoskeletal-mediated mechanical force 

and motility, leading to directional migration of cells (Cramer 2010). Interestingly, many Ca2+-mediated 

pathways take place at the trailing edge. One example is the phosphorylation of myosin light chain by myosin 

light-chain kinase (MLCK), a Ca2+-dependent enzyme, which results in the degradation of focal adhesions and 

the release of cell-matrix adhesions (Petrie et al. 2009). Such mechanisms often involve a gradient of Ca2+ with 

a higher concentration at the trailing edge of the cell to a lower concentration at the leading edge (Hahn et 

al. 1992). A structure has recently been identified which directs cell migration and potentially acts through a 
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calcium gradient as described above. This structure has been called  the wnt-receptor-actin-myosin polarity 

(WRAMP) and is described below (Witze et al. 2008). 

The expression level of Wnt5a positively correlates with melanoma invasiveness (Bittner et al. 2000) and is 

thought to directly mediate melanoma invasion (Da Forno et al. 2008; Dissanayake et al. 2007; Weeraratna et 

al. 2002; Ye et al. 2013). The WRAMP mechanism describes one way in which Wnt5a contributes to the motility 

and invasiveness of melanoma, as follows (Fig. 7). Wnt5a stimulates the internalisation of MCAM (and other 

receptors) from the cell surface. MCAM is then transported to the rear of the cell, which is thought to occur 

via Rab4/RhoB-mediated late endosomes (multi-vesicular bodies, MVBs). This process may also involve coat 

protein 1β (COP1β)-mediated retrograde transport of MCAM from the Golgi to the ER. A polarised 

distribution of MCAM, actin, myosin IIB, and other components at the trailing edge of the cell form the 

WRAMP structure (Witze et al. 2013; Witze et al. 2008). The IQ Motif Containing GTPase Activating Protein 1 

(IQGAP1) may play an important role in this process as it interacts directly with MCAM and is a cytoskeletal-

linker protein, likely scaffolding MCAM and the actin cytoskeleton and allowing for nucleation of the WRAMP 

(Witze et al. 2013). The final step involves the endoplasmic reticulum (ER) being recruited to the WRAMP 

structure (likely involving COP-1β), a rear-membrane retraction, and a localised Ca2+ signal produced by the 

cortical ER, which stimulates adhesion disassembly, membrane retraction, cytoskeletal contraction, and 

finally cell migration (Witze et al. 2013; Witze et al. 2008). Interestingly this process appears to be transient 

and defines  the directionality of cell migration, forming at the rear of the cell and then dissipating and re- 

forming at the new rear as the cell changes direction (Connacher et al. 2017). 

Calpain-2 and phosphorylated myosin light chain co-localised at the WRAMP, which suggest that calcium-

dependent enzymes such as Calpain-2 are required for cell movement as part of the WRAMP mechanism. 

Calpain-2 mediates the proteolysis of focal adhesion proteins such as Talin-1 and leads to focal adhesion 

disassembly and membrane retraction. Calpain also mediates proteolysis of Filamin-A which binds and 

stabilises actin filaments, suggesting another mechanism for actin reorganisation and cellular movement 

following a calcium signal (Witze et al. 2013). 

Frizzled-3 (Fz-3), a Wnt5a receptor, also co-localised with MCAM at the trailing edge of the cell, likely 

following Dishevelled-mediated Wnt signalling (Witze et al. 2013). Cytoskeletal dynamics proteins such as 

gelsolin and Filamin-A were also localised to the WRAMP structure. Filamin- A crosslinks actin filaments while 

gelsolin is involved in microfilament turnover. Focal adhesion proteins Talin-1 and kindlin-3, which enable 

actin-ECM interactions, were also present (Witze et al. 2013). Microtubule dynamics proteins were present, 

including the nuclear migration protein, Nuclear Distribution C, Dynein Complex Regulator (nudC). 

Furthermore, MAPK1 was present, which functions to disassemble focal adhesions via the phosphorylation of 

calpain, followed by proteolysis of focal adhesion proteins such as Talin-1 (as described above) (Witze et al. 

2013). 
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Figure 7. WRAMP-mediated directional cell migration. Upon stimulation by Wnt5a, receptors including MCAM are 
endocytosed via a dynamin-dependent pathway. This is thought to be triggered by Wnt5a-Dishevelled2-Frizzled-3 
signalling. Upon endocytosis into early endosomes, receptors are trafficked from the leading edge to the trailing edge of 
the cell via late endosomes (MVBs), avoiding lysosomal degradation. This is thought to be mediated by RhoB and Rab4 
trafficking. MCAM may also be trafficked via retrograde transport mediated by COP1β (binding the KKGK motif in the 
intracellular tail of MCAM) to the ER in the WRAMP structure. Simultaneously, various components are recruited to the 
trailing edge of the cell including: cortical ER, cytoskeleton (F-actin / Myosin IIB), cytoskeletal linkers/dynamics proteins 
(IQGAP1/Filamin-A/Talin-1/others), microtubule dynamics proteins (NudC), ER trafficking proteins (COP1β), and various 
other components and enzymes (calpain-2/MAPK1). In the WRAMP structure, IQGAP1 and potentially other proteins 
are thought to link MCAM to the cytoskeleton. Cytoskeletal dynamics result in drawing the rear membrane into 
proximity with the cortical ER. Next, there is a localised calcium release followed by membrane retraction. The calcium 
release may activate local enzymes including Calpain-2 which cleaves Filamin-A linkages. Furthermore, calpain-2 may 
result in the proteolysis of Talin-1, causing detachment from the ECM. Meanwhile, the nucleus is undergoing 
nucleokinesis, and the cell is migrating forwards. 
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Finally, Wnt5a appears to stimulate the depalmitoylation of MCAM at the residue cysteine 590 in its 

intracellular tail (Wang et al. 2015). Palmitoylation is the addition of fatty acyl moieties to cysteines, and acts 

to tether proteins to membranes. This process is reversible, and the addition and removal of palmitate allows 

proteins to move to and from membranes in a dynamic manner (Conibear and Davis 2010). This 

depalmitoylation of MCAM, occuring via the depalmitoylation- mediating enzyme APT1, results in MCAM 

being incorporated into the WRAMP structure at the rear of the cell (Wang et al. 2015). Mutation of C590 to 

a glycine, inhibiting palmitoylation, resulted in an increase of polarised MCAM at the trailing edge of the cell, 

suggesting that palmitoylation maintains symmetrical MCAM expression and that depalmitoylation may be 

necessary for its  transport to the WRAMP structure (Wang et al. 2015). 

A375 melanoma cells, which migrate via an amoeboid-like “blebbing”, have been found to form a structure 

reminiscent of the WRAMP, termed the ezrin-rich uropod-like structure (ERULS) (Lorentzen et al. 2011). The 

ERULS forms as the back of the cell and contains co-localised ezrin, F-actin, myosin light chain, β1-integrin, and 

phosphatidylinositol (4,5)-bisphosphate (Lorentzen et al. 2011). Additionally, moesin was also reported to 

co-localise with F-actin and myosin IIB in a similar structure associated with RhoA-mediated migration in 

melanoma cells (Estecha et al. 2009). Whether MCAM is associated with these structures was not explored, 

however, another structure containing MCAM, moesin, SCRIB, and VANGL2 has been described in 

differentiating myotubes. In myotubes, asymmetric distribution of MCAM anchors the rear of the cell and 

enables myotube elongation (Moreno-Fortuny et al. 2017). Interestingly, MCAM interacts with various 

cytoskeletal linkers including IQGAP1 (Witze et al. 2013), ezrin, radixin, moesin (Luo et al. 2012), and 

hShroom1 (Dye et al. 2009). Hence, MCAM may consistently play a role in rear-directed mechanisms of 

cellular migration and polarisation. 

1.5.6 Moesin 
 

As mentioned above, moesin co-localises with a rear-polarised structure similar to ERULS which is associated 

with cellular migration and is also known to localise at the leading edge of migrating melanoma cells. MCAM 

directly interacts with moesin (Luo et al. 2012) resulting in the recruitment of RhoGDI1. This activates RhoA 

and leads to enhanced melanoma migration (Luo et al. 2012). MCAM and moesin appear to co-localise at the 

cell membrane within cell protrusions at the leading edge of the cell (Luo et al. 2012). Furthermore, moesin 

requires its FERM domain for interaction with MCAM and moesin localisation is altered following MCAM 

knockdown (Luo et al. 2012), which also reduces the migratory capacity of the cells. Interestingly, MCAM-L 

is highly expressed in the microvilli of lymphocytes and is correlated with increasing amount and length of 

these microvilli via cytoskeletal rearrangements (Guezguez et al. 2007). 
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1.5.7 PI3K-AKT Pathway 
 

MCAM has been linked to the PI3K-AKT pathway through multiple lines of evidence. The PI3K- AKT pathway is 

often overexpressed in cancer and results in the downstream inhibition of apoptosis and activation of 

proliferation (Hemmings and Restuccia 2012). AKT is highly activated in melanoma, while it is not in normal 

melanocytes (Li et al. 2003), similar to MCAM. In both melanoma and prostate cancer cells, MCAM and AKT 

have been reported to be involved in a positive feedback loop, with AKT activation upregulating MCAM and 

vice-versa, resulting in the inhibition of apoptosis (Li et al. 2003). As mentioned above, the interaction 

between MCAM and VEGFR-2 stimulates the downstream activation of the PI3K-AKT pathway. Interestingly, 

MCAM- mediated AKT activation could be prevented by blocking MCAM with the AA98 antibody (Jiang et al. 

2012) or by MCAM-knockout (Jiang et al. 2012; Zeng et al. 2014). This suggests that the AA98 antibody blocks 

the interaction between MCAM and VEGFR-2, leading to enhanced cell survival. Furthermore, the interaction 

between Gal-3 and MCAM also results in activation of the AKT pathway (Colomb et al. 2017). However, at 

least one study found no change in phospho-AKT levels following the siRNA knockdown of MCAM (Watson-

Hurst and Becker 2006), and no link between MCAM and the PI3K-AKT pathway has been identified in various 

other cancers, suggesting that the MCAM-AKT pathway may be cell line specific (Ma et al. 2010). 

 

1.5.8 FAK/FYN 
 

MCAM also induces the phosphorylation and activation of FAK, paxillin, and Pyk2, which results in the 

association of the tyrosine kinase FYN with the cytoplasmic tail of MCAM (Anfosso et al. 1998). These findings 

presented early evidence that MCAM initiates an outside-in signalling cascade. MCAM may also be necessary 

for VEGF-mediated FAK activation in melanoma cells, which has been linked with increased trans-endothelial 

migration (Jouve et al. 2015). 

 

1.5.9 Other 
 

Fibroblast growth factor 4 (FGF4) is another known interaction partner of MCAM, though little is known about 

this interaction. Gao et al. found that MCAM played a role in apical- basal polarity and planar cell polarity via 

interactions with FGF4. Here, MCAM was found  to induce lumenogenesis and ciliogenesis through an MCAM-

FGF4-NFAT signalling pathway, as well as by a separate MCAM-mediated activation of JNK (Gao et al. 2017). 

1.6 Aims 
 

MCAM is highly expressed and associated with metastasis in multiple cancers. Despite recent  advances in 

understanding intracellular signalling and trafficking, much remains unknown about the mechanisms of 
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MCAM-mediated cell invasion. Specifically, the molecular interactions of the intracellular tail of MCAM are 

not yet completely understood. There is evidence that the dileucine and tyrosine motifs modulate the 

metastatic potential and cell phenotype in melanoma cell lines. These two domains represent relatively 

understudied facets of the MCAM molecule more generally. Further, investigations into other cell surface 

molecules (including integrins) have shown that the endocytosis/sorting of the molecule is integral to their 

function in cell migration. These mutations were chosen as those most likely to cause an abrogation of 

function in the endocytosis motifs without affecting the conformation or other functions of MCAM. 

Since MCAM appears to have such a prominent role in metastasis, by introducing these mutations we hope 

to discover novel data regarding how MCAM traffics through the cell. We hope to lay the groundwork for 

potentially uncovering novel interaction partners and pathways by which MCAM contributes to metastasis 

in melanoma, which could in turn lead to novel targets and therapeutic breakthroughs. 

We hypothesize that the two putative endocytosis motifs in the cytoplasmic tail of MCAM play a major role 

in the metastatic potential of melanoma, and that this is mediated by their effect on the sorting and recycling 

of MCAM throughout the cell.  

The overall goal of this thesis was to investigate the role of two putative endocytosis motifs in the intracellular 

tail of MCAM. Specific aims were: 

1. To generate Colo239F melanoma cell populations expressing wild-type MCAM, and MCAM 

containing disruptive mutations in the putative endocytosis motifs. 

2. To explore the effect of wild-type and mutant MCAM expression on the metastatic phenotype of 

melanoma cells in vitro, including the effect of MCAM expression on other cell surface proteins 

3. To determine whether the subcellular localisation of MCAM is altered by the disruptive mutations in 

the putative endocytosis motifs. 

4. To investigate the expression of retromer components in melanoma cells, as a preliminary 

inquiry into the potential role of retromer in the intracellular sorting of MCAM 
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CHAPTER II: 

Experimental Procedures 
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2.0 Experimental Procedures 
 

2.1 Vector construction 
 

Constructs were previously generated in pGEM-T-easy (Promega, Madison, WI) containing full-length wild-

type (WT) MCAM using primers which introduced BamHI and EcoRI restriction enzyme (RE) sites compatible 

with the multi cloning site of pLVX-EF1α-IRES-Puro (pLVX) (Clontech, Mountain View, CA) (Table 4). pGEM-

MCAM was used for site-directed mutagenesis to construct mutants (MT) LL623-624AA (MCAM-LA) or Y641A 

(MCAM-YA) using Phusion high fidelity DNA polymerase (New England Biolabs [NEB], Ipswich, MA) and non- 

overlapping primers containing the required base changes to be introduced (Table 4). Briefly, pGEM containing 

the MCAM insert (20 ng) was amplified in a 25 µl reaction using 1 µM site directed primers, 200 µM dNTPs, 

1 x Phusion HF buffer and 1 unit of Phusion DNA polymerase. Cycle conditions were 98°C for 30 seconds (s), 

followed by 25 cycles of 98°C for 10s, 60°C for 20s and 72°C for 20s. The use of non-overlapping primers 

produced a linear fragment which was further modified using the Kinase, Ligase and DpnI treatment kit (NEB) 

as per the manufacturer’s instructions. The kinase and ligase treatment enabled recircularization of the linear 

fragment and the DpnI treatment digested any parental, non- mutated plasmid DNA. These new MT 

constructs were transformed and amplified as described below (Section 2.2). 

Table 4: Primer sequences for MCAM expression vector construction and site directed mutagenesis 

Primer name Primer sequence (5’-3’) 

MCAM_pLVXF (EcoR1) GAATTCAGCATGGGGCTTCCCAGGCTG* 

MCAM_pLVXR (BamH1) GGATCCCTAATGCCTCAGATCGATGT* 

MCAM-L L623A L624A_F GAGATGGGCGCCGCGCAGGGCAGCAGCGG 

MCAM-L L623A L624A_R TTCTGGGAGCTTATCTGAC 

MCAM-L Y641A_F GGAGAGAAAGCCATCGATCTGAGGC 

MCAM-L Y641A_R CTGGTCTCCCGGAGCCCTC 

Restriction enzyme sites are shown in bold and MCAM sequence is underlined 

 

WT and MT inserts were released from pGEM-T-easy using BamHI/EcoRI double digest (High Fidelity [HF] 

enzymes from NEB) and separated by 1.5% agarose gel electrophoresis in Tris- Acetate-EDTA (TAE) buffer. 

WT and MT MCAM DNA bands were excised from the agarose following visualisation on a UV 

transilluminator and purified from the agarose using the ISOLATE II PCR and Gel Kit (Bioline, London, UK), as 

per the manufacturer’s instructions. The pLVX-EF1α-IRES-Puro (pLVX) expression vector (Clontech, Mountain 

View, CA) was also prepared by BamHI/EcoRI double digest, gel separation and purification, as described 

above. 
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Following purification, MCAM fragments were ligated into the BamHI/EcoRI sites of the multiple cloning site 

(MCS) of pLVX-EF1α-IRES-Puro (pLVX) (Clontech, Mountain View, CA). Vector: insert molar ratios of 1:1 and 

3:1 were used in 10 µl ligation reactions containing T4 DNA Ligase (NEB), according to the manufacturer’s 

protocol. Sequence and plasmid information for the pLVX-MCAM constructs are described in Chapter 3. Full 

nucleotide and protein sequence of MCAM are shown in Appendix 1. 

2.2 Transformation and bacterial culture 
 

WT and MT pLVX-MCAM constructs were transformed into chemically competent L10 Gold 

E. coli (kindly provided by Dr Carl Mousley, Curtin University). Plasmid DNA (10 - 100 ng) was combined with 

50 µl XL10 Gold E.coli and incubated on ice for 20 minutes (min), heat shocked at 42oC for 30s, and allowed 

to recover for 5 min on ice. The entire volume was plated on Luria-Bertani (LB)-Agar plates containing 100 

µg/ml ampicillin and incubated at 37˚C overnight (O/N). Single colonies were picked and amplified in 5 mL LB 

containing 100 µg/ml ampicillin at 37˚C with agitation O/N. Plasmid DNA was extracted using the ISOLATE II 

Plasmid Mini Kit (Bioline, London, UK), according to the manufacturer’s instructions. Constructs were 

confirmed by sequencing (Australian Genome Research Facility [AGRF], Victoria, Australia). Sequence analysis 

is further explained in Chapter 3. 

2.3 Cells and maintenance 
 

Cells used, and their maintenance media and supplements are shown in Table 5. Cells were grown to 70-80% 

confluence before sub-culture. Culture media was aspirated, and cells washed using 2 mL Phosphate Buffered 

Saline (PBS) (Sigma Aldrich, St. Louis, MO). Cells were incubated with 500 μL 0.05% v/v Trypsin-EDTA (TE) 

(Gibco, Thermo Fisher Scientific, Waltham, MA) at 37˚C until detached, before being recovered into 5 mL 

culture media and counted using a Particle Counter Z2 (Beckman Coulter, Fullerton, CA). Cells were re-seeded 

such that cells would be 80% confluent after 48-72 h culture. This cell number differed for each cell, according 

to cell size and growth rate. All tissue culture plasticware was from Nunc (Thermo Fisher Scientific). 

2.4 Cell harvesting for experimental procedures  
 

Cells were washed and trypsinised as above, resuspended in culture media, then pelleted by centrifugation 

at 200 g for 5 min. Cells were resuspended in 1 mL media for counting or washed in 3 mL PBS followed by 

centrifugation at 200 g for 5 min depending on the experiment. 
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2.5 Colo239F puromycin kill curve 
 

To determine the concentration of puromycin optimal for selecting transduced Colo239F cells, cells were 

seeded into a 24-well plate at 10 x 105 cells/well in 2 mL culture media and grown for 48 h. Puromycin was 

added to duplicate wells (0-1 μg/mL) and cells observed over 72 hours, with the puromycin-containing media 

changed daily. From this, 0.3 μg/mL puromycin (90% cell death after 72 h at 37˚C) was chosen as the best 

concentration for selection. Following recovery from selection, transduced cells were maintained in medium 

containing 0.075 μg/mL puromycin. 

 

Table 5: Cells used in this study. 

Cell line Origin Notes Growth Media 

Melanoma    

Colo239F Metastatic site – 

 

MCAM negative, unmodified RPMI 

Colo239F-WT Derived from Colo239F MCAM positive RPMI 

Colo239F-LA Derived from Colo239F 
MCAM positive, LL623-624AA RPMI 

Colo239F-YA Derived from Colo239F 
MCAM positive, Y641A RPMI 

Colo239F-Neg Derived from Colo239F 
MCAM negative, control RPMI 

SB2 Primary melanoma MCAM negative DMEM 

SB2 14.1 Derived from SB2 MCAM positive DMEM 

A2058 Metastatic site – lymph node MCAM positive, unmodified RPMI 

MM253# Metastatic site – lymph node MCAM positive, unmodified RPMI 

MM96L Metastatic site – lymph node MCAM positive, unmodified RPMI 

SkMEL-28* 
Metastatic site – lymph node MCAM positive, unmodified DMEM 

Other    

Hek293T* Kidney  DMEM 

All cells used were adherent. RPMI: Roswell Park Memorial Institute; DMEM: Dulbecco’s Modified Eagle Medium (Both 
Gibco, Life Technologies). All media were supplemented with 10% FBS, 10mM Hepes, 2mM L-glutamine, 1mM sodium 
pyruvate. *A2069, SkMEL-28 and Hek293 cells are listed in the American Tissue Type Culture Collection (ATCC); # MM253 
cells are listed in the European Collection of Authenticated Cell Cultures. SB2 cells were kindly provided by Dr Stèphane 
Karlen (Switzerland) and the Colo239F by a colleague. 
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2.6 Transfection and transduction 
 

HEK293T cells were seeded into a 6 well plate at 1.0 x 106 cells/well in Opti-MEM media (Gibco) with 2 mM 

L-glutamine (Gibco) and incubated for 24 hours, then transfected with either MCAM-WT, MCAM-LA, or 

MCAM-YA; and the psPAX2 packaging vector and pMD2.G envelope vector. psPAX2 and pMD2.G were both 

gifts from Didier Trono (Addgene plasmid # 12260; http://n2t.net/addgene:12260; RRID:Addgene_12260 and 

Addgene plasmid # 12259; http://n2t.net/addgene:12259; RRID:Addgene_12259, respectively). 

Transfection was performed according to the Invitrogen Lentiviral production workflow using Lipofectamine 

3000 reagent (Invitrogen, Carlsbad, CA). Briefly, for each well to be transfected, the pLVX-MCAM expression 

vector was combined with the psPAX2 packaging vector, and pMD2.G envelope vector at a 5:3:2 ratio (2, 1.2 

and 0.8 μg respectively) in 250 µl of Opti-MEM (Tube A), while 7 µl of Lippfectamine3000 was also diluted in 

250 µl of Opti- MEM (Tube B). The contents of Tubes A and B were combined and incubated at room 

temperature (RT) for 15 mins before being added dropwise to the HEK293T cells. After 6 hours, the media 

was removed and replaced with fresh OptiMem transfection media. Lentiviral supernatant was collected at 

24 - 48 h post-transfection, clarified by centrifugation at 500 g for 5 min and stored at -80°C. 

For transduction, Colo239F cells seeded at 2.5 x 105 cells/well in a 6-well plate in normal growth media and 

incubated for 24 hours. Lentiviral supernatant was filtered through a 45 μM syringe filter (Millex, Millipore, 

Sigma Aldrich) and volumes of 1 mL, 0.5 mL, or 0.2 mL were used to infect the Colo239F cells (removing an 

equal volume of culture media). Cells were incubated O/N at 37°C and 5% CO2. Viral supernatant media was 

aspirated and replaced with normal growth media 24 h post-infection. Puromycin (0.3 μg/mL) was then added 

to the growth media to select for transduced cells. Media containing 0.3 μg/mL puromycin was replaced daily 

for 72-96 hours, after which it was replaced with media was containing 0.075 μg/mL puromycin as a 

maintenance dose. Colo239F cells surviving selection were expanded and assessed for MCAM expression via 

flow cytometry, immunofluorescence and western blot analysis. 

 

2.7 Antibodies 
 

For a full list of primary, secondary, and control antibodies, as well as their working concentrations refer to 

Tables 6 and 7. 
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Table 6: Primary antibodies used in this study for immunofluorescence (IF), flow cytometry (FC), and western blotting 
(WB) 
 

Target Antibody Concentration Source 

CD146 Mouse monoclonal    IgG2a  
(CC9 cl.19) 

IF: 1 μg/mL 
WB: 1 μg/ml 
FC: 10 μg/mL 

Dr. Andrew  Zannettino 

CD146-ICD Rabbit monoclonal IgG  
(EPR3208) IF: 1 μg/mL Abcam 

Rab4 Rabbit monoclonal IgG 
(EPR3043) IF: 2.5 μg/mL Abcam 

Rab7a Mouse monoclonal IgG2b  
(Rab7-117) 

IF: 2 μg/mL 
WB: 1 μg/mL Abcam 

VPS35 Goat polyclonal IgG IF: 0.6 μg/mL 
WB: 1 μg/mL Abcam 

COP1ß Rabbit polyclonal IgG IF: 9 μg/ml Abcam 

Calnexin Rabbit polyclonal Ig IF: 6 μg/ml Abcam 

ß1-Integrin Mouse monoclonal IgG1 
(P5D2) 

IF: 1 μg/mL 
WB: 1 μg/mL 

 
Abcam 

Rab11 Rabbit polyclonal IgG IF: 1 μg/mL  
Invitrogen 

Golgin97 Mouse monoclonal IgG1 
(CDF4) IF: 1 μg/mL  

Invitrogen 

αVinculin Mouse monoclonal IgG1 
(hVIN-1) IF: 1/200  

Ascites, Sigma 

Lamp-1 Mouse monoclonal  IgG1  
(H4A3) IF: 1 μg/mL Developmental Studies 

Hybridoma Bank 

Lamp-2 Mouse monoclonal I gG1  
(H4B4) IF: 1 μg/mL Developmental Studies 

Hybridoma Bank 

ß1-Integrin Mouse monoclonal IgG1  
(P5D2) IF: 1 μg/mL Developmental Studies 

Hybridoma Bank 

ß-Tubulin Mouse monoclonal  IgG1  
(E7) IF: 1 μg/mL Developmental Studies 

Hybridoma Bank 

Moesin Rabbit polyclonal IgG IF: 1 μg/mL Sigma 

Galectin-3 Rat monoclonal IgG2a  
(Mac-2 M3/38) IF: 1 μg/mL Developmental Studies 

Hybridoma Bank 
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Table 7: Secondary and isotype antibodies used in this study for immunofluorescence (IF), flow cytometry (FC), and 
western blotting (WB). 

 

HRP: horse radish peroxidase; FITC: fluorescein isothiocyanate 

 

Target Antibody Concentration Source 

Isotype controls    

Mouse IgG2a  
IF: 1 μg/mL 

FC: 10  μg/mL 
Zymed, Thermo Fisher Scientific 

Mouse IgG1 IF: 1 μg/mL Zymed, Thermo Fisher Scientific 

Rabbit IgG IF: 1 μg/mL Zymed, Thermo Fisher Scientific 

Rat IgG IF: 1 μg/mL  Zymed, Thermo Fisher Scientific 

Secondary antibodies    

Anti-mouse IgG1 AlexaFluor 488 IF: 1/400 Invitrogen, Thermo Fisher Scientific 

Anti-mouse IgG2a AlexaFluor 546 IF: 1/400 Invitrogen, Thermo Fisher Scientific 

Anti-mouse IgG AlexaFluor 488 IF: 1/400 Invitrogen, Thermo Fisher Scientific 

Anti-rabbit  IgG AlexaFluor 488 IF: 1/400 Invitrogen, Thermo Fisher Scientific 

Anti-rat IgG AlexaFluor 488 IF: 1/400 Invitrogen, Thermo Fisher Scientific  

Anti-mouse IgG HRP WB: 1/1000 DAKO, Glostrup, Denmark 

Anti-mouse IgG FITC FC: 1/40 DAKO, Glostrup, Denmark 
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2.8 Flow cytometry 
 

2.8.1 Single colour cell surface analysis 
 

Flow cytometry was used to assess MCAM surface expression in Colo239F cells. Cells were harvested as above 

using 2.5 mM mM ethylenediaminetetraacetic acid (EDTA) in PBS, counted, and resuspended at 3.0 x 106 

cells/ml in PBS/0.25% v/v BSA/1 mM EDTA (PBS/BSA). 1.5 x 105 cells (50 µl) were then aliquoted into round-

bottomed tubes. Cells were labelled with primary antibody or isotype control (Tables 6, 7) diluted in 50 µl 

PBS/BSA and incubated for 30 min on ice. Cells were then washed with 3 ml PBS/BSA and centrifuged at 200 

g for 5 min at 4˚C. The wash buffer was removed and cell pellet resuspended in 50 µl species-specific FITC-

conjugated antibody (Table 6) in PBS/BSA for 30 min on ice in the dark, then washed with PBS/BSA, followed 

by PBS, as above. Dead cells were labelled with Zombie- NIR (Biolegend, San Diego, CA) diluted 1:2400 in PBS, 

then washed as above. Cells were resuspended in 100 μL PBS/BSA containing 1% v/v paraformaldehyde in 

PBS (PFA/PBS), then stored on ice in the dark. Samples were processed on the Attune® Acoustic Focusing Flow 

Cytometer (Applied Biosystems, Foster City, CA) or the BD LSRFortessa™ cell analyser (BD Biosciences, Becton 

Dickinson, Franklin Lakes, NJ). Data was analysed using FlowJo v10 (Tree Star, Ashland, OR). Cell populations 

were gated via forward/side scatter to exclude cell debris and for live cells, with 10 000 - 50, 000 events 

collected per sample. Fluorescence intensity was expressed as geometric mean of the gated populations. 

 

2.8.2 Single colour total cell analysis 
 

Flow cytometry was also used to analyse protein expression in permeabilised cells. Cells were harvested as in 

section 2.8.1. Cells were then fixed in 4% PFA on ice for 15 mins, pelleted at 200 g for 5 min, then resuspended 

at 3.0 x 106 cells/ml in permeabilisation buffer (PBS/0.5% BSA/0.1% saponin (Sigma Aldrich) and incubated 

on ice for 10 min. 1.5 x 105 cells (50 µl) were then aliquoted into round-bottomed tubes and labelled with 

primary or isotype  control antibodies diluted in permeabilisation buffer for 30 min on ice. Cells were then 

washed in 4 mL permeabilisation buffer and collected by centrifugation at 200 g for 5 min at 4˚C. Subsequently, 

cells were incubated with species-specific FITC-conjugated antibody in permeabilisation buffer for 30 min on 

ice in the dark, then washed as above. Finally, the cells were resuspended in 100 μL PBS/BSA containing 1% 

v/v paraformaldehyde in PBS (PFA/PBS),  then stored on ice. Samples were analysed as in section 2.8.1. 
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2.8.3 Cell sorting 
 

Cell sorting was used to collect MCAM-positive and MCAM-negative cell populations of Colo239F cells 

transduced with MCAM-WT, MCAM-LA and MCAM-YA. Each cell population underwent a preliminary and 

final sort to increase the purity of the positive cell populations. For setting gates: 2.5 x 105 cells were aliquoted 

into two round bottom tubes and labelled with anti-MCAM CC9 or mouse IgG2a isotype control antibody in 

sorting buffer (phenol red free RPMI/1 mM glutamine/1 mM NaP/1 mM HEPES/5% v/v FCS/25 mM sucrose) 

for 30 min on ice. Cells were washed with 3 mL sorting buffer followed by centrifugation at 200 g for 5 min 

at 4˚C. For sorting: 5.0 x 106 cells were added to nine consecutive sterile round bottom tubes, labelled with 

anti-MCAM antibody CC9, and washed as above. All cells were then incubated with α-mouse FITC antibody in 

sorting buffer, followed by Zombie-NIR as described above (section 2.8.1). Samples for sorting were combined 

and processed on a FACSJazz™ cell sorter (BD Biosciences, Becton Dickinson, Franklin Lakes, NJ). MCAM-

negative and MCAM- positive cell populations were gated and sorted, before being returned to cell culture 

for expansion and further analyses. 

 

2.9 Immunofluorescent staining 
 

Glass coverslips (10 mm2 diameter, Number 1 thickness) were UV (ultraviolet) sterilised and coated with 1 

μg/cm2 collagen I (Sigma Aldrich) in PBS in a 24-well plate O/N at 4oC, before being washed with PBS. Cells 

were then seeded onto the coverslips at 1.5 x 105 cells per well and grown to 70-80% confluence in normal 

media at 37°C and 5% CO2. Cells for migrating cell stains were allowed to grow to 90% confluence and then a 

wound was created by dragging a p1000 pipette tip along the surface of the coverslip. The medium was then 

replaced and cells allowed to migrate for 8 – 16 hours. 

Prior to staining, cells were washed with warm HEPES buffered saline (HBS; 150 mM NaCl, 10 mM HEPES, 1mM 

MgCl2, 1 mM CaCl2), fixed with 4% PFA in HBS for 15 min at RT, and permeabilised with 0.1% v/v Triton X-100 

(AMRESCO, Inc., Solon, OH) in HBS for 3 min at 4°C. Cells were rinsed with 3 x 1 mL HBS before incubation in 

blocking buffer (HBS, 10% v/v goat serum [Sigma-Aldrich], 1% v/v BSA) at 4°C overnight or 1 h at RT. Primary 

antibody was diluted in 2% v/v goat serum in HBS and 150 μL was added per coverslip and incubated for 1 h 

at RT. Coverslips were washed with 3 x 1 mL HBS for 5 mins. Secondary antibody was diluted in 2% v/v goat 

serum in HBS and 150 μL was added per coverslip and incubated at RT for 45 mins. Coverslips were washed 

3 x 5 mins with HBS. 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI; Sigma-Aldrich) was diluted to 1 

μg/mL in HBS and 150 μL was added to the coverslips for 10 mins at RT. Coverslips were washed twice with 

HBS and mounted on glass slides using Vectashield mounting media (Vector Laboratories, Burlingame, CA). 

All imaging was performed using a Nikon A1 confocal microscope and analysis performed using NIS-Elements 

Viewer (Nikon, Tokyo, Japan) and ImageJ (National Institutes of Health, Bethesda, Maryland, USA). 
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2.10 Migration and Cell Spreading Assays 
 

2.10.1 Random Motion Motility Assay 
 

Cells were seeded at 3.0 x 103 cells/well in 10 wells of a 96-well plate in normal growth medium and incubated 

at 37°C and 5% CO2 for 30 min. The Tokai Hit® INU Stage Top Incubator and INUG2A Control Unit were used 

to perform live cell imaging on the Nikon A1 confocal microscope. Cells were incubated at 37°C and 5% CO2 

for 16-20 h, with phase contrast images taken at 30 min increments. Images were converted to .avi format 

and processed using Fiji (ImageJ) by utilising the manual tracking plug-in. Approximately 10 cells were tracked 

per well, with 10 wells analysed per cell population (100 cells in total). Cells were excluded from tracking if 

they had not spread out on the plastic, if they were unidentifiable from neighbouring cells, and if they 

remained stationary. Analysis was performed by calculating the total distance travelled and the distance from 

starting point to end point along a straight line. 

 

2.10.2 Wound Healing Assay 
 

Cells were seeded at 5.0 x 103 cells/well in 10-20 wells of a 96-well plate in normal growth medium and 

incubated at 37°C and 5% CO2 O/N. Wounds were created using the IncuCyte® WoundMaker™. Cells were 

then rinsed 2x with 0.1 mL PBS and incubated in normal media with mitomycin C (0.3 µM) (Sigma Aldrich) 

O/N, which was previously shown in our laboratory to inhibit Colo239F proliferation. This allowed cell 

movement/invasion into the wound to be assessed without the potential confounder of cell proliferation. 

Cells were then visualised as in section 2.10.1. 

 

2.10.3 Cell Spreading Assay 
 

Cell adhesion assays were performed in 96-well plates. Nine wells were coated with 30 μL of matrix proteins 

diluted in PBS (Table 8) at 2 μg/cm2 O/N at 4°C. Wells were washed twice with PBS. Cells were seeded at 2.0 

x 103 cells per well in spreading media (RPMI/20 mM HEPES/2 mM L-glutamine/0.2% (w/v) BSA/ 1mM 

MgCl2/0.1 mM CaCl2). Cells were visualised at 37°C and 5% CO2 for 5 h and imaged at 100 x magnification 

every 15 min using the Nikon A1 confocal microscope. Quarter fields of view for each well were analysed and 

the percentage and length of cells which had spread were calculated at two time points (1 h, 2 h) using Fiji 

(ImageJ). For cell length, 50-500 cells per cell type were measured.  
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Table 8. Matrix proteins used to coat 96-well plates in spreading assays. 

Matrix Protein Source 

Collagen Type I from calf skin 

Sigma Aldrich, St. Louis,  

Missouri, USA 

Collagen Type IV from human placenta 

Fibronectin I 

Laminin I from Engelbreth-Holm-Swarm  murine sarcoma 

 

2.11 Cell lysate preparation 
 

Cells were harvested (Section 2.4) and either stored at -80°C as pellets or processed immediately. Cell lysates 

were prepared by adding 100 μL lysis buffer (PBS/1% v/v NP40 [Sigma-Aldrich] containing 1x Complete 

Protease Inhibitor [Roche, Basel, Switzerland]) to the cell pellets. Lysates were incubated on ice for 30 min, 

centrifuged at 10,000 g at 4°C for 20 min, and supernatants collected. 

 

2.12 BCA assay 
 

Total protein content of lysates was measured using a bicinchoninic acid assay (BCA) (Thermo Fisher) according 

to the manufacturer’s instructions. Duplicate standard curves were produced in a 96-well plate and diluted 

lysates were measured against the curve. Standards and samples were both diluted in lysis buffer and 200 μL 

of BCA solution was added to each well. The plate was incubated at 37°C for 30 min and absorbance measured 

at 562 nm on the EnSpire Multinode Plate Reader (Perkin Elmer, Waltham, MA). Data were analysed in Excel. 

 

2.13 SDS-PAGE, western blot and membrane staining 
 

Samples were prepared by mixing equal volumes of lysate and 2x SDS loading buffer (4% SDS, 20% glycerol, 

0.01% bromophenol blue, 100M Tris-HCl, pH 6.8; all from Sigma Aldrich) and boiling for 5 min at 95°C. 

Samples were separated via 10% SDS PAGE gel using a mini-gel apparatus (Hoefer, Holliston, MA) at 25 mA 

for 3 h. The SDS-PAGE running gel contained 10% 37.5:1 acrylamide/bis (Bio-Rad), 375 mM Tris-HCl, pH 8.8, 

0.1% SDS; and the stacking gel contained 4% acrylamide/bis, 125mM Tris-HCl, pH 6.8, 0.1% SDS. Both were 

polymerised with the addition of ammonium persulfate and Temed. Following gel electrophoresis, samples 

were transferred onto a polyvinylidene difluoride (PVDF) membrane (MilliporeSigma, Burlington, MA) using 

a wet transfer system (GE Healthcare, Chicago, IL) at 150 mA for 1 h. The membrane was blocked using 

blocking buffer (5% w/v skim milk powder in PBS, 0.1% v/v Tween-20 [PBST]; Sigma Aldrich) at RT for 1 h or O/N 

at 4°C. Primary antibodies were diluted in blocking buffer and incubated with the membrane a RT for 1 h or 

overnight at 4°C. The membrane was washed 3 x with 5 mL PBST (5 min/wash). Species-specific HRP- labelled 
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secondary antibodies diluted in PBST were incubated with the membrane for 45 min at    RT with agitation. 

Finally, the membrane was washed as above then rinsed with PBS. The membrane was developed using 

Clarity™ Western ECL Blotting substrate (Bio-Rad, Hercules, CA) and imaged on the ChemiDoc™ MP Imaging 

System using Image Lab Software version 6.01 (Bio-Rad). 

 

2.14 Co-immunoprecipitation of MCAM and β1-integrin 
 

Cells were harvested as above using 2.5 mM EDTA and washed twice in ice-cold PBS. The cell pellet was 

resuspended in lysis buffer (PBS/1% NP40 v/v) at 5 x 107 cells per mL, lysed on ice for 30 min, then pelleted 

at 10,000 g at 4°C for 30 min. 50 μL Protein G sepharose beads (Sigma Aldrich) were washed in 200 μL ice-

cold PBS 3x by centrifugation at 100 g for 3 min then kept on ice. Supernatant collected from the lysate was 

incubated with the pre-washed Protein G beads end-over-end for 2 h at 4°C. Beads were then pelleted and 

pre-cleared supernatant collected and split equally between two 1.5 mL tubes. Anti-MCAM-ICD and anti-rabbit  

IgG isotype antibodies were diluted first in lysis buffer then added to separate lysates at a final concentration 

of 1 μg/mL, then incubated for 1 h end-over-end at 4°C. Protein G beads (100 μL per sample) were washed 3 

x 3 min with PBS at 100 g. The lysates and beads were combined and incubated O/N end-over-end at 4°C. 

Samples were pelleted as above, supernatant was collected to check for unbound proteins, and beads were 

washed 2 x 3 min   with lysis buffer and 1 x 3 min with ice-cold PBS to remove unbound (non-specific) proteins.   

Samples and pre-collected supernatants were then processed according to section 2.12.  

 

2.15 RNA extraction and cDNA synthesis 
 

Biological replicates (n=5) from each melanoma cell line (Table 4) were harvested and pelleted, then stored 

at -80˚C until use. Cell pellets were lysed with 1 mL TRI Reagent® (Sigma-Aldrich), transferred to a 1.5 mL 

microtube and mixed vigorously with 0.2 mL chloroform for 15 s. After resting for 5 min at RT, samples were 

centrifuged at 12,000 g at 4˚C for 30 min. The aqueous layer containing RNA was transferred to a new tube, 

mixed with 0.5 ml isopropanol and stored at -20˚C for 20 min, followed by centrifugation at 12,000 g at 4˚C 

for 30 min. The supernatant was eluted, and the pellet was washed in 0.5 mL 70% v/v ethanol, then 

centrifuged at 8,000g for 10 min. The ethanol was removed, and the samples air dried for 1 h before 

resuspension in 50 μL RNAse-free water. RNA concentration and purity was determined using the 

Nanodrop™ 1000 spectrophotometer (ThermoFisher Scientific). 500 ng of RNA was used for cDNA synthesis 

using the Tetro cDNA Synthesis Kit (Bioline) using random hexamer and Oligo (dT) primers; total reaction 

volume 20 μl. Thermocycling conditions were: 10 mins at 25°C, 1h at 42°C, 10 mins at 65°C. 5 μL cDNA was   

diluted 1:10 in DEPC-treated water for use in qPCR; with the remainder stored neat at -20˚C. 
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2.16 Quantitative Real-Time PCR (qPCR) 
 

All qPCRs were conducted using the 2x SensiFASTTM Sybr® No-ROX (Bioline) reaction mix, according the 

manufacturer’s instructions. Reference genes analysed included beta-actin (ACTB), succinate dehydrogenase 

complex subunit A (SDHA), TATA-binding protein (TBP) and glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). Target genes including the sorting nexins (SNX) SNX1-6, SNX17, SNX27, SNX31; vacuolar protein 

sorting-associated proteins VPS26A, VPS26B, VPS29, VPS35, and Ras-related protein Rab7A were analysed 

(see Table 9 for oligo sequences, annealing temperatures and amplification efficiency data). qPCR was 

performed using 7.5 μL 2x SensiFASTTM Sybr ® No-ROX, 1 μL 1:10 diluted cDNA, and 1 μL of each primer at 10 

μM. Cycle conditions were: 95°C for 2 min followed by 40 cycles of 95°C for 10s, annealing step for 15s (see 

Table 9 for primer-specific annealing temperatures), and 72°C for 20s. Melt curve analysis was performed at 

95°C for 15 s, followed by 55°C to 95°C, over 5 min at 0.5°C increments. 

Primer efficiency was assessed using serial dilutions of pooled cDNA and plotting the Ct value of the dilutions 

against a log scale of the dilution factor, then using the slope of the line to determine efficiency using the 

formula (10(-1/slope)-1) x 100 (see Appendix 2 for efficiency graphs). Melt curve analysis was performed to 

determine a single amplicon for all experiments and amplicons were also electrophoresed for a subset of 

samples to confirm an amplicon of the expected size (data not shown). Data were analysed by the delta-delta-

Ct (ΔΔCt) method (Schmittgen and Livak 2008). Ct values were normalised against the geometric mean of 

the housekeeping gene/s Ct for each sample, and then against the average ΔCt of the SB2 cell line for each 

gene (used as a control sample due to being MCAM-negative and non- metastatic). 

 

2.17 siRNA knockdown 
 

Pre-validated siRNA constructs were chosen to knockdown VPS35 and SNX3 and AllStars Negative Control 

siRNA (Qiagen) was used as a control. A lipofectamine only control was also used. siRNA and lipofectamine 

master mixes were prepared by adding either 12.5 uL of siRNA (10 uM) or lipofectamine to 162.5 uL Opti-MEM 

media (Gibco) per sample. The siRNA and lipofectamine master mixes were mixed and incubated at RT for 

20 min. MM253 cells were seeded at 6.0 x 104 cells/well into a 6-well plate containing 2 mL normal culture 

media and, while they were still in suspension prior to adhering, the siRNA/lipofectamine master mix was 

added. Transfected cells were incubated 48 h at 37°C and 5% CO2 and then assessed for knockdown of VPS35 

or SNX3 via western blot.  
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Table 9: Target and reference gene primers used in q-PCR.  

SNX1, SNX17, SNX27, VPS29 primer sets did not achieve ideal efficiency, so data was interpreted with care and 
optimisation is ongoing. 

 

 

Gene Forward primer 

(5’-3’) 

Reverse Primer 

(5’-3’) 

Efficiency 

(%) 

Annealing 

Temp 

SNX1 AAGCACTCTCAGAATGGCTTC CGGCCCTCCGTTTTTCAAG 108.52 66˚C 

SNX2 TCTGCTCCCGTGATCTTTGAT AAACCAAGAAAGTCGCTGAATCT 90.94 60 ˚C 

SNX3 CCAAGCCGCAGAACCTGAAT GACCCTGATTTCGTAAGTGGTG 120.51 64˚C 

SNX4 GAGTCAGAGCTAGAGTAGCAGAT ATGGCACTCCATTCACTGAAAA 98.65 64˚C 

SNX5 TCTGTATCTGTGGACCTGAATGT GTGGGCAGTGTGGTCTTGT 93.77 60˚C 

SNX6 TTTCTTTGAGCACGAACGAACA GACCTAGACCTTCGATACAGGAG 94.52 60˚C 

SNX17 CGCCTACGTGGCCTATAACAT CAATGGGTCTTGCCGAACAG 87.44 62˚C 

SNX27 CAAGTCCGAGTCCGGCTAC CCTGCTCGAATCAGGTCCA 90.81 64˚C 

SNX31 GCACGTTGGAACGAACAG CTTTCTTGGTGGCGATGTCA NA NA 

SNX31.2 GGGCAAGCTCTCTGTTGTGAA TTCGGAGTCCAACCTTACAGT NA NA 

VPS26A TTCAGGAAAGGTAAACCTAGCCT ATTGGCACCGATGTAAGATTCAT 89.31 62˚C 

VPS26B CTGAACGATGCAGAGAGTAGGA CCCCGTCGTAGAAGAGGAAATA 93.00 64˚C 

VPS29 TGCAACAGTTTGCCAGCTAAA CCTCTGCAACAGGGCTAAGC 118.43 66˚C 

VPS35 GTTTTGACTGGCATATTGGAGCA TCTGGTGTAACTCAGCACAGG 101.22 60˚C 

RAB7A AGACTGCTGCGTTCTGGTATT ACTTGTCTGTTTTCGAGGTCAAT 82.96 66˚C 

TBP CCCGAAACGCCGAATATAATCC AATCAGTGCCGTGGTTAGTG 97.99 62˚C 

ACTAB TCCCTGGAGAAGAGCTACG GTAGTTTGGATGCCACA 103.64 48˚C 

SDHA TGGCATTACGACACCGTG GCCTGCCGTGGTTAGTG 86.1 50˚C 

GAPDH AAGGGATTTGGTCGTATTGGGC AGGGATGATGTTCTGGAGAGCC 89.0 58˚C 

MCAM-L CGCTGTCCTCTATTTCCTCTAT CAACTACAAGTTCGCTCTTACG 121.92 62˚C 

MCAM-S CGCTGTCCTCTATTTCCTCTAT TTTCTCTCCATCTCCTGCTTC 80.96 60˚C 
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2.18 Cell aggregation assay 
 

Cells were harvested using 2.5 mM EDTA and washed with serum-free RPMI. Cells were resuspended in 

adhesion media (RPMI, 0.5% v/v BSA, 100 mM HEPES, 1 mM sodium pyruvate) at 1.5 x 106 cells/mL. 200 uL 

of the cell suspension was added to a round-bottom tube and incubated at 37°C for 40 min to allow cell 

aggregation. 100 uL of 4% v/v paraformaldehyde in PBS was then added to prevent further aggregation. Wet 

mounts of the cells were viewed under the x4 objective lens using an Axiovert S100 microscope and imaged 

using the MC80 camera unit (Zeiss, Oberkochen, Germany). Aggregate area was measured using the Scion 

Image beta 4.02 software (2000 Scion Corporation, Frederick, MD). 

 

2.19 Cell network assay 
 

Wells of a 96-well plate were coated with 40 μL of Matrigel (BD Biosciences), diluted 3:1 with cold PBS. The 

Matrigel was polymerised by incubating at 37°C for 30 min. Cells were then harvested using 2.5 mM EDTA, 

washed and resuspended in culture media at 2.0 x 105 cells/mL. 100 μL of the cell suspension was added to 

each well. The cells were incubated at 37°C and 5% CO2 for 24 h and imaged using an Axiovert S100 

microscope and imaged using the MC80 camera unit. 

 

2.20 Growth curves 
 

Cells were harvested as above and pelleted at 200 g for 5 min, resuspended in 1 mL media, and seeded into 

each well of a 24 well plate at 1 x 104 cells/mL, then incubated at 37°C and 5% CO2. Wells were harvested in 

quadruplicate using 0.2 mL TE, resuspended in 0.5-1 mL of growth medium, and counted using the Beckman 

Coulter® Particle Counter Z2 daily for six days. A growth curve was generated by plotting cell number against 

time in hours for each cell line assayed. Cell doubling time was calculated from the curve. 

 

2.21 Statistical Analysis 
 

GraphPad Prism™ was used for all statistical analysis. Data was analysed using the d’Agostino’s K-Squared 

test to determine whether it was normally distributed. Normally distributed data was analysed using ANOVA 

followed by  the post-hoc  Dunn’s multiple comparisons test. Non-normally distributed data was analysed 

using the non-parametric Kruskal-Wallis followed by the post-hoc Dunn’s multiple comparisons test. A p ≤ 

0.05 was considered statistically significant. 
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CHAPTER III: 
 

Plasmid and Cell Line Generation 
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3.0 Plasmid and Cell Line Generation 
 

3.1 Introduction 
 

Multiple studies have investigated the role of MCAM by transfecting full-length MCAM into MCAM-negative 

melanoma cells. MCAM expression is markedly increased as melanocytes undergo transformation into 

malignant melanoma (Luca et al. 1993), so enforced expression of MCAM is a valuable experimental 

procedure for exploring the role MCAM plays in melanoma progression. Significantly, this approach allows 

for MCAM-negative and MCAM-positive cells to be theoretically identical in every other way, controlling for 

differences between cell populations. 

The first study of this type transfected three MCAM-negative melanoma cell lines with full- length MCAM, 

and found that MCAM increased homotypic adhesion and aggregation between melanoma cells (Johnson et 

al. 1997). Later, a study by the same group transfected the MCAM-negative SB2 cell line with full-length 

MCAM and found increased tumorigenicity and metastasis, indicated by increased adhesion, aggregation, and 

invasiveness of these cells (Xie et al. 1997). Similar findings were established later, where forced expression 

of MCAM in two MCAM-negative melanoma cell lines showed increased adhesion and formation of tumour 

clusters (Schlagbauer-Wadl et al. 1999). Later, the role of MCAM-L in melanoma was explored by transfecting 

full- length MCAM into three cell lines (Dye 2007). This study again found an increase in homotypic adhesion, 

a decrease in cell-ECM interactions, and increased invasion, suggesting that MCAM may favour collective 

migration of melanoma cells (Dye 2007). 

In non-melanoma cells, MCAM-L and MCAM-S have been transfected into natural killer (NK)  cells as well as 

endothelial cell lines (Guezguez et al. 2006; Guezguez et al. 2007). These studies found that MCAM-L, but not 

MCAM-S, increased the transendothelial migration of NK cells (Guezguez et al. 2006). These studies also found 

the dileucine motif in the intracellular tail of MCAM-L was involved in targeting it to the basolateral 

membrane in endothelial cells, while MCAM-S was targeted to the apical membrane (Guezguez et al. 2007). 

The role of MCAM has been well-established in the literature, but specific mechanisms by which MCAM 

contributes to phenotypic changes in melanoma progression are not completely understood. Furthermore, 

the role of specific domains in the intracellular tail requires further investigation. Therefore, the MCAM-

negative Colo239F human melanoma cell line was chosen to develop cells expressing WT and mutant (MT) 

MCAM. This cell line was derived from a melanoma on a patient’s shoulder (Moore et al. 1980) and was 

chosen due to its lack of endogenous MCAM expression, to complement work previously completed in our 

laboratory using the SB2 MCAM negative cell line. To evaluate the role of the putative endocytosis (di-leucine 

and tyrosine ) motifs in the intracellular tail of MCAM, mutations were introduced to replace residues in these 

motifs with alanine. Alanine was chosen as it contains a chemically inert methyl function group, can mimic 

the secondary structure of many other amino acids and is unlikely to cause conformational changes. The goal 
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of this approach was to explore potential loss/gain-of-function changes in the phenotype in these cells, 

compared to Colo239F cells expressing WT-MCAM, or MCAM- negative Colo239F cells.  

Previously, lipid based plasmid transfection was used in our laboratory to introduce MCAM into the SB2 

melanoma cells. However, this process had a low success rate and required multiple rounds of selection and 

single cell cloning (Dye 2007). Considering this, and the technological advances made since 2007, a lentiviral 

transduction system was chosen to introduce WT and mutant (MT) MCAM sequences into the Colo239F cell 

line. The lentiviral system chosen utilised the pLVX-EF1α-IRES-Puro transfer vector, which contains an internal 

ribosomal entry site (IRES) situated between the inserted gene and a puromycin resistance gene, which allows 

bicistronic expression from a single promoter (Fig. 8). To complement this, the second generation pMD2.G 

envelope plasmid and  psPAX2 packaging plasmid were used. 

Furthermore, considering the lack of literature exploring the role of the putative endocytosis/recycling motifs 

in the function of MCAM, in silico analyses were used to explore the structural stability of the mutations chosen 

for this study. A previous study suggested that a L623P or Y641G mutation could be associated with increased 

degradation of the MCAM protein in transfected cell lines (Dye 2007).  

The COSMIC (catalogue of somatic mutations in cancer) identifies 375 mutations in nearly 40 000 samples 

(Tate et al. 2019). Amongst these, three variants at amino acid (AA) 623 were described (L623I, all in colon 

carcinoma); with none at AA 641, although there were four at AA 643 (D643N and D643Y; in colon, 

haemopoietic and endometrial cancer)(Tate et al. 2019). The small numbers of mutations described in these 

residues, and none associated with melanoma, suggests they may be important in MCAM function.  

This chapter describes the generation of the plasmid constructs used to transduce the Colo239F cell line with 

WT and mutant MCAM, as well as the generation and characterisation of stable Colo239F cell populations 

expressing WT and MT MCAM, 

 

3.2 Supplemental Methods 
 

3.2.1 Prediction of Effect of Amino Acid Substitutions 
 

The MCAM protein sequence (NP_006491.2) was submitted to various software tools along with the amino 

acid substitutions used in this study (LL623-624AA and Y641A) to predict the effect these mutations might 

have on the structure and function of the protein. Software utilised included: PolyPhen-2 (Adzhubei et al. 

2010), PROVEAN (Protein Variation Effect Analyzer) (Choi and Chan 2015), PMut 2017 (López-Ferrando et al. 

2017), and Align-GVGD (Tavtigian et al. 2008). In addition, iPTREE-STAB and iMutant 3.0 were used to 

determine potential effects on protein stability at 37˚C and 7.4 pH (Capriotti et al. 2005; Huang et al. 2007), 

with parameters were otherwise left at default. 
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3.3 Results 
 

3.3.1 Construction of lentiviral expression vectors 
 

pLVX-EF1α-IRES-Puro constructs were successfully generated containing MCAM-WT, MCAM- YA (Y641A), or 

MCAM-LA (LL623-624AA) inserts (described in Section 2.1) and validated by sequencing. The motifs 

containing targeted amino acids are shown in Fig. 8A. The cropped sequences of successfully generated 

constructs are shown in Fig. 8B, with the top consensus  sequence displaying the LL623-624AA mutation, and 

the bottom consensus displaying the Y641A mutation. The rest of the intracellular MCAM sequence was 

unchanged from WT- MCAM (Fig. 8A). Plasmid maps for the pLVX-EF1α-IRES-Puro and pGEM-T-Easy TA 

cloning vector used are shown in Fig. 8C. 

 

Figure 8. Sequence and plasmid information. (A) Sequence and putative domains in the intracellular tail of MCAM. (B) 
Sequencing results following insertion of mutant MCAM-LL623-624AA and MCAM- Y641A sequences into pLVX aligned 
with wild-type MCAM using Geneious™. Gaps in the green consensus sequence indication position of mutations. (C) 
pLVX-EF1α-IRES-Puro and pGEM-T-Easy plasmid maps (adapted from manufacturer). 
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3.3.2 Transfection, transduction and flow sorting 
 

Parental Colo239F cells displayed a very low level of endogenous MCAM expression via flow cytometry, with 

approximately 1.6% cells showing low MCAM expression (Fig. 9A). Following   puromycin selection and cell 

expansion, parental Colo239F cells transduced with either pLVX-WT, pLVX-YA, or pLVX-LA were analysed for 

MCAM cell surface expression via flow cytometry (Fig. 9). 

Colo239F cells transduced with pLVX-WT produced two cell populations displaying bimodal MCAM 

expression: Colo239F-WT1.1 (28.8%) (data not shown) and Colo239F-WT1.2 (71.5% MCAM-positive) (Fig. 9B). 

The Colo239F-WT1.2 cells were subjected to cell sorting to produce the MCAM-positive Colo239F-WT2.1 

(94.4% MCAM-positive) and MCAM-negative Colo239F- WT2.1-Neg (9.03% MCAM-positive) cells (Fig. 9C-D). 

The Colo239F-WT2.1 cell population was   then subjected to an additional round of cell sorting to produce 

the final Colo239F-WT3.1 (94.8% MCAM-positive) (Fig. 9E) and Colo239F-WT3.1-Neg (0.42% MCAM-positive) 

cells (Fig. 9F). 

Colo239F cells transduced with pLVX-LA also produced a cell population with bimodal MCAM expression: 

Colo239F-LA1.1 (5.82% MCAM-positive) (Fig. 9G). The Colo239F-LA1.1 cells were then subjected to cell sorting 

to produce the MCAM-positive Colo239F-LA2.1 (69.9% MCAM- positive) (Fig. 9H) and MCAM-negative 

Colo239F-LA2.1-Neg (7.07% MCAM-positive) cells (Fig. 9I). As the Colo239F-LA2.1 cell population had two 

distinct peaks, it was subjected to an additional round of cell sorting to produce a more homogenous MCAM 

positive population, Colo239F-LA3.1 (92.2% MCAM-positive) (Fig. 9J) and Colo239F-LA3.1-Neg (0.74% 

MCAM-positive) cell s (Fig. 9K). 

Colo239F cells transduced with pLVX-YA produced two cell populations with bimodal MCAM expression: 

Colo239F-YA1.1 (4.02% MCAM-positive) (Fig. 9L) and Colo239F-YA1.2 (1.82% MCAM-positive) (data not 

shown). The Colo239F-YA1.1 cells were subjected to cell sorting to  produce the MCAM-positive Colo239F-

YA2.1 (66.6% MCAM-positive) (Fig. 9M) and MCAM- negative Colo239F-YA2.1-Neg (2.03% MCAM-positive) 

(Fig. 9N) cells. The Colo239F-YA2.1 cells were then subjected to an additional cell sort to produce the final 

Colo239F-YA3.1 (79.5% MCAM-positive) cell population (Fig. 9O). For comparison, the native MCAM- 

expressing human melanoma cell line MM253 is shown in Fig. 9P.  

Colo239F-WT3.1, Colo239F-YA3.1, Colo239F-LA3.1, and Colo239F-LA3.1-neg cells lines were chosen for 

further analysis. These cell populations were maintained in cell culture for 4 weeks and MCAM expression 

remained stable when cells were grown in a maintenance concentration of 0.075 ug/mL puromycin. 

Intermediary and final cell populations were all frozen down and stored in liquid nitrogen. 
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3.3.3 Immunofluorescence Analysis 
 

The cellular localisation and expression of MCAM were explored by immunofluorescent staining. Cellular 

distribution of MCAM was largely consistent between the Colo239F-WT3.1, Colo239F-LA3.1, and Colo239F-

YA3.1 cells(Fig. 10C-H). The staining pattern of MCAM was also consistent with the native MCAM-expressing 

MM253 cells (Fig. 10A-B). MCAM staining appeared throughout the cell, with strong cell surface staining. 

  



48  

3.3.4 Western Blot Analysis 
 

Total cellular MCAM expression was examined by SDS-PAGE and western blot analysis following flow 

cytometric analyses of cell surface MCAM. Lysates were prepared for the Colo239F-WT3.1, Colo239F-LA3.1, 

Colo239F-YA3.1, Colo239F-parental and Colo239F-LA3.1-Neg cells, and from two cell populations that 

naturally express MCAM, MM253 and A2058. Lysates were quantified by BCA protein assay and 10 µg of 

each lysate was separated by SDS-PAGE. Blots were performed using the anti-MCAM antibody CC9. A strong 

band at approximately ~113 kDa was  identified for each cell population, except for the Colo239F-LA3.1-Neg 

and Colo239F parental cells, which each had a very faint band at this molecular weight (Fig 10I). This is the 

approximate size of MCAM protein; indicating that the Colo 239F-MCAM-positive cells strongly express 

MCAM whereas the MCAM-negative cells expressed MCAM at a very low level, consistent with the flow 

cytometry data. For comparison, the native MCAM-expressing MM253 and A2058 cell populations are 

shown. 
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3.3.5 In Silico Analysis of Mutant MCAM Structure and Function 
 

To explore the potential structural and functional effect of the LL623-624AA and Y641A mutations on MCAM, 

the protein sequence was analysed using various software tools which predict the impact of amino acid 

substitutions on protein structure and function. The effect of these substitutions on protein stability was also 

explored using iPTREE-STAB (Table 10). 

The results from each of these software tools were largely consistent. PolyPhen-2 predicted each substitution 

to be probably damaging with a maximum score of 1.000. PMut also predicted that each mutation had a high 

probability of causing disease and Align-GVGD predicted that each mutation was in the C65 class, which is 

most likely to interfere with protein function according to its algorithm. The only analysis software which 

predicted discordant results was PROVEAN, which predicted that L623A and L624A were deleterious to protein 

function, but Y641A was neutral. For protein stability, iPTREE-STAB predicted that each mutation would be 

destabilising to the protein structure. 

 

Table 10. Prediction of amino-acid substitution effect on protein function and structure.  

 
Mutation 

 
PolyPhen-2 

 
PROVEAN 

 
PMut 

 
Align-GVGD 

iPTREE- 
STAB 

L623A Probably Damaging 
(Score =1.000) 

Deleterious 
 (Score = - 2.883) Disease (0.52) 

GV = 0.00, 
GD= 96.19 
Class C65 

Destabilising  
(-1.1575 kcal/mol) 

L624A Probably Damaging 
(Score =1.000) 

Deleterious  
(Score = - 2.960) Disease (0.75) 

GV = 0.00, 
GD= 96.19 
Class C65 

Destabilising  
(-1.1575 kcal/mol) 

Y641A Probably Damaging 
(Score =1.000) 

Neutral  
(Score = - 1.318) Disease (0.85) 

GV = 0.00, 
GD= 111.59 
Class C65 

Destabilising  
(-1.4725 kcal/mol) 

GV = Grantham variation, GD = Grantham deviation 

 

3.4 Discussion 
 

3.4.1 Transduction of Colo239F-parental cells 
 

While the generation of MCAM-WT, MCAM-LA, MCAM-YA, and MCAM-negative cell populations using the 

lentiviral-based transduction system was ultimately successful, it was time-consuming and labour intensive. 

Lentiviruses derived from HIV-1, such as pLVX-EF1α- IRES-Puro, have the significant advantage of producing 

stable and sustained expression of a target protein (Boulaiz et al. 2005). Furthermore, viral methods of 

transduction are generally more efficient than non-viral methods of transfection in vitro (Boulaiz et al. 2005; 

Iversen et al. 2005). To date, three generations of HIV-1 based lentivirus systems have been produced (Milone 
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and O’Doherty 2018). This study utilised the second generation, chosen based on considerations of 

availability as well as viral titre production capacity (Milone and O’Doherty 2018). The third generation of 

lentiviral systems sacrifices some viral titre producing capability for greater safety, by separating the 

packaging system into two separate plasmids (information received from Addgene). 

The pLVX-EF1α-IRES-Puro transfer vector contains a puromycin gene which is expressed in a  bicistronic 

manner along with the inserted gene of interest (Fig. 8C). This system should ensure that the gene of interest 

and the antibiotic resistance gene are always co-expressed. Despite this, significant proportions of the 

transduced cell populations which survived antibiotic selection were MCAM-negative. This may have 

occurred for many reasons. The selection protocol and concentration of antibiotic were determined based 

on the results of a puromycin kill curve experiment (Section 2.5), however, increasing the selection time or 

concentration of puromycin may have successfully eliminated at least some of the false-positive cells. 

Antibiotic-resistant but MCAM-negative transductants result from the antibiotic resistance gene remaining 

active whilst MCAM does not, an issue that should have been mitigated by the use of a bicistronic promoter. 

Therefore, the cells may have developed spontaneous resistance to puromycin. For instance, it has been 

reported that chromosomal rearrangements caused by aneuploidy in cancer cell lines can result in 

spontaneous multiple resistance at far greater levels than normal (Duesberg et al. 2001). Furthermore, gene 

silencing following transduction is commonly reported in the literature. PCR analysis could have been 

performed on the cell populations which were puromycin- resistant but MCAM-negative, to confirm the 

presence or absence of the coding sequence of MCAM in cellular DNA. However, due to time limitations, this 

was not pursued. 

In addition, gene silencing can occur by multiple mechanisms, including DNA methylation induced silencing. 

Hypermethylation of transgene promoters has been identified as a targeted cellular approach to silence 

integrated genes (He et al. 2005) and has been found to affect up to one-third of lentiviral integrations in a 

porcine model (Hofmann et al. 2006). Recently, it has been discovered that utilising ubiquitously acting 

chromatin opening elements (UCOEs) in lentiviral  vectors may mitigate this issue, as they are resistant to 

methylation (Zhang et al. 2007). Therefore, it is apparent that epigenetic modifications regulate lentiviral 

integrations, potentially as a defence against viral infection. 

Another mechanism of transgene silencing is RNA silencing/interference (Schepers and Kolter 2001). It is likely 

that this mechanism evolved as a cellular immune system against viral infection (Elbashir et al. 2001). For 

instance, microRNA 329 has been found to supress excessive MCAM expression in a mouse model (Wang et 

al. 2013). A similar mechanism may be occurring in the Colo239F cells in response to enforced MCAM 

expression. These mechanisms might explain the MCAM-negative, yet antibiotic resistant cells found in this 

study. However, we did not explore the potential role of miRNA silencing in this study, as the priority was 

to select the MCAM expressing cells for further analyses. 
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Furthermore, the calculation of viral titre before transduction was not performed in the interest of limited 

time and resources. However, properly calculating viral titre before     performing the transductions may have 

ensured more successful infection, and thus integration of our target genes, and avoided the time and labour-

intensive process of cell sorting, which was necessary to produce populations of cells with MCAM expression. 

Two sorts were required to generate populations with homogenous expression profiles similar to native 

expressers such as the MM253 and A2058 melanoma cell lines (Fig. 9). This was time consuming and limited 

the time available for subsequent characterisation experiments. The ratio of packaging, envelope, and 

transfer vectors used to transfect the Hek293T cells may also have been sub-optimal. Having had sufficient 

success in each transduction to move forward with cell sorting, little optimisation was performed to improve 

efficiency of the transduction protocol. 

The integration of lentiviral transgenes into the genome is random, which presents possible difficulties in 

ensuring transgene expression, as well as preventing mutagenic effects which might result from a disruptive 

integration (Smith 2001). Once stable transductants were produced, an homogeneously expressing 

population was isolated by cell sorting, but single cell cloning was  not performed. We choose to use a mixed 

population to reduce the effect of clonal artefacts,    so that we could be more confident that any phenotypic 

alteration in the cells was due to the expression of MCAM and not to an unintended genomic change. 

Interestingly, MCAM-negative but puromycin-resistant cells were far more common in the mutant MCAM 

transductants than with WT MCAM. As seen in Fig. 9, the proportion of MCAM-positive cells in Colo239F-

%T1.1 was 71.5% while Colo239F-LA1.1 and Colo239F-YA1.1 were 7.07% and 4.02%, respectively. More 

interestingly, this finding mirrors the effect noted in a previous study which sought to transfect the SB2 cell 

line with MCAM containing similar mutations (Dye 2007). There it was speculated that this effect might be 

due to regulation at either the nucleic or protein level. A compelling argument is that, since these mutations 

are rare, and their effect on protein structure or folding is unknown, they may be targeting the mutant MCAM 

protein for degradation (Dye 2007). The ER and Golgi apparatus identify proteins which are incorrectly folded, 

and target them for degradation in the lysosomes (Ellgaard and Helenius 2003).  

To explore this possibility further, computations were performed in silico to determine whether the LL623A-

624AA and Y641A mutations would be detrimental to protein structure. Indeed, all prediction software used 

returned a result indicating that these substitutions were likely to be detrimental to protein structure and 

function (Table 10). Therefore, it is possible the MT proteins may be identified as misfolded and targeted for 

degradation at a higher rate than the WT protein. Although degradation rate is unlikely to fully explain the 

differences in expression in WT versus MT cells, it may be a contributing factor. Degradation rate of WT and 

MT MCAM could be explored via pulse-chase experiments using radioactive labelled methionine, or by 

inhibiting protein synthesis with cyclohexamide. 
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As previously mentioned, (section 1.5.4), these putative endocytic domains are conserved between human, 

mouse and chicken proteins, suggesting these amino acids play a critical role in MCAM function. In addition, 

there are very few reported variants in AA623, 624 or 641 of MCAM which suggests these variants may be 

poorly tolerated by cells. Interestingly, some reports of D643N have been reported (The Cancer Genome 

Atlas (TCGA)/ Catalogue of Somatic Mutations in Cancer (COSMIC) (Tate et al. 2019); whilst L623I has been 

reported in three samples of carcinoma of the large intestine. In addition, a mutation at E620Q of the 

dileucine motif has been recorded in uterine cancer.  All these mutations are predicted to be pathogenic by 

either PolyPhen or FATTHM (Functional Analysis through Hidden Markov Models)(Shihab et al. 2014). 

 

3.4.2 Characterisation of MCAM expression 
 

The final cell populations generated were shown to express MCAM at levels comparable to native-expressing 

human melanoma, including MM253 and A2058 cell lines (Fig. 9, 10). By flow cytometry, Colo239F-WT3.1 

and Colo239F-LA3.1 cells showed an expression profile similar to MM253 cells, with higher overall 

expression. The Colo239F-YA3.1 cells showed a more heterogeneous profile, with expression levels similar 

to the MM253 cells (Fig 9). The percentage of MCAM-positive cells for these cells was: Colo239F-WT3.1 

(94.8%), Colo239F- LA3.1 (92.2%), Colo239F-YA3.1 (79.5%), and MM253 (100%). In comparison, the 

Colo239F- parental, Colo239F-LA3.1-Neg, and Colo239F-WT3.1-Neg cells expressed almost no detectable 

MCAM via flow cytometry (Fig. 9). 

Figure 10A-B shows the comparison between MM253 cells and the MCAM-positive Colo239F cells by 

immunofluorescent staining. These cells display a consistent expression pattern of MCAM in permeabilized 

cells, with MCAM concentrated on the cell surface at the peripheries while also showing expression in the 

centre of the cell. Generally, MM253 cells are much flatter when adhered to a surface than the Colo239F cells, 

which are raised in their centre. Differences in the plane of the images may explain any slight difference in 

expression pattern observed in Fig. 10. However, on initial examination, WT and MT MCAM localisation  in 

Colo239F cells appeared broadly similar. Differences in sub-cellular localisation of WT and    MT MCAM are 

described in Chapter 4. Finally, western blot analysis showed a band of ~110  kDa, consistent with the 

molecular weight of MCAM, in the Colo239F-WT3.1, Colo239F- LA3.1, Colo239F-YA3.1, MM253, and A2058 

cells (Fig. 10). In Colo239F-parental and Colo239F-LA3.1-Neg cells, MCAM was barely detectable or 

undetectable by western blot. 
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3.5 Conclusion 
 
The first part of this project was to develop MCAM-positive WT and MT cells from the MCAM- negative 

Colo239F-parental cells. In line with this, the Colo239F-WT3.1, Colo239F-LA3.1, Colo239F-YA3.1, and 

Colo239F-LA3.1-negative cell populations were generated, expressing wild-type MCAM, MCAM with 

abrogating mutations in the dileucine and tyrosine motifs, and low MCAM respectively. These cells expressed 

MCAM in a stable fashion and were used in a  range of experiments to follow (Chapters 4 and 5) 

The lentiviral system used to introduce MCAM into these cells was not as efficient as anticipated and required 

multiple rounds of cell sorting to generate the final transductants. Transduction efficiency and expression 

levels were variable among transduced cells, and there were large proportions of antibiotic resistant cells 

which expressed no MCAM. The proper calculation of viral titre, though initially more time-consuming, may 

have been effective for increasing transduction efficiency. Furthermore, increasing the antibiotic selection 

time after transduction may have eliminated more non-transduced cells. 
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CHAPTER IV: 
 

Functional Characterisation 
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4.1 Introduction 
 
MCAM has known roles in tumourigenicity and metastasis, influencing cell polarity, migration, homotypic 

adhesion, adhesion to endothelial cells and the ECM, proliferation, spreading, angiogenesis, and signalling 

(Table 3, Chapter 1). Importantly, as mentioned above, enforced expression of MCAM into MCAM-negative 

melanoma cells has been reported to increase homotypic adhesion, enhance aggregation, and increase 

“clumping” in tumours grown in mice (Dye 2007; Johnson et al. 1997; Schlagbauer-Wadl et al. 1999; Xie et al. 

1997). 

A major part of this project was to characterise the generated Colo239F cell series to explore  whether the 

enforced expression of MCAM in the Colo239F cells would produce a phenotypic change consistent with the 

literature, and with that observed in the SB2 melanoma cells, which were previously modified in our 

laboratory to express MCAM (Dye 2007). A second aim was to explore phenotypic differences between the 

cell populations expressing WT or MT MCAM, to gain insight into the function of the putative endocytosis 

motifs (Figures 3 and 8). Functional cell assays included cell morphology assessment, migration, spreading, 

and proliferation assays. Additionally, immunofluorescence and confocal microscopy was used to explore 

whether the sub-cellular localisation or expression of MCAM differed in cells expressing the WT and MT 

variants. 

The role of MCAM in proliferation has been mainly explored in endothelial cells. For instance, MCAM has been 

shown to activate the PI3K-AKT pathway through interactions with VEGFR- 2, which is a signalling cascade that 

culminates in increased proliferation (Zeng et al. 2014). Furthermore, a similar effect was noted when MCAM 

bound netrin-1 (a laminin-like protein), leading to the activation of VEGFR-2 and subsequent downstream 

increase in proliferation (Tu et al. 2015).  Further studies in endothelial cells have produced similar results 

(Jiang et al. 2012; Yan et al. 2003; Zhuang et al. 2010). Increased proliferation correlating with MCAM 

expression has also been noted in ovarian and prostate cancer (Wu et al. 2012; Zoni et al. 2019), while in 

melanoma there are conflicting data regarding MCAM and cell proliferation (Alais et al. 2001; Jiang et al. 

2012; Satyamoorthy et al. 2001). 

Cell adhesion molecules are often involved in cell and tissue morphology (Alford and Taylor-Papadimitriou 

1996). Cell adhesion is essential for cell homeostasis, and contributes to regulation of signalling and gene 

expression (Khalili and Ahmad 2015). Changes in cell adhesion molecule expression are also associated with 

morphological changes, which in turn are often linked with invasion and metastasis. For instance, the loss of 

cell adhesiveness often co-occurs with metastasis, allowing for tumour cells to abandon their normal 

structure/function and invade local tissues (Khalili and Ahmad 2015). 

Morphological changes are driven primarily by cytoskeletal reorganisation, and CAMs such as integrins play 

an essential role in cell adhesion and spreading, and mediate mechanical linkage to the cytoskeleton (Khalili 
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and Ahmad 2015). Cell spreading also occurs as the result of the interaction between CAMs and the ECM, 

allowing the cell to adhere to the substrate below it. Interestingly, MCAM appears to modulate the spreading 

of melanoma cells on substrates such as collagens type I and IV and laminin-111 (Dye 2007); although none 

of these have been identified as direct ligands of MCAM. 

Cell spreading occurs via passive adhesion in vitro. During passive adhesion, cells adhere to a substrate, the cell 

body spreads along the surface, and focal adhesions form between the cell and substrate (Khalili and Ahmad 

2015). While the first step of adhesion is driven primarily by electrostatic interactions, the second step involves 

integrins as the key player in binding to the ECM, providing a mechanical link between the ECM and 

cytoskeleton (Khalili and Ahmad 2015). The ECM can consist of different substrates, and these can alter the 

spreading kinetics and morphology of different cell types. 

Collagen is the most abundant protein in mammals and is composed of three α-chains which form a helical 

structure (Ricard-Blum 2011). There are 28 distinct types of collagen, the most abundant of which is collagen 

type I, a fibril-forming collagen (Henriksen and Karsdal 2016). Collagen type IV, in contrast, is the primary 

collagen component of the basement membrane which underlies epithelial and endothelial cells (Sand et al. 

2016). Cells interact with collagens primarily through β1-integrins (e.g. α1β1, α2β1, α10β1 and α11β1) (Ricard-

Blum 2011) 

Fibronectin, in contrast, is secreted from cells as a dimer which has binding sites for other ECM components, 

including collagen, and cell surface receptors (Pankov and Yamada 2002). Again, integrins are the primary 

cell surface molecules that interact with fibronectin, including those containing the β1-integrin subunit (e.g. 

α6β1, α8β1 and αVβ1) (Pankov and Yamada 2002). Fibronectin is known to mediate cell adhesion, 

differentiation, growth, and migration (Pankov and Yamada 2002). 

Another important component of the ECM are the laminins, which are a family of 16 glycoproteins present 

in the basement membrane (Hamill et al. 2009). β1-Integrins are known to interact with various laminin 

isoforms, primarily through β1-integrins (e.g. α3β1, α4β1, α6β1, α7β1), and are also thought to regulate their 

deposition to the ECM, contributing to cell adhesion, spreading, and migration (Hamill et al. 2009). 

Interestingly, MCAM is known to interact with laminin-411 and laminin-421 (previously known as laminin-8 

and 9 respectively) and potentially with laminin-332 (laminin-5) (Flanagan et al. 2012; Ishikawa et al. 2014). 

Due to the nature of the interactions between CAMs on neighbouring cells, and between cells and the 

pericellular ECM, they are often directly involved in the mechanisms of cell migration and motility 

(Huttenlocher and Horwitz 2011; Theveneau and Mayor 2012). CAMs mediate attachment to the ECM at the 

leading edge of a cell, and by their linkage to the cytoskeleton, transduce mechanical force to drive cell 

motility. This is followed by the detachment of CAMs from their ECM ligands at the rear of the cell; all of 

which enable cell migration (De Pascalis and Etienne-Manneville 2017). MCAM has repeatedly been associated 

with increased migration and invasion in various cell types (Table 3, Chapter 1). Furthermore, MCAM has 
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been linked to specific examples of cell migration such as monocyte transendothelial migration and the 

invasion of lymphocytes into endothelial cell layers (Bardin et al. 2009; Breuer et al. 2018). 

The ability of MCAM to influence cell morphology and cell migration is mediated by its interaction with the 

cell cytoskeleton. F-actin, or filamentous actin, is a helical protein which forms the cytoskeleton and is crucial 

to cell morphology, motility, and signaling (Dominguez and Holmes 2011).  Importantly, MCAM interacts 

directly with proteins known as cytoskeletal linkers, which cross-link actin filaments with proteins in the cell 

membrane. These include the ERM proteins, ezrin, radixin, and moesin (Luo et al. 2012), as well as hShroom1 

(Dye et al. 2009) and IQGAP1 (Witze et al. 2013). Recently, the WRAMP structure was described as a 

mechanism through which MCAM has a direct role in promoting directional cell migration in melanoma and 

endothelial cells (Connacher et al. 2017; Witze et al. 2013; Witze et al. 2008). 

The role of the WRAMP structure in cell migration was covered in detail in section 1.6.1.5. Briefly, Wnt5a-

mediated internalisation of MCAM is believed to target MCAM to the rear of the cell, where it co-localises 

with proteins involved in cytoskeletal dynamics and restructuring, microtubule dynamics, and adhesion 

turnover (Witze et al. 2013; Witze et al. 2008). This structure forms as an antecedent to cell movement and 

defines the directionality of cell migration (Connacher et al. 2017). When a cell changes direction, the WRAMP 

disintegrates and re-forms at the new rear of the cell (Connacher et al. 2017). Interestingly, similar 

mechanisms in melanoma and endothelial cells have been described which involve the actin-linking ERM 

protein moesin, as well as β1-integrin (Estecha et al. 2009; Lorentzen et al. 2011; Moreno-Fortuny et al. 

2017). Taken together, these data provide important evidence that MCAM is involved in dynamic cytoskeletal 

processes including motility and cell polarity. 

Cell polarity and migration are highly dependent upon focal adhesions which are dynamically formed protein 

complexes that link the ECM to the cytoskeleton and provide traction for the cell (Ridley et al. 2003). Integrins 

are major players in focal adhesions, adhering to the ECM and acting as mechano-sensors, transmitting force 

signals through talin and vinculin, and ultimately mediating migration (De Pascalis and Etienne-Manneville 

2017). Vinculin itself connects the cytoskeleton to focal adhesions through talin (De Pascalis and Etienne-

Manneville 2017). MCAM is reported to induce the phosphorylation of focal adhesion kinase (Anfosso et al. 

1998), however, the presence or direct interaction of MCAM with focal adhesion complexes is unknown. 

ERM proteins such as moesin are also involved in microtubule dynamics. Solinet et al (2013) found that 

moesin binding stabilised microtubules at the cell cortex and played a role in spindle formation and cell shape 

during mitosis (Solinet et al. 2013). Microtubules are also involved in the intracellular transport of molecules 

and the movement of organelles and vesicles within the cell (Burd and Cullen 2014; Franker and Hoogenraad 

2013). However, the potential interplay between MCAM, ERM proteins, and microtubules has not been 

investigated, including the possibility that MCAM undergoes microtubule-mediated transport throughout the 

cell. 
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This chapter describes the observed phenotype of the Colo239F cell series, comparing the MCAM-positive 

(WT and MT) and MCAM-negative Colo239F cells. Further, it explores cell surface expression of MCAM and 

β1-integrin, and the subcellular localisation of MCAM in reference to specific cell markers and known 

interaction partners of MCAM. 

 

4.2 Results 
 

4.2.1 MCAM influences cell size and morphology 
 

To determine whether MCAM expression affects cell morphology in Colo239F cells, the length, height, and 

total area of cells from each cell population was quantified (Fig. 11 A-B, Table 11). Cells were plated on 

collagen coated glass coverslips and visualised using phase contrast and anti-β1 integrin immunofluorescence 

(IF). IF was used to clearly outline the cell membranes for accurate size analyses. Representative images are 

shown in Fig. 11C-E. Colo239F-WT cells were significantly shorter on average than the other cell populations 

(p ≤ 0.001). Both Colo239F-YA3.1 and Colo239F-LA3.1 were significantly longer on average than the other cell 

populations (p ≤ 0.001), with Colo239F-YA3.1 being longer than Colo239F-LA3.1 (p ≤ 0.05). 

The Colo239F-Parental cells were significantly larger in area than every other population (p ≤ 0.001). 

Furthermore, except for the Colo239F-LA3.1-Neg cells, all cells retained the same pattern as for the cell 

lengths (Fig. 11B, Table 10). Finally, the average height of each cell population was quantified to within 1 μM 

to determine whether any differences may indicate a change in spreading behaviour due to MCAM 

expression. All cells were of similar height with the exception of Colo239F-YA3.1, which were smaller (Table 

11). 
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Table 11. Colo239F cell population sizes 

 
  

Cell Population Length (μM) Area (μM2) Height (μM) 

Colo-239F-WT3.1 74.31 ± 34.97 527.1 ± 210.1 7 

Colo-239F-LA3.1 102.7 ± 36.06 583.2 ± 222.1 6 

Colo-239F-YA3.1 110.9 ± 31.98 567.8 ± 220.9 4 

Colo-239F-Parental 95.65 ± 34.91 715.5 ± 282.9 7 

Colo-239F-LA3.1 neg 89.47 ± 33.43 573.8 ± 277.3 6 
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4.2.2 WT MCAM may contribute to cell proliferation 
 

Proliferation assays were performed on each cell series over a period of six days. Colo239F- WT3.1, Colo239F-

YA3.1, Colo239F-LA3.1-Neg, and Colo239F-parental cells were assayed simultaneously and in triplicate, while 

Colo239F-YA3.1 was assayed against Colo239F-WT3.1 at a different time point according to the same 

protocol. 
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Colo239F-WT3.1 compared against Colo239F-LA3.1 or Colo239F-LA3.1-Neg cells showed no significant 

difference in growth rates. All cells had similar proliferation rates until the 96 h mark, at which point 

Colo239F-WT3.1 and Colo239F-LA3.1-Neg continued to proliferate while Colo239F-LA3.1, Colo239F-YA3.1 

and Colo239F-Parental plateaued (Fig. 12A-D). At the 144 h time point, Colo239F-YA3.1 and Colo239F-

parental produced a significantly lower count than the Colo239F-WT3.1 cells (p ≤ 0.01). 

Doubling times were calculated based on these growth curves, however, no statistically significant 

differences between cell types were noted. The doubling times were as follows: Colo239F-WT3.1 (29.99 h ± 

1.81 h), Colo239F-LA3.1 (34.64h ± 3.30 h), Colo239F-LA3.1-Neg (29.91 h ± 1.44 h), Colo239F-parental (38.08 

h ± 3.79 h). For the experiments comparing Colo239F-WT3.1 to Colo239F-YA3.1, the doubling times were as 

follows: Colo239F-WT3.1 (34.18 h ± 1.42), and Colo239F-YA3.1 (40.44 ± 2.26 h) (Fig. 12E). The difference 

between Colo239F-WT3.1 doubling time for each assay indicates a level of inter-experiment variability. 

Furthermore, while variation was low for the first 72 h, after this point variability in measurements rose 

considerably, as indicated by the error bars in Fig. 12A-D. 

 

4.2.3 LL623-624AA and Y641A-MCAM promote sustained directional migration 

in Colo239F cells 

As the Colo239-F cells do not form a monolayer in culture, cell migration could not be assessed using a 

traditional wound healing assay. Instead, a random motility assay was performed on the Colo239F cell series 

to explore whether the introduction of WT or MT MCAM altered the motility of these cells. Migration 

distance was calculated via two means: the total distance along the path of migration, and the actual distance 

the cell travelled from start to end. This method provided a metric for determining the directionality of 

migrating cells in this assay. 

Interestingly, Colo239F-LA3.1 and Colo239F-YA3.1 were more motile than the other cell populations and 

were significantly more motile than Colo239F-WT3.1 (p ≤ 0.0001, p ≤ 0.05 respectively) (Fig. 13A-B). 

Furthermore, when analysing the actual distance travelled by the cell, the Colo239F-LA3.1 and Colo239F-

YA3.1 cells were found to sustain their directionality significantly more than the Colo239F-WT3.1 cells (p ≤ 

0.001, p ≤ 0.001 respectively) (Fig. 13A- B). 
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4.2.4 Colo239F cell series display differences in spreading  behaviour on various 

substrates 

The Colo239F cell series was plated on tissue culture plastic and matrix proteins in serum free medium, and 

allowed to spread for 2 h at 37˚C. These assays were used to determine whether the expression of WT or MT 

MCAM affected the rate or extent of cell spreading on different substrates. The proportion of cells spread 

and the extent of cells spreading on each substrate are shown in Figures 14-17; and the data summarized in 

Tables 12 and 13. On tissue culture plastic, all cells displayed extremely low levels of spreading after 2 h (Fig. 

13C-D, Table   12). 
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Table 12. Percentage of cells spread on tissue culture plastic, collagen type I and IV, fibronectin, and laminin after 1 

and 2 h*. 

 

Percentage of cells spread on tissue culture plastic 

Time 
(h) 

Colo239F- 
WT3.1 

Colo239F- 
LA3.1 

Colo239F- 
YA3.1 

Colo239F- 
Parental 

Colo239F- 
LA3.1-Neg 

1 0 ± 0% 0 ± 0% 0.23 ± 0.64% 0.26 ± 0.75% 0 ± 0% 

2 0 ± 0% 0.43 ± 0.82% 0.84 ± 1.52% 0.25 ± 0.66% 0.74 ± 2.09% 

Percentage of cells spread on collagen type I 

Time (h) Colo239F- 
WT3.1 

Colo239F-  
LA3.1 

Colo239F-  
YA3.1 

Colo239F-  
Parental 

Colo239F- 
 LA3.1-Neg 

1 15.32 ± 10.67% 9.04 ± 3.32% 22.89 ± 10.49% 26.01 ± 5.65% 20.64 ± 7.26% 

2 38.59 ± 5.67% 28.33 ± 7.89% 38.75 ± 10.72% 45.98 ± 7.46% 40.91 ± 11.05% 

Percentage of cells spread on collagen type IV 

Time 
(h) 

Colo239F- 
WT3.1 

Colo239F- 
LA3.1 

Colo239F- 
YA3.1 

Colo239F- 
Parental 

Colo239F- 
LA3.1-Neg 

1 3.83 ± 3.36% 6.35 ± 4.40% 16.52 ± 11.73% 14.97 ± 6.00% 5.01 ± 4.73% 

2 15.17 ± 7.64% 18.90 ± 5.59% 30.52 ± 12.95% 37.15 ± 7.77% 16.51 ± 3.75% 

Percentage of cells spread on fibronectin 

Time 
(h) 

Colo239F- 
WT3.1 

Colo239F- 
LA3.1 

Colo239F- 
YA3.1 

Colo239F- 
Parental 

Colo239F- 
LA3.1-Neg 

1 51.04 ± 11.21% 51.23 ± 10.33% 59.24 ± 12.84% 64.38 ± 12.53% 55.15 ± 11.88% 

2 67.83 ± 7.80% 70.88 ± 9.48% 75.76 ± 8.70% 72.65 ± 10.98% 68.60 ± 6.60% 

Percentage of cells spread on laminin I 

Time (h) Colo239F-  
WT3.1 

Colo239F-  
LA3.1 

Colo239F-  
YA3.1 

Colo239F- 
Parental 

Colo239F- 
LA3.1-Neg 

1 35.87 ± 14.56% 9.11 ± 5.31% 35.54 ± 9.11% 14.14 ± 7.56% 2.67 ± 3.37% 

2 43.79 ± 10.38% 33.46 ± 7.11% 57.12 ± 8.34% 29.74 ± 11.88% 20.71 ± 5.58% 

Cells were seeded at 2.0 x 103 cells per well in a 96-well plate and imaged at 100 x magnification at various time points. 
A quarter field was randomly selected from 9 wells and cells were quantified by number spread and length of cell. Data 
is presented as mean percentage ± SD. 
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Table 13. Mean cell length on collagen type I, collagen type IV, fibronectin, and laminin I at 1 and 2 h. 

 

Length (µM) of cells spread on collagen type I 

Time (h) Colo239F- 
WT3.1 

Colo239F- 
LA3.1 

Colo239F- 
YA3.1 

Colo239F- 
Parental 

Colo239F- 
LA3.1-Neg 

1 25.93 ± 6.76 23.01 ± 6.06 25.07 ± 6.34 22.69 ± 5.38 22.22 ± 6.59 

2 35.31 ± 9.92 33.27 ± 11.15 37.08 ± 12.77 36.57 ± 11.67 31.58 ± 9.83 

Length (µM) of cells spread on collagen type IV 

Time (h) Colo239F- 
WT3.1 

Colo239F- 
LA3.1 

Colo239F- 
YA3.1 

Colo239F- 
Parental 

Colo239F- 
LA3.1-Neg 

1 3.83 ± 3.57 6.56 ± 4.67 16.52 ± 12.44 14.97 ± 6.37 5.01 ± 50.2 

2 15.17 ± 8.10 18.90 ± 5.93 30.52 ± 13.73 37.15 ± 8.24 16.51 ± 3.98 

Length (µM) of cells spread on fibronectin 

Time (h) Colo239F- 
WT3.1 

Colo239F- 
LA3.1 

Colo239F- 
YA3.1 

Colo239F- 
Parental 

Colo239F- 
LA3.1-Neg 

1 42.64 ± 13.99 53.56 ± 17.62 55.92 ± 18.04 49.10 ± 14.83 44.70 ± 14.18 

2 57.50 ± 17.66 71.92 ± 23.50 77.18 ± 24.69 67.56 ± 22.37 57.22 ± 21.88 

Length (µM) of cells spread on laminin I 

Time (h) Colo239F- 
WT3.1 

Colo239F- 
LA3.1 

Colo239F- 
YA3.1 

Colo239F- 
Parental 

Colo239F- 
LA3.1-Neg 

1 43.01 ± 13.46 37.49 ± 11.61 50.68 ± 18.67 46.70 ± 15.74 35.69 ± 10.75 

2 47.85 ± 20.12 58.08 ± 23.36 68.41 ± 23.30 53.69 ± 20.73 48.88 ± 22.23 
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On type I collagen, after 1 h, significant differences in spreading were noted. The Colo239F- YA3.1 and 

Colo239F-Parental cells displayed the highest level of spreading, while the Colo239F-LA3.1s showed the 

lowest extent of spreading (Fig. 14A, Table 12). After 2 h, the differences between cells narrowed. However, 

the pattern seen after 1 h remained, and the proportion of spread Colo239F-LA3.1 cells remained much lower 

than the other cells (Fig. 14B, Table 12). 

The cells displayed dissimilarities in the extent of spreading on collagen type I as measured by cell length. 

Colo239F-WT3.1 and Colo239F-YA3.1 cells were on average significantly longer than the Colo239F-Parental 

and Colo239F-LA3.1-Neg cells (p ≤ 0.05, p ≤ 0.01 respectively for both) (Fig. 14C, Table 13). After 2 h, the 

average length of spread cells had increased by ~10 μM for each cell population. At this point, the Colo239F-

LA3.1-Neg cells were significantly shorter than all four other cell populations. The Colo239F-YA3.1 and 

Colo239F-Parental cells displayed the highest cell length (Fig 14D, Table 13). 

To further analyse this data, cell lengths were separated into three categories: short, at under 20 μM; medium 

at 20-30 μM, long at over 30 μM. As expected, after 1 h most cells are either in the <20 or 20-30 μM categories, 

suggesting that the cells are still in the process of spreading at this time (Fig. 14E). Interestingly, the Colo239F-

WT3.1 cells displayed ~31% of cells >30 μM, suggesting that this line spread faster on collagen type I than the 

other cell populations (Fig. 14E). After 2 h, most cells were over 30 μM in length, suggesting that they had 

finished spreading on this substrate (Fig. 14F). Interestingly, after 2 h the Colo239F- WT3.1s still displayed 

the highest proportion of cells over 30 μM yet displayed the third- longest cells on average (Fig. 14F). This 

appears to confirm that they spread faster on collagen type I, but remain morphologically shorter than the 

other cell populations, which correlates with the data collected on cell morphology in Section 4.2.1. 

For cells plated on collagen type IV a distinct pattern in cell spreading was consistent and observable at both 

1 and 2 h, and differences were more distinct than in cells plated on collagen type I. At 1h, the Colo239F-

YA3.1 cells had a significantly higher proportion of cells spread than every population except Colo239F-

Parental (Fig. 15A, Table 12). The Colo239F- WT3.1, Colo239F-LA3.1, and Colo239F-LA3.1-Neg cells displayed 

the lowest proportion of spread cells on collagen type IV at both time points (Fig. 15A-B). Again, the length 

of spread cells was quantified. At 1 h, all cells displayed similar cell lengths (Fig. 15C, Table 13). However, 

after 2 h, the Colo239F-YA3.1 and Colo239F-Parental cells were longer on average. Indeed, the parental cells 

were significantly longer than both the Colo239F-WT3.1 and Colo239F-LA3.1 cells (p ≤ 0.0001, p ≤ 0.001 

respectively) and the Colo239F-YA3.1 cells were significantly longer than the Colo239F-LA3.1 cells (p ≤ 0.05). 

Interestingly, at 1 h, the Colo239F-WT3.1 cells again displayed the highest proportion >30 μM (Fig. 15E), 

despite having the least proportion of total cells spread at both time points. Furthermore, the Colo239F-

LA3.1 cell population showed a majority of cells at 1 h <20 μM (Fig. 15E). At 2 h, all cell populations again 

showed most spread cells >30 μM (Fig. 15F). 
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All cells displayed far greater capacity for spreading on fibronectin I in comparison to the other substrates 

(Fig. 16). The percentages of spread cells for each population did not differ significantly (Table 12), however, 

the Colo239F-WT3.1, Colo239F-LA3.1, and Colo239F-LA3.1- Neg cells appeared to spread slowest, while the 

Colo239F-YA3.1 and Colo239F-Parental cells spread the fastest (consistent with collagen type I and IV) (Fig. 

16A-B). The differences in cell length of spread cells between cell populations are almost identical between 1 

and 2 h, with the differences only becoming more pronounced (Fig. 16C-D, Table 13). The Colo239F-WT3.1 and 

Colo239F-LA3.1-Neg cells were significantly shorter on average than the Colo239F-LA3.1, Colo239F-YA3.1 and 

Colo239F-Parental cells (p ≤ 0.0001), while the Colo239F-YA3.1 was significantly longer than all other cells (p 

≤ 0.0001) (Fig. 16D, Table 12). Interestingly, almost zero spread cells had a length of under 20 μM at 1 h, and 

at 2 h almost zero cells had a length of under 30 μM (Fig. 16E-F). This indicates how fast these cells spread on 

fibronectin compared with collagen types I and IV and laminin I. 

On laminin, differences between cell populations were more interesting. After 1 h, Colo239F- WT3.1 and 

Colo239F-YA3.1 cells spread significantly further than the other three cell populations (Fig. 17A, Table 13). 

This trend consisted through to the 2 h timepoint, with Colo239F-YA3.1 displaying the highest proportion of 

spread cells (Table 12), followed by Colo239F-WT3.1, Colo239F-LA3.1, Colo239F-Parental, and finally, 

Colo239F-LA3.1-Neg (Fig. 17B). Interestingly, despite having a higher proportion of cells spread on laminin I, 

Colo239F- WT3.1 cells remained relatively short, while Colo239F-YA3.1 cells were the longest (Fig. 17C- D, 

Table 13). Colo239F-YA3.1 displayed the highest proportion of spread cells >30 μM at both 1 and 2 h time 

points (Fig. 17E, F). The Colo239F-LA3.1-Neg cells appeared significantly shorter when spread than all other 

cell populations (p ≤ 0.05 compared with Colo239F-LA3.1, p ≤ 0.0001 against the others), and displayed the 

shortest cell length on average. At 2 h, Colo239F-Parental cells had the second-lowest percentage of spread 

cells (Fig. 17B). This indicates that on laminin I, cells expressing MCAM spread faster than cells which are 

MCAM- negative. 
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4.2.5 F-actin, moesin, and β1-integrin co-localise consistently with MCAM in 

the WRAMP structure 

Staining for MCAM in the MT Colo239F-LA3.1 and Colo239F-YA3.1 cells revealed consistent polarised pooling 

of MCAM. On further observation, this was determined to localise at the rear of the cell and looked similar 

to the WRAMP structure described by Witze et al. 2008. Interestingly, this consistent polarised pooling of 

MCAM at the rear of the cell occurred frequently (in approximately 40% of cells) in the Colo239F-LA3.1 and 

Colo239F-YA3.1 cells but less commonly (in approximately 5-10% of cells) in the Colo239F- WT3.1 cells. 

To explore the potential interaction between MCAM and the cytoskeleton, co-staining was performed for 

MCAM in combination with F-actin and moesin. F-actin staining appeared as either filamentous or small 

globular structures and was especially strong at the cell periphery,  likely due to the planar view of the image 

(Fig. 18). Extensive co-localisation was noted between MCAM and the actin cytoskeleton at the flanks of the 

cell (Fig. 18). Interestingly, F- actin strongly and consistently co-localised with MCAM in the WRAMP structure 

(Fig. 18B-C). Furthermore, moesin also extensively co-localised with MCAM, especially with the WRAMP 

structure (Fig. 19). Staining with MCAM and β1-integrin also displayed consistent co- localisation (Fig. 20). 

While it was concentrated on the cell surface and periphery, MCAM and β1-integrin also co-localised 

extensively in the cytoplasm and specifically in the WRAMP structure (Fig. 20B, C). F-actin and β1-integrin 

staining in the WRAMP structure appeared to  be striated, with MCAM staining strongest closer to the rear, 

while F-actin and β1-integrin staining were closer to the nucleus (Figs. 18B, 20C). 
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4.2.6 MCAM co-localises with F-actin and moesin at cell  protrusions 

 

F-actin and MCAM also co-localised strongly at the cell periphery, especially at cell protrusions (Fig. 21). 

However, the F-actin fibres which extended through the centres of the cells did not co-localise with MCAM. 

MCAM and moesin also consistently co-localised throughout the cell, especially at the cell protrusions (Fig. 

21A). While representative images are from the Colo239F-WT3.1 cells, this was also noted in the MT cells 

(data not shown). 
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4.2.7 MCAM does not appear to co-localise with microtubules 

To assess whether MCAM co-localises with cell microtubules, co-staining was performed with MCAM and β-

tubulin (Fig. 22). Very little co-localisation, except at the cell periphery, was noted in Colo239F-WT3.1, 

Colo239F-LA3.1, or Colo239F-YA3.1 cells. 

 

 

4.2.8 Calnexin and Cop1β are absent from the WRAMP  structure 

Interestingly, in contrast to previous reports, calnexin and Cop1β co-staining with MCAM displayed a 

conspicuous lack of staining in the region of the WRAMP structure in Colo239F- LA3.1 and Colo239F-YA3.1 

cells (Figs. 23, 24). This effect was more pronounced for calnexin than Cop1β (Fig. 23B, C). Both calnexin and 

Cop1β staining displayed a punctate pattern with no especially identifiable features. Cop1β staining was 

stronger in the perinuclear region, probably indicating the Golgi or ER (Fig. 24). 
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4.2.9 MCAM co-localises with bilateral stress fibre     filaments 

It was noted that in some cells, MCAM displayed an interesting staining pattern consisting of two or more 

longitudinal filaments extending through the cell either side of the nucleus (Fig. 25). On closer inspection, 

these structures were found to localise to the apical surface of the cell. As they resembled microtubular or 

cytoskeletal filaments, staining was performed with F- actin and β-tubulin. Interestingly, no co-localisation 

was identified with β-tubulin. However, F-actin strongly co-localised with MCAM in these structures (Fig. 25B).  
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Furthermore, it was found that moesin (Fig 25A) and Cop1β (Fig 26) also strongly and consistently co-localised 

with these structures (Fig. 25A). These structures were identified in cells expressing both WT and MT MCAM; 

representative images from WT and MT cells are displayed. 
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4.2.10 MCAM is not present in focal adhesions 
 

To explore whether MCAM was present in focal adhesions, co-staining was performed between MCAM and 

vinculin (Fig. 27). Vinculin staining was punctate and dispersed throughout the cell, such that focal adhesions 

could not be identified. A small amount of co- localisation between vinculin and WT MCAM may be present, 

but there was no co- localisation of vinculin with MT MCAM. Further optimisation of this assay, or staining 

with phosphorylated paxillin, may clarify the presence or absence of MCAM In focal adhesions. However, due 

to time constraints, this was not pursued. 
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4.2.11 β1-integrin expression in Colo239F cells 
 

Previously, it has been reported that β1-integrin surface expression may be downregulated upon MCAM 

transfection into melanoma cell lines (Alais et al. 2001; Dye 2007). This finding, in addition to the differences 

seen when MCAM positive and negative Colo239F cells were plated on collagen I and IV, lead us to explore 

β1-integrin cell surface expression in the Colo239F cell series. 
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Interestingly, both Western blot analyses showed that β1-integrin expression appeared highest in Colo239F-

YA3.1, however, the flow cytometry data is highly variable for these cells (Fig. 28B). Furthermore, the Western 

blot results indicate a far greater increase of expression in Colo239F-YA3.1 than the flow cytometry data and 

Total expression and surface expression mean fluorescent intensity (MFI) are listed in Table 14. While no 

significant differences were noted, the mean cell surface expression of β1- integrin was slightly lower in 

MCAM-expressing cells compared to MCAM-negative (Fig. 28A D, Table 11). suggest that the Colo239F- YA3.1 

cells express more β1-integrin than the MCAM-negative cells (Fig. 28E). These data remain to be confirmed. 

Table 14. β1-Integrin expression in Colo239F cell populations. 

 

Experiment Cells Cell Surface (MFI) Total (MFI) % MCAM on cell 
surface 

1 

Colo239F-WT3.1 10053.33 ± 1097.44 17865.83 ± 1402.05 57.0% 

Colo239F-LA3.1 8948 ± 1179.66 16370.67 ± 1163.32 55.4% 

Colo239F- Parental 
11282.67 ± 1258.84 17045.33 ± 1087.04 66.3% 

Colo239F-LA3.1-Neg 10229.17 ± 1155.53 16956.5 ± 974.35 60.7% 

2 
Colo239F-WT3.1 7872.83 ± 4849.21 17361.83 ± 1759.13 43.1% 

Colo239F-YA3.1 6726.33 ± 4631.74 16425.83 ± 924.07 42.6% 

The geometric mean fluorescence intensity (MFI) for β1-integrin shown for non-permeabilised cells (cell surface) and 
permeabilised cells (total). Experiment 1 and 2 were performed in triplicate at different time points due to cell 
availability. Data shown as mean ± SD. 

 

4.3 Discussion 
 

4.3.1 Changes in cell morphology and cell-ECM  interactions in MCAM-positive 

cells 

The second aim of this project was to functionally characterise the Colo239F cell series. Specifically, there 

were two fundamental questions of interest: whether MCAM expression in the Colo239F cells produced 

phenotypic characteristics consistent with previous literature, and whether the di-leucine and tyrosine 

mutants displayed changes in phenotype when compared to the WT-expressing cells. 

Enforced expression of CAMs is commonly accompanied by a change in cell morphology. For instance, integrin 

expression levels are known to affect the shape and spreading of cells on various substrates (Khalili and 
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Ahmad 2015). Interestingly, enforced expression of MCAM has also been linked to morphological changes in 

melanoma cells. Transfection of MCAM into the human melanoma SB2 and KW4 cell lines produced 

morphological changes, as well as in Chinese hamster ovary   (CHO) epithelial cells (Dye 2007). However, other 

studies of this type have not described morphological changes associated with enforced expression of MCAM 

in melanoma (Johnson et al. 1997; Xie et al. 1997). Furthermore, previous data generated in our laboratory 

indicated MCAM appears to modulate cell morphology and spreading on certain ECM surfaces, including 

collagen I, IV and laminin-111 (laminin 1) and 332(laminin 5) (Dye 2007). 

Here, the introduction of WT and mutant MCAM to the Colo239F cell line appeared to produce morphological 

changes. The adherent parental cell line has a characteristic fibroblastic morphology, typically displaying a 

bipolar elongated shape (visible in Fig. 11C). The cells transduced with WT MCAM appeared to retract, 

measuring significantly shorter on average than the other cells. While the Colo239F-WT3.1 cells were 

significantly shorter than the MCAM negative parental cell line, the overall area of the cells did not display as 

marked a change (Fig. 11A-B). This suggests that cells might be becoming wider or rounder as they retract. 

Interestingly, when transduced with WT MCAM, the KW4 melanoma cell line and CHO epithelial cell line were 

also reported to retract and become smaller and more rounded. However, in the same study, the SB2 cells 

displayed the opposite change (Dye 2007). This suggests that the effect MCAM expression has on cell shape 

is also a function of the levels of other CAMs expressed by these cells, e.g. integrins. 

Furthermore, the MT transduced cell populations both displayed significantly increased cell length in 

comparison to WT-expressing and MCAM-negative Colo239F cells (Fig. 11A-B). This is a novel finding that may 

indicate loss/gain-of-function effects resulting from the mutations introduced in MCAM. Interestingly, it 

suggests the observed changes in morphology in MCAM positive cells may be driven, at least in part, by the 

cytoplasmic tail of MCAM. In addition, the MT and MCAM-negative cells grew in a manner comparatively like 

the parental Colo239F cell line. When grown to confluence they tended to spread over the top of each other 

in a tangled network, not forming a consistent monolayer. In contrast, the Colo239F- WT3.1 cells grew in 

“islands” of cells in which many cells had not spread and instead adhered to the top of these islands, and 

which remained attached after multiple rounds of washing with PBS (data not shown). This may indicate that 

cells expressing WT MCAM display higher homotypic adhesion. To explore this, network-forming assays and 

aggregation assays were performed, however, neither could be optimised for the Colo239F cell series. 

Further experimentation into the adhesive preferences of this cell series is required. 

Interestingly, significant changes in spreading behaviour on collagen type I, type IV, and laminin I were 

observed. In these assays, the cells were plated in serum free media, so the only interaction explored was 

between cell surface molecules and the purified matrix. Colo239F-YA3.1 and Colo239F-Parental (MCAM 

negative/low) displayed the highest proportion of spread cells, and a greater mean length of spread cells on 

collagen type I and IV. Colo239F-YA3.1 also had the greatest length under normal culture conditions (e.g. 

10% serum) and displayed the smallest average cell height among the cells analysed. Cell spreading behaviour 
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on laminin 1 was most similar for Colo239F-WT3.1 and Colo239F-YA3.1; while the Colo239F-LA3.1 cells 

behaved similarly to Col239F parental and the negative control cells. Taken together, these data suggest the 

MCAM WT expression is associated with slower spreading on collagen type I and IV, and that this effect is 

reversed if MCAM contains the Y641A mutation. In contrast, expression of WT and Y641A MCAM appears to 

enhance cell spreading on laminin I compared to MCAM negative cells; and this effect is lost in cells 

expressing MCAM containing the LL623-642AA mutation. All cells spread well on fibronectin. 

Previous studies exploring the effect of MCAM on spreading behaviour in melanoma cells have reported 

conflicting results. One study found that MCAM expression had no effect on cell spreading on collagen type 

I or fibronectin (Xie et al. 1997), whereas another described reduced adhesion on vitronectin in cells 

expressing avian MCAM (HEMCAM) (Alais et al. 2001). Finally, work in our laboratory found that MCAM 

expression was linked to delayed spreading in cells on collagen type I and IV, with no differences seen for 

fibronectin and vitronectin (Dye 2007). However, all of these studies reported that MCAM-positive cells 

displayed delayed spreading and a rounded morphology on laminin-111 (laminin-1) in comparison to MCAM-

negative cells (Alais et al. 2001; Dye 2007; Xie et al. 1997). However, when spreading of ovarian cells was 

explored on collagen types I and IV, laminin 1, and fibronectin, the authors reported that MCAM expression 

was positively associated with spreading on all matrices, and that silencing MCAM resulted in reduced cell 

spreading on these substrates, as well as decreased invasion through Matrigel (Wu et al. 2012). 

 

The mechanism by which MCAM may affect cell spreading is not entirely clear. One study reported that 

expression of the avian homolog of MCAM downregulated laminin-binding β1-integrin receptors (α3β1 α6β1, 

α7β1) on the cell surface, resulting in delayed spreading on this substrate (Alais et al. 2001). β1 integrin 

expression was explored in the Colo293F cell series, but by flow cytometry β1 expression appeared similar 

across all cell lines, although the proportion of total β1 expressed on the cell surface was higher in the 

Colo239F-Parental and Colo239F- LA3.1-neg cells. By western blot, the cell populations appeared to have 

similar (low) levels of β1 integrin except Colo239F-LA3.1-neg and Colo239F-YA3.1, which showed bands of 

higher intensity (YA > neg). These data need further investigation as it is difficult to reconcile the differences 

seen between the flow cytometry and immunoblot analyses; and it is difficult to draw any conclusions. 

Based on the data to date, however, there does not appear to be any association between β1 expression 

levels and cell spreading behaviour. Nor is there any evidence that MCAM binds any of the matrix proteins 

tested in this study, although it is known to bind laminin-411 and laminin-421 (laminin 8 and 9, respectively) 

(Flanagan et al. 2012; Ishikawa et al. 2014). Furthermore, laminin-322 (laminin 5) has been linked to 

melanoma migration (Seftor et al. 2001) and laminin-511 (laminin 10) is known to interact with the related 

IgSF member BCAM (Vainionpää et al. 2006). 
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Cell morphology is modulated by an array of different protein interactions, commonly involving the 

cytoskeleton and cytoskeletal elements, as well as adhesion molecules (Khalili and Ahmad 2015). These 

interactions will be discussed in more detail in the section below regarding cell migration. Briefly, however, 

the KKGK motif in the cytoplasmic tail of MCAM may be important in interpreting our observations. This 

motif interacts with and recruits the actin binding ERM proteins, promoting the formation of microvilli (Luo 

et al. 2012). However, a recent study found that the Y641 residue of MCAM (which we are investigating as a 

potential endocytosis motif) is phosphorylated following growth factor (VEGF) stimulation. This leads to a 

conformational change in the cytoplasmic domain of MCAM, which exposes the KKGK motif (Jouve et al. 

2013). Our mutation, Y641A, may mimic the conformational changes that result from phosphorylation, 

unmask the KKGK site and lead to an upregulation of interactions between MCAM, the ERM proteins and the 

cytoskeleton. This is consistent with the enhanced spreading seen in the Colo239F-YA3.1 cells compared to 

Colo239F-WT3.1 and Colo239F LA3.1 cells on some matrices. How this model is reconciled to our observation 

that transfection of MCAM-WT into the Colo239F cells is generally associated with reduced spreading 

compared to parental cells is not yet clear. In addition, the Colo239F-LA3.1-neg cells may not be the most 

appropriate control cells, given they differ from the Colo239F parental cells in a number of assays. 

 

To further clarify changes in the cytoskeleton following MCAM transfection, F-actin and vinculin/paxillin 

staining could be performed to observe cytoskeletal filaments and focal adhesions in Colo239F cells as 

they spread on various ECM substrates. 

 

4.3.2 MCAM and proliferation 
 

The WT MCAM-expressing cells displayed a faster growth rate than the Colo239F-Parental, Colo239F-YA3.1 

and Colo239F-LA3.1 cells, however, the only significant change was after the ~120 h mark, where the 

Colo239F-WT3.1 cells continued to proliferate, while the others appeared to plateau (Fig. 12). This may reflect 

that Colo239F-WT3.1 cells are smaller, formed     islands and showed some vertical growth (i.e. a lack of contact 

inhibition), whereas the other cells were more spread out when grown on standard tissue culture plastic. 

However, the MCAM-negative Colo239F-LA3.1-Neg cells displayed an almost identical growth rate to 

Colo239F-WT3.1. This may mean that the change in growth rate was an artefact of the transduction and 

selection process. As mentioned above, the Colo239F-WT3 cell population also produced some conflicting 

data in the spreading assay and further exploration of this population and analyses of other control cells is 

required to clarify these findings. 

Proliferation following 120 hours was not investigated because by this time in the assay, cells were ~100% 

confluent and proliferation may have been inhibited by the size of the tissue culture vessel, contact inhibition 

and nutrient supply (although media was changed regularly). This could be explored by seeding a lower 



87  

number of cells or using a larger tissue  culture vessel. However, previous data generated in the laboratory 

indicates the most relevant data is cell doubling time whilst cells are in exponential growth phase between 

~48 and 120 hours, which is shown in Figure 12E. 

The literature surrounding MCAM-induced changes in proliferation are conflicting. For instance, enforced 

expression of MCAM has been associated with an increase in proliferation (Alais et al. 2001; Kang et al. 2006) 

and MCAM has been linked to proliferative signalling cascades (Jiang et al. 2012). However, other studies 

have reported that no significant changes in proliferation resulting from enforced MCAM expression (Alais et 

al. 2001; Satyamoorthy et al. 2001). This suggests that proliferative phenotype is likely to be determined more 

by the complete genomic and proteomic features of a particular cell line, than by the expression of an 

individual protein such as MCAM. 

In addition, MCAM expression may have an enhanced effect on proliferation when cells are stimulated with 

specific growth factors rather than standard serum conditions. For example,  Xu et al (2019) found that growth 

factor stimulation lead to phosphorylation of Y641 in endothelial cells and allowed the KKGK motif to bind 

to Rictor, mediating the interaction of MCAM with the mTORC2 complex. CD146-mediated mTORC2 

activation was found to promote cell proliferation and survival (Xu et al. 2019). Growth factor stimulation 

may be an area to explore in MCAM WT, MT and negative cells, although it is not yet clear from the literature 

how Rictor and ERM proteins binding the KKGK motif in MCAM is coordinated. Nor it is clear if MCAM-

mediated mTORC2 activation occurs in melanoma cells as well as endothelial cells. 

As each of the experiments were done separately with reference to the WT cell line, we could not compare 

between them. No experiment was performed comparing the parental to the transduced cell lines for several 

reasons. Firstly, the primary aim of these experiments was to compare the WT MCAM cell line to the cell lines 

expressing mutant endocytosis motifs. Secondly, the parental cell line had a low level of native MCAM 

expression, hence the creation of and comparison to the MCAM-neg cell line. Finally, these experiments 

involved direct cell counting (which was chosen in preference to metabolic-based assays, to remove the 

potential confounder of metabolic differences, which was not the focus of these assays). Direct cell counting 

is labour and time intensive and we believe the most accurate results were produced by using a “batch 

approach”. However, further investigations could use an assay such as AQueous One Cell Proliferation Assay 

(understanding its limitations as a metabolic based assay). AQueous One is a higher throughput technique 

that will allow a comparison of all cells simultaneously. In addition, cell death could be explored using an 

Annexin-V based assay; as direct counting and metabolic assays provide information on total cell number 

only and do not measure cell death. This would add information, as some cells may be dying as others are 

proliferating. 
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4.3.3 Mutations in the cytoplasmic tail of MCAM promote rear-directed cell 

migration 

Wound-healing assays, Transwell assays, and random cell tracking were attempted to investigate the 

migratory phenotype of the Colo239F cell series. Unfortunately, the growth pattern of Colo239F cell line 

rendered the wound-healing assay inappropriate for these cells, as they do not grow in a monolayer. 

Furthermore, due to time restraints, only preliminary data were obtained for the Transwell assays (data not 

shown). 

Random cell tracking was therefore the primary assessment of migratory phenotype in these cells. Using live 

cell imaging, cells were visualised and tracked for up to 18 h in ten fields of view. This generated a full picture 

of the behaviour of these cells under normal cell culture conditions. Distance travelled was measured by two 

metrics. Firstly, distance was calculated along the path the cell travelled, and secondly, distance was 

calculated from starting point to end point along a straight line (directional migration). The Colo239F-WT3.1 

cells exhibited both the lowest total distance of migration as well as the least sustained directional migration. 

This correlates with data from one study which reported a reduction in migration in MCAM-positive versus 

MCAM-negative melanoma and epithelial cell lines (Dye 2007). In contrast, the Colo239F-YA3.1 and Colo239F-

LA3.1 cells exhibited a greater distance travelled and a greater extent of directional migration than both the 

Colo239F-WT3.1 and MCAM-negative lines (Fig. 12). 

MCAM has been linked to increased migration in melanoma cell lines via multiple lines of evidence. For 

instance, VEGF signalling is known to induce FAK activation and increase trans- endothelial migration. 

Furthermore, MCAM knockdown was found to reduce this effect (Jouve et al. 2015). An anti-MCAM antibody 

significantly reduced tumour cell migration on a laminin-421 matrix (Ishikawa et al. 2014). MCAM is also 

reported to activate RhoA via interactions with moesin in protrusions, leading to increased migration (Luo et 

al. 2012). The reduction in cell movement seen here in cells transduced with WT MCAM is therefore largely 

at odds with the literature. It is possible the different growth pattern seen in cells expressing WT MCAM (that 

is, the propensity to grown in tight clusters, see Figure 11) compared to parental Colo239F, may mean our 

analysis of cell movement using random cell tracking, does not accurately reflect the ability of these cells to 

migrate and invade. Thus, other assays measuring cell migration and invasion are required to explore this 

further. For example, a transwell assay using Matrigel and a chemotactic agent will measure invasion (rather 

than just cell motility), which may provide more informative data. Other methods that could be used include 

live cell imaging using a chemoattractant to induce directional migration; and three dimensional spheroid 

invasion models, which may better recapitulate a tumour environment. Interestingly, the increase in 

directional migration in cells expressing MT MCAM, compared to WT MCAM, is consistent with previous data 

generated in our laboratory in the SB2 melanoma cells. 
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Another mechanism describing a role for MCAM in melanoma migration is the WRAMP structure (discussed 

in detail in Chapter 1, Section 1.6.1.5). As described by Connacher et al. 2017, the WRAMP structure forms 

transiently at the rear of the cell, defines the direction of cellular migration, and then disintegrates, reforming 

at the new rear when the cell changes direction (Connacher et al. 2017). While the WRAMP structure occurs 

intermittently in the Colo239F-WT3.1 cells, it occurs with far greater frequency in the cells expressing MT 

compared to WT MCAM (~5 % vs 40%). This suggests that either the recruitment of MCAM to WRAMP, or 

formation of the WRAMP structure itself is mediated, at least in part, by the intracellular tail of MCAM; and 

that mutations in this region affect this process. The significant increase in sustained directional migration 

observed in the Colo239F-LA3.1, and to a lesser extent in the Colo239F-YA3.1 cells, might be explained by 

either enhanced formation or increased stability of the WRAMP structure. If the WRAMP structure is more stable 

in the mutant Colo239F-LA3.1 and Colo239F-YA3.1 cells, then the cells could be expected to travel further in 

one direction. 

To investigate this further, cells were treated with lithium chloride (an agonist of canonical Wnt signalling) 

and stained for MCAM and components of WRAMP to determine whether Wnt stimulation may induce 

similar levels of WRAMP formation in the Colo239F-WT3.1 cells, compared to unstimulated mutant cells. 

These experiments produced inconclusive results (data not shown) and requires further optimisation. 

Stimulating cells using exogenous Wnt5a, as performed in previous studies of WRAMP, may shed light on this 

hypothesis (Witze et al. 2013). 

Wang et al. (2015) recently reported that Wnt5-mediated localisation of MCAM to the WRAMP structure is 

mediated by de-palmitoylation of MCAM at residue C590. Mutation of this residue to a glycine inhibited 

palmitoylation and increased trafficking of MCAM to WRAMP in the absence of Wnt5a stimulation, leading 

to the hypothesis that depalmitoylation of MCAM is required for WRAMP formation (Wang et al. 2015). 

Palmitoylation functions as a lipid anchor which embeds proteins in the cell membrane, and the cyclical 

nature of palmitoylation and depalmitoylation has a function in protein trafficking and relocalisation (Guan 

and Fierke 2011). Due to the location of the palmitoylated residue in the intracellular tail of MCAM, it is 

possible that in WT MCAM, the KKGK motif is masked and prevented from binding its interaction partners. 

As discussed above, the KKGK motif is believed to interact with ERM proteins and Rictor. However, in the 

model proposed by Wang et al (2015), depalmitoylation of C590 reveals the KKGK motif, to enable interaction 

with Cop1β, which is thought to mediate retrograde transport of MCAM from the Golgi to the WRAMP (Witze 

et al. 2013). 

It is also possible that the mutations introduced into MCAM in this study interfere with palmitoylation. It may 

be that depalmitoylation induces trafficking of MCAM to the rear of the cell, and palmitoylation then traffics 

MCAM back to the membrane. If palmitoylation of the mutated protein is less effective, this might explain 

the pooling of MCAM at the WRAMP structure observed in this study. 
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Exploring the role of palmitoylation and depalmitoylation in the trafficking of MCAM was beyond the scope 

of this study but presents an intriguing hypothesis for the formation of the WRAMP structure, as well as the 

general function of MCAM in melanoma. Moreover, it would be interesting to explore whether the tyrosine 

phosphorylation-induced conformational change of the cytoplasmic tail, as described by Xu et al. (2019) also 

modulates palmitoylation/depalmitoylation of MCAM (Xu et al. 2019). Reciprocal regulation of 

phosphorylation and palmitoylation has been described for the dopamine transporter (DAT), a 

transmembrane protein that is responsible for re-uptake of dopamine at the pre-synaptic membrane (Moritz 

et al. 2015). This study found that high phosphorylation/low palmitoylation was associated with reduced 

dopamine transport, while low phosphorylation/high palmitoylation increased transport velocity (Moritz et al. 

2015). A further unexplored question raised by this and previous studies is whether or not MCAM-negative 

cells can still generate WRAMP. In other words, is WRAMP MCAM-dependant or can it occur independently? 

This could be explored using the Colo239F cell series. Although the parental cell line has very low levels of 

MCAM, we did undertake a cell sort to isolate an MCAM negative subpopulation. 

As previously discussed, the WRAMP structure contains many proteins integral to cytoskeletal and 

microtubule dynamics. Witze et al. described a cassette of proteins which co-localised with MCAM in the 

WRAMP structure, including F-actin, Cop1β, and calnexin (Witze et al. 2013). After noting polarised MCAM 

pooling in the mutant MCAM-expressing Colo239F cells, some proteins of the WRAMP interactome were 

selected for staining experiments to explore whether the intracellular MCAM pool was indeed the WRAMP 

structure. As F-actin co-localised consistently and strongly with MCAM in this pool, it is highly likely that this is 

the same or similar to the WRAMP structure. A major finding of this study is that both moesin and β1-integrin 

localised to the WRAMP structure in Colo239F cells (Figs. 18, 19). This finding is consistent with previous 

studies in melanoma. For instance, the ERULS structure, is a rear-polarised event which involves ezrin (an ERM 

protein), F-actin, myosin light-chain, and β1-integrin (Lorentzen et al. 2011). Furthermore, moesin was 

reported to co-localise with F- actin and myosin IIB in a similar rear-polarised structure associated with RhoA 

signalling and increased migration (Estecha et al. 2009). 

Another major finding, which conflicts with the current literature, is that both calnexin and Cop1β failed to 

co-localise with either MCAM or at the WRAMP structure. This suggests that under the experimental 

conditions of this study, neither Cop1β nor the cortical ER are involved in WRAMP formation. In the two papers 

on WRAMP published by Witze et al., exogenous Wnt5a was utilised to stimulate the formation of WRAMP. 

Under these conditions, calnexin (a marker for the ER) co-localised with the WRAMP structure. Here, calnexin 

staining produced whole-cell punctate staining with no clearly identifiable features except a conspicuous lack 

of calnexin staining within the WRAMP structure (Fig. 22). Furthermore, they reported that treatment of the 

cells with Brefeldin A (which blocks the recruitment of Cop1 to vesicles), as well as RNAi knockdown of Cop1β, 

resulted in the blocking of the formation of the WRAMP structure (Witze et al. 2013). Our findings suggest 

that WRAMP formation may be able to occur independently of these components in Wnt5a-unstimulated 
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cells. Based on the results obtained from this study, and those discussed in the few papers published which 

discuss the WRAMP structure, there appear to be two possibilities. Firstly, the structure identified in this 

study is indeed WRAMP, but without Wnt5a stimulation, the ER is not recruited. Alternatively, it is possible 

that what we observed is not the WRAMP structure, and is a related structure resulting in a polarised pool of 

MCAM, F-actin, moesin, and β1- integrin (such as the ERULS). 

Developing a Colo239F cell series expressing GFP-tagged WT and mutant MCAM may be beneficial for 

investigating these possibilities as well as determining the role of the dileucine and tyrosine motif in WRAMP 

formation, using live cell imaging. Furthermore, such an experiment, combined with exploring spreading 

behaviour on different matrix substrates, or following Wnt5a treatment, may shed more light on the dynamic 

distribution of MCAM during cell migration in melanoma. 

A previous hypothesis explaining why WT MCAM expression may result in reduced motility in melanoma cells 

in some assays, is that MCAM shifts the focus of cell adhesion from the cell-ECM interactions toward cell-cell 

interactions (Dye 2007). This hypothesis was formed on the basis of increased network formation in Matrigel 

network-forming assays, as well as a delay in wound closure and spreading on various matrix substrates (Dye 

2007). To explore this hypothesis, network-forming assays and aggregation assays were attempted in this 

study, to determine whether the Colo239F cell series expressing MCAM exhibited a bias towards cell-cell 

interactions over cell-ECM. However, the Colo239F cells failed to produce networks on Matrigel at various 

cell concentrations (data not shown). Furthermore, while aggregation assays were attempted, data produced 

were unreliable and highly variable, and so were excluded from this report. The growth pattern of Colo239F-

WT3.1 cells under normal cell culture, however, suggests that these cells have a preference for cell-cell 

interactions compared to parental Colo239F cells or cells expressing MT MCAM. That is, they displayed a 

tendency to grow vertically and adhere to the top of islands of cells, whereas the other cells appeared more 

spread, even at high confluency. Further investigation into the preference and mechanism of cell-cell versus 

cell-ECM interactions is required in the parental and MCAM-expressing Colo239F cells, which may shed more 

light on the migratory phenotype. 

 

4.3.4 Potential role of MCAM in cell protrusions and cell  polarisation 

MCAM co-localised strongly with F-actin and moesin in front-directed cellular extensions in the MCAM-

transduced Colo239F cells (Fig. 20). Previous studies have reported similar findings where MCAM is expressed 

at cell protrusions and co-localises with the actin-binding proteins moesin and ezrin (Luo et al. 2012). 

Interestingly, MCAM is reported to interact directly with phosphorylated moesin, recruit RhoGDI1, induce 

RhoA activation, and thereby promote melanoma migration (Luo et al. 2012). Additionally, moesin changes 

localisation within the cell following knockdown of MCAM, and MCAM and moesin fail to co-co-localise when 

moesin lacks its FERM domain, which also results in decreased cell migration (Luo et al. 2012). MCAM is also 
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frequently noted to be highly expressed at the leading edge of breast cancer cell lines (Zeng et al. 2012), as 

well as endothelial progenitor cells (EPCs) where it co-localises with FAK and promotes migration (Kebir et 

al. 2010). Finally, MCAM is known to produce longer, more numerous microvilli in lymphocytes, potentially 

via interactions between MCAM and the cytoskeleton (Guezguez et al. 2007). 

Cell protrusions constitute an important step in cell adhesion and migration and may represent another 

mechanism whereby MCAM is involved in the migration of melanoma cells. The co-localisation of MCAM, 

moesin, and F-actin, and the known interaction between MCAM and moesin, suggests that moesin facilitates 

interaction of MCAM with the cytoskeleton, potentially enabling cytoskeletal remodelling. The mechanism 

behind this interaction needs to be explored in further depth, as well as exploring other interaction partners 

of MCAM (including IQGAP1, ezrin, radixin, or hShroom1). Since the cytoplasmic tail of MCAM is so highly 

conserved between species, it is possible that the role MCAM plays in normal and metastatic function occurs 

primarily through signalling or interactions with other molecules via this domain, rather than classical cell 

adhesion. 

Here, MCAM was also found to co-localise with F-actin, moesin, and Cop1β in filament-like structures which 

extended longitudinally at the apical surface of Colo239F cells (Figs. 24, 25). Most often, these structures 

appeared in duplicate and ran bilaterally from front to end of the cell either side of the nucleus. These 

structures resemble actomyosin stress fibres, which extend between focal adhesions at the front and rear of 

the cell. Why MCAM is present in these structures remains uncertain. However, the presence of moesin may 

indicate that it is acting as a linker between MCAM and the cytoskeleton. Furthermore, the surprising 

presence of Cop1β may indicate that MCAM is being trafficked to or along these filaments, as Cop1β is known 

to interact directly with the KKGK motif in the cytoplasmic tail of MCAM and is thought to mediate retrograde 

trafficking of MCAM (Witze et al. 2013). 

Generally, cell migration follows four broad steps: protrusions at or extension of the leading edge of the cell; 

formation of focal adhesions; translocation of the cell body toward the leading edge; and detachment of 

adhesions at the trailing edge (Kuo 2013). After the formation of focal adhesions via integrins and other CAMs, 

cytoskeletal filaments are formed between adhesions at the leading and trailing edge of the cell. These fibres 

anchor the cell and allow mechanotransduction of force through the cell, driving it forward (Kuo 2013). 

Interestingly, MCAM has been implicated in two out of four of these steps – at the leading edge of the 

cell in protrusions, and along the stress fibres, which promote cell movement by contractile forces. To explore 

whether MCAM was present in focal adhesions, co-staining was performed between MCAM and vinculin (a 

marker for focal adhesions and cell-ECM interaction points) (Fig. 26). However, the staining resulted in a 

widespread punctate pattern, such that individual focal adhesions could not be identified. Previously, MCAM 

cross-linking has been reported to result in the phosphorylation of paxillin, a protein involved in forming focal 

adhesions (Anfosso et al. 1998). As paxillin also localises in focal adhesions, exploring paxillin staining in 

conjunction with vinculin staining may be beneficial. Phorbol Myristate Acetate (PMA) stimulation, which 
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activates protein kinase C (PCK), was found to increase focal adhesion formation (potentially through 

activation of focal adhesion kinase) in the SB2 melanoma cells in our laboratory, and this approach could also 

be used in the Colo239F cells expressing WT and MT MCAM. 

Furthermore, as mentioned above, MCAM co-localises with focal adhesion kinase (FAK) in EPCs (Kebir et al. 

2010). However, in Madin-Darby Canine Kidney (MDCK) cells, MCAM was absent in both adherens junctions 

and focal adhesions (Guezguez et al. 2007). Exploring the role of talin and Filamin A might be beneficial, as 

both of these proteins are known to link cell surface receptors such as integrins to the actin cytoskeleton at 

focal adhesions (Kuo 2013). Furthermore, they are reported to be part of the WRAMP interactome and may 

shed light on the formation and mechanism of WRAMP (Witze et al. 2013). 

 

4.3.5 Interaction between MCAM and β1-integrin 
 

Previously, it has been hypothesised that MCAM modulates β1-integrin expression or activity on the surface 

of melanoma cells. As mentioned previously, HEMCAM (chicken MCAM) has been shown to downregulate 

β1-integrin (Alais et al. 2001), and in human SB2 cells a similar effect has been hypothesized (Dye 2007). In 

addition, co-immunofluorescence experiments performed in our laboratory show significant co-localization 

of MCAM and β1 integrin in SB melanoma cells (unpublished data). 

The potential interaction between MCAM and β1-integrin was explored here via flow cytometry, 

immunofluorescence and Western blotting; however, our experiments focused broadly on the surface 

expression of the β1 integrin subunit and did not differentiate between isoforms or explore activity levels. 

Furthermore, the considerable variation in MFI between flow cytometry experiments suggests that β1-

integrins undergo rapid trafficking. These fluctuations may be part of the normal regulation of surface β1-

integrins in these cell lines. Additionally, the Western blot and flow cytometry data only weakly complement 

each other. These experiments need to be repeated to confirm expression levels. Co-immunoprecipitation 

experiments were performed between MCAM and β1-integrin, and preliminary results indicate a possibility 

of interaction between these molecules  (data not shown). However, these data were not convincing, and the 

experiment needs to be optimized and repeated. A full investigation into β1-integrin expression and activity 

was beyond the scope of this study, but our results indicate the possibility of interaction between β1-integrin 

and MCAM. 

 

4.4 Conclusion 
 
Colo239F cells expressing MCAM displayed significant changes in morphology compared to MCAM-negative 

cells. WT MCAM expression was associated with cells becoming shorter and smaller on tissue culture plastic, 
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while cells expressing MCAM containing sorting motif mutants were significantly longer. The mutant MCAM 

Colo239F cells were also more mobile and demonstrated increased directional migration compared to MCAM 

WT-expressing cells in a random migration assay. Furthermore, while proliferation appears to be largely 

unchanged by MCAM expression, spreading behavior was different between the cells. On laminin I, MCAM-

expressing cells spread faster than MCAM-negative cells, especially those expressing Y641A MCAM, which 

also displayed a significant increase in cell length on this substrate. While differences were not as clear on 

collagen I or IV, the tyrosine mutant- expressing cells displayed faster spreading (compared with other 

MCAM-positive cells) and longest cell morphology; indicating that spreading in the Colo239F cell line is 

modulated by the intracellular tail of MCAM. An alternative explanation is that the increase in β1-integrin 

expression seen in the Colo239F-YA3.1 cells facilitiates the increased spreading, since β1- integrins are the 

primary mediator of cell adhesion on these substrates. However, this hypothesis fails to account for the fast 

spreading seen by Colo239F-Parental cells on collagen while appearing to have relatively low β1-integrin 

expression, according to Western blot results. 

Furthermore, MCAM appears to be involved in three seemingly distinct processes of cell migration: the 

WRAMP structure, cell protrusions, and the actomyosin stress fibres. We hypothesize that in the Colo239F-

LA3.1 and Colo239F-YA3.1 cells, the WRAMP structure is more stable or resistant to breakdown, resulting in 

the increase of directional migration seen in these cells. Interestingly, the presence of moesin and F-actin in all 

three of these structures suggests that MCAM is interacting with the cytoskeleton through interactions with 

moesin, which is consistent with previous literature. Finally, the significant co-localisation of MCAM with β1-

integrin, including both being present in the WRAMP structure, suggests that these two molecules may be 

interacting. 
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CHAPTER V: 

Recycling and Sorting of MCAM 
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5.1 Introduction 
 
As previously described, MCAM is likely to be involved in migration and is present at both the leading edge of 

cell in cell protrusions (Luo et al. 2012) and in the WRAMP structure at the rear of the cell (Witze et al. 2008). 

For MCAM to play a role in spreading and migration, we hypothesize that MCAM must be maintained on the 

cell surface. Furthermore, MCAM may be recycled from the trailing edge to leading edge of the cell during 

cell movement and directed to the WRAMP structure. Despite its importance in the biology and progression 

of melanoma metastasis, very little is known about how MCAM is internalised, recycled, or sorted throughout 

the cell. 

The two putative endocytosis motifs of the intracellular tail of MCAM explored in this thesis are thought to 

be involved in the internalisation and sorting of proteins to endosomal and lysosomal compartments. 

Previously, the dileucine motif was linked to basolateral targeting of MCAM in endothelial cells (Guezguez et 

al. 2006). In this study, MCAM was found to co-localise with E- cadherin at the basal membrane. However, 

following knock-out of the dileucine motif, MCAM-L targeted to the apical membrane, along with MCAM-S 

(Guezguez et al. 2006). Witze et al. 2013 described a dynamin-dependent process whereby MCAM was 

internalised following Wnt5a stimulation (Witze et al. 2013). However, as dynamin is involved in both 

clathrin- and caveolin-mediated endocytosis (Doherty and McMahon 2009), this provided little insight into 

the process of MCAM internalisation. However, MCAM is reported to be at least partially endocytosed by a 

clathrin-mediated pathway, as revealed by hypertonic sucrose treatment of melanoma cells (Dye 2007). 

The recycling of plasma membrane proteins begins with endocytosis, summarised in Fig. 4 (Chapter 1). 

Following the endocytosis of membrane receptors, the receptor-containing vesicles are trafficked to early 

endosomes. Briefly, vesicles containing internalised receptors fuse with early endosomes, which mature into 

late endosomes and finally lysosomes, where it is believed the receptor is degraded. However, receptors can 

be rescued from lysosomal degradation at multiple points in the endosomal system and recycled to the cell 

surface (Grant and Donaldson 2009). If the cargo is to be recycled, it is subsequently trafficked from early 

endosomes either: directly back to the cell surface; to recycling endosomes for re-expression; to the Golgi via 

retrograde transport; or to the nucleus (Xu et al. 2017). The Rab4-mediated short-loop recycling pathway 

recycles  receptors from early endosomes to the cell surface, while receptors can also be trafficked to recycling 

endosomes, and subsequently to the cell surface, via the Rab11-mediated long-loop pathway (Grant and 

Donaldson 2009). Furthermore, receptors can be sorted and recycled from endosomes to the golgi apparatus 

via retrograde transport. 

Studies in our laboratories indicate MCAM co-localises partially with Rab4, Rab5 and Rab11 in melanoma 

(George 2017). One previous study also found that MCAM is present in Rab5- and Rab7-marked endosomal 

fractions, suggesting the protein is at least partially sorted through these compartments in macrophages (Luo 

et al. 2017). Furthermore, MCAM is trafficked via Rab7/RhoB- mediated multi-vesicular bodies (late 
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endosomes) to the WRAMP structure (Witze et al. 2013). This  suggests that MCAM sorting/recycling may be 

mediated, at least in part, by Rab7. Late endosomes mature into lysosomes wherein the contained molecule 

is degraded (Rink et al. 2005). Interestingly, transport can also occur between Rab7-marked late endosomes 

and the trans- Golgi network, suggesting the existence of a rescue pathway (Carroll et al. 2001; Pfeffer 2009). 

Molecules known to be involved in the bi-directional traffic between the endosomes and Golgi include 

receptors, lipids, and toxins (Progida and Bakke 2016). MCAM is also reported to co-localise with lysosomes, 

especially MT MCAM containing Y641G and L623P mutations (George 2017), suggesting that these mutations 

target MCAM to a degradative pathway. 

Rab7 is directly involved with retromer function, acting as an accessory protein for vesicle interactions. 

Briefly, retromer is described as a “master regulator” of endosomal sorting (Burd and Cullen 2014). It is made 

up of two protein complexes: the cargo-selective complex (CSC), consisting of VPS26, VPS29, and VPS35, and 

a second complex consisting of sorting nexins which mediates membrane deformation/cargo binding 

(Seaman 2012). Three versions of retromer have been identified: SNX-BAR-retromer, consisting of the CSC 

and a heterodimer of SNX1/2 and SNX5/6; SNX3-retromer; and SNX27-retromer (Burd and Cullen 2014). 

Retromer is described in more detail in Section 1.5.7 and Figure 5. It has been hypothesised that Rab7 and 

retromer are involved in late endosome trafficking (Pfeffer 2009). Interestingly, retromer isKol a primary 

regulator of early endosome to TGN retrograde trafficking (Progida and Bakke 2016), and sorting nexins also 

individually regulate endosome to TGN sorting, to some extent (Burd and Cullen 2014). 

Witze et al. 2013 described the co-localisation of ER marker calnexin with MCAM in the WRAMP structure, 

suggesting involvement of the ER in WRAMP formation and function (Witze et al. 2013).  Furthermore, they 

described direct interaction between MCAM and Cop1β (a retrograde-transport mediator) suggesting that 

MCAM was trafficked from the Golgi to the ER. Indeed, following Cop1 knockout, MCAM co-localised strongly 

with the Golgi body in melanoma cells. Furthermore, the presence of MCAM inside late endosomes (MVBs) 

reported by this paper provides further supporting evidence and suggests a unique link between MCAM and 

a retrograde transport sorting pathway (Witze et al. 2013). 

Considering the complexity of the endosomal system, it is possible that MCAM undergoes sorting via 

different pathways. This chapter explores the co-localisation of MCAM with endosomal markers to help 

determine how MCAM is sorted and recycled in the Colo239F cell line. Previous unpublished data in SB2 

melanoma cells expressing Y641G and L623P MT MCAM, as well as protein stability prediction software results 

(Table 10), suggest that mutant MCAM may be targeted to a degradative pathway. Furthermore, the potential 

involvement of retromer and sorting nexins was explored via mRNA expression screening, to determine 

whether these proteins were expressed in melanoma cells and which may warrant further investigation in 

MCAM recycling and sorting in melanoma. 
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5.2 Results 
 

5.2.1 LL623-624AA and Y641A do not affect cell surface expression of MCAM 

in the Colo239F cell lineG 

To further investigate the roles of the tyrosine and dileucine motifs in MCAM internalisation and recycling, 

flow cytometry assays were performed to measure the proportion of MCAM expressed on the cell surface, 

compared to total MCAM expression, of each cell line. While findings were non-significant, it appears that 

the Colo239F-WT3.1 cells had slightly less cell surface expression as a percentage of the total than the mutant 

cells, especially Colo239F- YA3.1 (Fig. 29). Unfortunately, there was significant experiment variation for the 

Colo239F- WT3.1 and Colo239F-YA3.1 cells, and more replicates are required to investigate these data. The 

average mean fluorescent intensity (MFI) for total cell and cell surface MCAM for each cell line is displayed in 

Table 15. Experiment 1 and 2 were performed at separate time points. 
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Table 15. MCAM expression in Colo239F cells. 

 

Experiment 

 

Cells 

Cell Surface 

(MFI) 

Total 

(MFI) 

Mean % cell 
surface MCAM 

1 
Colo239F- WT3.1 26149 ± 2346 51364 ± 6950 51% 

Colo239F- LA3.1 28378 ± 6459 50845 ± 12199 56% 

2 
Colo239F- WT3.1 22905 ± 8942 40683 ± 11632 56% 

Colo239F- YA3.1 30520 ± 8152 44524 ± 6243 69% 

The geometric mean fluorescence intensity (MFI) for MCAM shown for non-permeabilised cells (cell surface) and 
permeabilised cells (total). Experiment 1 and 2 were performed in triplicate at different time points due to sample 
number. Data shown as mean ± SD. 

 

5.2.2 MCAM does not co-localise with the Golgi body or lysosomes 

To explore the localisation of MCAM within the cell, co-staining experiments were performed. Interestingly, 

no or limited co-localisation was apparent between MCAM and the Golgi, as visualised using an antibody 

against Golgin97 (Fig. 30A). As the mutations introduced into the MCAM-LA and MCAM-YA sequences were 

predicted to be destabilising by in silico analyses (Table 9, Section 3.3.5), it was hypothesised that the mutant 

MCAM protein may be targeted to the lysosomes. However, co-staining experiments between MCAM and 

Lamp-2 (a lysosomal marker) also produced no evidence of co-localisation (Fig. 30B). 

 

5.2.3 Partial co-localisation between MCAM and endosomes 

To further explore the localisation of MCAM within Colo239F cells, and to explore whether MCAM might be 

recycled throughout the cell via the endosomal sorting system, co-staining experiments were also performed 

between MCAM, Rab4 (early endosomes), Rab7 (late endosomes), Rab11 (recycling endosomes), and VPS35. 

MCAM displayed no co-localisation with VPS35, although apparent nuclear localisation of VPS35 is 

unexpected and may indicate further optimisation of this antibody is required (Fig. 31B). There was limited 

co-localisation with Rab4 and Rab11 in a minority of cells (Fig. 30A, white arrow; Fig 30B). Interestingly, MCAM 

showed significant levels of co-localisation with Rab7, a marker for late endosomes (Fig. 32). This effect 

appears to be more pronounced in the Colo239F-WT3.1 cells compared to the cells expressing MT MCAM, 

Colo239F-LA3.1 and Colo239F-YA3.1 (Fig. 32A). 
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5.2.4 Sorting nexin and retromer gene expression in  melanoma cell lines 

Sorting nexin and retromer gene expression was explored for 14 SNX and retromer-associated genes in a 

range of melanoma cell lines. Genes analysed were SNX1-6, SNX17, SNX27, SNX31, VPS26A, VPS26B, VPS29, 

VPS35, and RAB7A; and control genes were succinate dehydrogenase complex subunit A (SDHA), TATA-

binding protein (TBP) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data analyses and 

normalisation is described in Section 2.17 and efficiency data shown in Appendix 2. All genes except SNX31 

were found to be expressed in every melanoma cell line analysed (Figs. 33, 34). The SB2 cell line (derived 

from a primary melanoma and MCAM negative) was the least metastatic cell line analysed, and in the absence 

of melanocytes, was chosen as a control against which fold changes were calculated. The metastatic 

melanoma cell lines analysed were MM253, MM96L, SKMEL28, A2058, and Colo239F, all of which are MCAM 

positive except Colo239F. Five biological replicates were analysed for each cell line per gene. Table 11 and 

Figures 28 and 29 displays the average fold change and confidence intervals for each gene for each cell 

population. 

The mean fold changes for SNX1-6 generally indicated a trend for upregulation for every melanoma cell line, 

although in most cases this was not statistically significant. The MM96L and A2058 cell lines displayed a high 

level of variance in SNX1, making it difficult to draw any conclusions (Fig. 33A-F). SNX2 and SNX6 expression 

was significantly upregulated in the Colo239F cell line (Fig. 34B, F) (p ≤ 0.05). Some cell lines displayed 

marginal mean upregulation due to what may be an outlier, as four out of five replicates indicated gene 

downregulation, such as the A2058 cell line for SNX3 (Fig. 33C). Hence, both a dot plot and table of averages 

were included to provide a better overview of the data. Interestingly, SNX17 and SNX27 expression was largely 

downregulated, except for the MM253 cell line (for SNX27), and the Colo239F cell line (for both SNX17 and 

SNX27) (Fig. 33G, H). The A2058 cell line displayed a high level of variation between replicates for many of 

the genes analysed, suggesting that these data could benefit from repeat experiments with new replicates. 

Once again, the retromer-associated proteins analysed generally indicated a trend towards increased 

expression in metastatic melanoma cell lines compared to the SB2 cell line. For VPS26A, all cell lines except 

A2058 showed increased expression (Fig. 33A), while for VPS26B all cell lines showed increased expression 

except for SKMEL28. (Fig. 34B). A similar trend was seen in VPS29, with only SKMEL28 showing 

downregulated expression (Fig. 34C). VPS35 showed more variation between cell lines, with SKMEL28 and 

A2058 being slightly downregulated while the other cell lines were slightly upregulated (Fig. 34D). Rab7a was 

most interesting. While these genes were upregulated in all cell lines compared to against the SB2 cell line, 

only the MM253 and MM96L cell lines displayed statistically significant upregulation (p ≤ 0.01, p ≤ 0.05 

respectively) (Fig. 34E). 
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Table 16. Fold changes for sorting nexin and retromer-associated genes expressed by melanoma cell lines. 

Data analysed against the SB2 cell line and presented as mean (lower 95% confidence interval limit, upper 95% 
confidence interval limit). 

  

Gene SKMEL28 MM253 MM96L A2058 Colo239F 

SNX1 
1.08 

(0.30, 1.86) 

5.26 

(-3.53, 14.06) 

1.70 

(-2.07, 5.45) 

1.04 

(-1.39, 3.47) 

3.26 

(-0.32, 6.85) 

SNX2 
8.80 

(0.21, 17.40) 

10.84 

(-7.34, 29.06) 

20.23 

(-15.69, 56.15) 

4.87 

(-2.44, 12.19) 

27.54 

(-3.23, 58.30) 

SNX3 
0.82 

(-0.14, 1.78) 

4.97 

(1.58, 8.35) 

1.81 

(-0.16, 3.79) 

1.17 

(-0.89, 3.23) 

2.78 

(0.34, 5.23) 

SNX4 
1.76 

(-0.46, 3.97) 

5.16 

(-0.37,10.68) 

3.64 

(-1.15, 8.43) 

2.89 

(-1.27, 7.05) 

3.70 

(0.32, 7.07) 

SNX5 
2.89 

(1.57, 4.19) 

8.82 

(-4.18, 21.83) 

3.80 

(-3.62, 11.20) 

1.09 

(-0.25, 2.43) 

7.77 

(-2.31, 17.86) 

SNX6 
0.96 

(0.58, 1.35) 

2.48 

(-0.11, 5.08) 

2.86 

(-1.79, 7.50) 

1.83 

(-0.86, 4.51) 

19.32 

(4.67, 33.96) 

SNX17 
0.38 

(0.02, 0.75) 

3.25 

(-2.49, 8.98) 

0.35 

(-0.05, 0.75) 

0.17 

(-0.21, 0.55) 

2.97 

(1.09, 4.85) 

SNX27 
0.21 

(0.12, 0.31) 

0.81 (0.17, 

1.44) 

0.75 

(0.08, 1.41) 

0.31 

(-0.09, 0.72) 

1.39 

(0.46, 2.32) 

VPS26A 
1.79 

(-0.92, 4.50) 

6.14 

(-1.79, 14.08) 

3.77 

(-1.54, 9.09) 

0.88 

(-0.05, 1.80) 

3.60 

(-0.87, 8.07) 

VPS26B 
0.91 

(0.07, 1.74) 

4.44 

(-2.23, 11.14) 

2.41 

(-0.59, 5.42) 

1.53 

(-1.60, 4.65) 

4.93 

(-1.07, 10.93) 

VPS29 
0.73 

(-0.20, 1.67) 

3.06 

(-1.9, 8.01) 

1.80 

(-0.03, 6.63) 

0.97 

(-0.97, 2.90) 

3.93 

(0.67, 7.19) 

VPS35 
0.51 

(-0.17, 1.19) 

1.09 

(0.29, 1.89) 

1.50 

(-0.01, 3.01) 

0.67 

(-0.51, 1.85) 

2.14 

(0.14, 4.14) 

RAB7A 
3.47 

(-0.04, 6.99) 

20.29 

(-8.12, 48.71) 

9.00 

(-3.50, 21.50) 

2.17 

(0.19, 4.15) 

6.58 

(-0.69, 13.85) 
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Figure 31 presents these data as averages of biological replicates for each cell line plotted for each gene. 

Viewed like this, it is apparent that all genes analysed appear to be slightly upregulated on average in 

metastatic melanoma (compared to the primary melanoma, SB2) except for SNX17 and SNX27, which are 

downregulated (Fig. 35A, B). Furthermore, SNX2 and RAB7A appear to be upregulated to the highest extent 

(Fig. 35). However, variation there was considerable variation between biological replicates for some cell lines 

and therefore, these data should be interpreted with caution. 
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5.2.5 Rab7a and VPS35 protein expression in melanoma cell lines 

Western blots were performed to compare protein expression of VPS35 and Rab7a with gene expression, in 

the melanoma cell lines which were explored via qPCR. Interestingly, there was some differences observed 

between protein and gene expression. The MM253, MM96L, and Colo239F cell lines appeared not to have 

detectable levels of VPS35 protein, although MM96L and Colo239F cells had slightly elevated expression of 

VPS35 compared to SB2 at the mRNA level. Further, the Colo239F cell line appeared to have undetectable 

Rab7a in the lysate despite having strong gene expression. However, this experiment was only performed 

once due to time restraints and therefore may represent experimental error. Only a subset of the molecules 

analysed by qPCR were explored via Western blot, due to time and budget constraints. 

The immunoblot was performed using equal amounts of lysate (assessed by BCA, 20 µg of each lysate was 

loaded) 
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5.3 Discussion 

5.3.1 MCAM recycling and sub-cellular localisation 
 

Previous studies in our laboratory using the SB2 cell series indicated that the ratio of cell surface:total MCAM 

differed in cells expressing WT vs MT MCAM, with cells expressing MCAM containing a mutation in the di-

leucine motif showing intracellular accumulation, potentially localising within the TGN or lysosomes (Dye 

2007). Thus, we explored this in the Colo239F cell series. 

Interestingly, the ratio of cell surface: total expression of MCAM was similar in all the Colo239F-MCAM 

positive cells, regardless of whether they expressed WT MCAM or MCAM containing the Y641A or LL623-

624AA mutation. Colo239F-YA3.1 displayed a slightly higher level of surface MCAM (as well as surface: total 

ratio) compared to the other cell lines, but this was not statistically significant. This suggests that WT and MT 

MCAM were internalised and recycled throughout the cell in a similar manner in the Colo239F cells, and that 

neither of the two putative endocytosis motifs investigated are required for MCAM expression to be 

maintained on the cell surface (Fig. 29, Table 15). 

Flow cytometry antibody-feeding based recycling assays (Arancibia-Carcamo et al. 2006) were then 

attempted, to determine whether there was any alteration in the rate of MCAM recycling between cells 

expressing WT or MT MCAM. These assays involved staining the outside of cells with an anti- MCAM antibody 

on ice and then placing cells at 37oC for variable lengths of time to allow internalisation. Cells were then 

removed from the incubator and stained with secondary antibody to detect antibody remaining on the cell 

surface. However, these assays were highly variable, and the data were unreliable. Another cell surface 

labelling method that could be used to explore MCAM internalisation and recycling is cell-surface 

biotinylation using a cleavable biotin label (Arancibia-Carcamo et al. 2006). In addition, more information 

about the recycling pathway of MCAM could be gained by using chemical inhibitors such as primaquine, 

which inhibits recycling of endocytosed proteins to the plasma membrane (van Weert et al. 2000); or by the 

transfection of dominant negative proteins. For example, overexpression of Dynamin 1 K44A mutant 

constructs inhibits clathrin mediated endocytosis; and either wild type or dominant negative    Rab proteins 

could be over-expressed to identify the role of specific endosomal compartments in MCAM recycling 

(Arancibia-Carcamo et al. 2006). 

To further explore potential recycling pathways of MCAM, its cellular localisation was explored by co-

immunofluorescent staining of MCAM with markers of early, recycling and late endosomes, the lysosome, 

the TGN and the ER. 

Rab proteins are part of the superfamily of Ras-like GTPases and are known to regulate almost all parts of the 

cellular sorting machinery, including cargo recruitment, coat assembly, vesicle budding, motor machinery 

recruitment, vesicle transport along cytoskeletal filaments, vesicle tethering, and vesicle fusion with target 
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membranes (Guerra and Bucci 2016; Progida and Bakke 2016). Rabs function by cycling between an inactive, 

GDP-bound state, and an active, GTP-bound state (Progida and Bakke 2016). As described above, Rab 

proteins enter the endosomal pathway at different points, meaning each Rab generally localises to particular 

endosomal compartments. Rab4 and Rab5 are markers for the early endosome and regulate endocytosis and 

early endosome formation (Naslavsky and Caplan 2018; Progida and Bakke 2016). Rab7a is a marker of late 

endosomes and regulates the maturation of early to late endosomes, and then to lysosomes (Guerra and 

Bucci 2016). Rab9 also co-localises with late endosomes and lysosomes, helps maintain their proper 

morphology and may, with Rab7b, contribute to retrograde transport from late endosomes to the TGN 

(Progida and Bakke 2016). Rab11 is a marker for recycling endosomes, as well as partially being present in 

the TGN and vesicles that leave the Golgi (Welz et al. 2014). 

Here, we found that MCAM does not significantly co-localise with the early or recycling endosomes (identified 

by Rab 5 and Rab 4 staining, respectively), suggesting that the amount of MCAM passing through these vesicles 

may be low, or transient. Rab4 mediates a fast recycling pathway through which cell surface molecules are 

rapidly recycled to the cell surface from early endosomes (Grant and Donaldson 2009). The limited co-

localisation of MCAM with Rab4 suggests that under our experimental conditions, Rab4 only partially 

regulates MCAM recycling, or MCAM is only transiently present in early endosomes in small amounts. Rab11 

marks recycling endosomes and mediates the long-loop recycling pathway by which receptors are taken back 

to the cell surface (Grant and Donaldson 2009). Likewise, the limited co-localisation seen here between 

MCAM and Rab11 suggests that either MCAM is present in recycling endosomes only in small  amounts, or that 

MCAM is only partially recycled via the long-loop pathway. 

Interestingly, MCAM in the Colo239F cells strongly co-localises with late endosomes (Rab7), suggesting that 

intracellular MCAM resides in this compartment. As described, there is a known retrograde recycling 

pathway for some receptors from the late endosomes to the Golgi body (Progida and Bakke 2016). 

Furthermore, Witze et al. 2013 described a mechanism by which MCAM is trafficked through late endosomes 

to the WRAMP structure (Witze et al. 2013). Thus, we explored co- localisation of MCAM with the TGN using 

the Golgin97 antibody (Huotari and Helenius 2011). Considering the co- localisation of MCAM with Rab7 but 

not with Lamp-2 (lysosomes), it is interesting that there is also no co-localisation with the TGN. It could be 

hypothesized that if MCAM is rescued from a lysosomal degradation pathway, then it is being sorted into a 

retrograde transport pathway to the TGN. However, the lack of co-localisation with the Golgi/TGN suggests 

this hypothesis is incorrect. Alternatively, MCAM may be targeted to the TGN and rapidly sorted into a 

recycling pathway, such that immunofluorescent staining at a single time point is not sufficient to observe 

co-localisation between MCAM and these compartments. Performing co-immunofluorescent staining with 

MCAM and Rab7b antibodies may help ameliorate this gap in knowledge, as Rab7b localises to and mediates 

retrograde trafficking between the late   endosomes and TGN (Guerra and Bucci 2016). 
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Witze et al. 2013 also described a mechanism by which Cop1β mediated retrograde transport of MCAM from 

the Golgi to the ER (Witze et al. 2013). Cop1β generally recognises its cargo via an intracellular di-lysine motif 

(KKxx), such as the KKGK motif present in the intracellular domain of MCAM (Arakel and Schwappach 2018). 

This may explain the lack of co-localisation seen for MCAM and the Golgi. MCAM may be rescued from late 

endosomes and traffic quickly through the Golgi to the ER.  However, in our experiments, MCAM also 

displayed no co-localisation with Calnexin, a marker of the ER. 

These data partially conflicts with previous work done by our group in MCAM-transfected human SB2 

melanoma cells, where MCAM was found to frequently co-localise with Rab5, Rab11, and Lamp-1 (George 

2017). In the SB2 cell series, cells expressing di-leucine MT MCAM showed significant co-localisation with a 

marker of the TGN. This suggests that there may be cell line specific differences in the way MCAM is recycled 

through the cell. In addition, the di- leucine mutant expressed in the SB2 cells is a leucine to proline mutation, 

whereas the mutation used in this study was leucine to alanine, which is a more neutral mutation. Given the 

data generated in the Colo239F cells, the co-localisation of MCAM with Rab7 in the SB2 cell series is an area 

that requires investigation. 

Future experiments could also involve exploring MCAM recycling in cell lines that naturally express MCAM. 

This was not performed in this thesis, as the primary focus was the comparison of WT vs MT MCAM; due to 

the previous data generated in the laboratory in the SB2 cells series. In addition, melanoma cells could be 

transiently transfected with constructs to fluorescently label MCAM and components of the recycling 

machinery, which would allow real time imaging of MCAM intracellular trafficking. 

Other molecules of interest in recycling are the adaptor proteins, which are involved in bidirectional transport 

between the endosomes and the TGN (Progida and Bakke 2016). For instance, AP-1 and AP-4 mediate TGN-

to-endosome transport, AP-2 is primarily involved in clathrin-mediated endocytosis and AP-3 regulates 

trafficking to lysosomal compartments (Progida and Bakke 2016). AP-5 is more recently described and 

appears to mediate endosomal/lysosomal homeostasis (Progida and Bakke 2016). Therefore, it may be 

beneficial to study any potential role for adaptor proteins in the cellular sorting of MCAM. Some preliminary 

work in our laboratory has found limited co-localisation of MCAM with AP-2 in SB2 MCAM positive cells; but 

this requires confirmation. 

Stress fibres have been previously described to be important for receptor recycling, such as in the case of C-

C chemokine receptor type 5 (CCR5). CCR5 internalisation and recycling was found to be regulated by the 

Rho-dependant activation of Rab GTPases and actin polymerisation into stress fibres (Mueller and Strange 

2004). We found that MCAM co-localised with F-actin, moesin, and Cop1β in parallel bilateral structures 

resembling stress fibres (Figs. 24, 25, Chapter IV). This is also reminiscent of the sorting pathway described 

by Witze et al. 2013 whereby MCAM is trafficked via Rab4/RhoA-mediated late endosomes as well as Cop1β- 



113  

mediated retrograde transport (Witze et al. 2013). This indicates that MCAM may be sorted along 

cytoskeletal filaments, however, this hypothesis requires further study. 

5.3.2 Retromer, sorting nexins, and associated proteins in melanoma 

The co-localisation of MCAM and Rab7 suggests a potential role for retromer/SNXs in sorting MCAM through 

the endosomal system. Considering the sparsity of literature surrounding retromer and SNXs in melanoma, 

initial investigation was via a broad approach, exploring mRNA expression in melanoma. 

For analysis, six cell lines were chosen: four native MCAM-expressing metastatic melanoma cell lines 

(MM253, MM96L, SKMEL28, and A2058), and two MCAM-negative cell lines (SB2 and Colo239F). Fourteen 

SNX and retromer genes were chosen for analysis, based on their central role in retromer function: SNX1-6, 

SNX17, SNX27, SNX31, VPS26A, VPS26B, VPS29,VPS35, and RAB7A. Interestingly, SNX31 has been described 

as an oncogene in melanoma, driving metastasis (Hodis et al. 2012). Unfortunately, however, SNX31 

expression has previously been found to be lost in cell culture of melanoma (Tseng et al. 2014). Indeed, we 

found no mRNA expression of two isoforms of SNX31 in our melanoma cell lines (data not shown). Fold 

change analysis was performed relative to gene expression in the SB2 primary melanoma cell line, as normal 

melanocytes were not available. 

As mentioned above, retromer and the sorting nexins are important in endosome-to-TGN and endosome-to-

plasma-membrane transport (Burd and Cullen 2014). Interestingly, almost all genes analysed were 

upregulated in the more metastatic melanoma cell lines, with SNX2 and RAB7A showing the clearest pattern 

of upregulation. Only SNX17 and SNX27 were downregulated in metastatic melanoma cell lines (Fig. 35). There 

were also cell line specific trends in expression levels. For instance, the SKMEL28 cell line consistently 

displayed expression levels at or near the lowest of the cell lines, while the Colo239F cell line consistently 

displayed the highest expression levels (Fig. 35). Since the expression of SNX genes in melanoma cell lines 

has not previously been investigated, the significance of these findings is unknown. However, the increased 

expression of retromer and associated molecules in metastatic melanoma is consistent with the crucial role 

of the retromer in intracellular trafficking and with recent publications exploring sorting nexins in other 

malignancies. For example, recent data implicates changes in SNX1 expression in gastric cancer (Zhan et al. 

2018), SNX10 in colorectal cancer (Zhang et al. 2020) and SNX27 in breast cancer (Sharma et al. 2020; Zhang, 

Li, et al. 2019). As previously mentioned, SNX17 and SNX31 have received the most attention in melanoma, 

and are believed to regulate β1 integrin surface expression through binding to the NPxY motif in the β1 

integrin cytoplasmic domain (Tseng et al. 2014). 

The increased expression of SNX2 and RAB7A may represent the upregulation of important pathways in 

malignant melanoma. SNX2 forms part of the SNX-BAR heterodimer, which mediates membrane deformation 

in retromer binding (Burd and Cullen 2014), although this function of  SNX2 is thought to be redundant and 

interchangeable with SNX1 (Schwarz et al. 2002). 
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Most interesting is perhaps the significant upregulation of RAB7A in the malignant melanoma cells we 

screened. Rab7a has been identified as a key driver in melanoma metastasis as part of an “endo-lysosomal” 

gene cluster. However, Rab7a expression is not constant throughout melanoma progression – with higher 

levels during early melanoma progression associated with a proliferative phenotype, and lower levels 

associated with invasion (Alonso-Curbelo et al. 2014). As most of the cell lines in our analysis are metastatic 

this is very interesting, as it might be expected that Rab7 mRNA levels would decrease in these cells, relative 

to a non-invasive melanoma (e.g.SB2 cells). The addition of a melanocyte cell line to this panel may help 

reconcile some of the differences observed here. 

The significant co-localisation of MCAM with Rab7 in MCAM-transduced Colo239F cells (Fig 32A), may 

represent an upregulation of lysosomal rescue pathways in metastatic melanoma, including the rescue of 

MCAM from late endosomes. Interestingly, the Rab7a western blot performed on the melanoma cell lines 

analysed by qPCR, suggests that the Colo239F cell line expressed no Rab7 protein (Fig. 36) - however, it was 

successfully detected by both immunofluorescence and qPCR. Whilst there may be differences in mRNA and 

protein levels, it is difficult to reconcile the differences between immunofluorescence and western blot data. 

Due to time restraints, only one replicate of this experiment was performed and so the lack of Rab7 in the 

immunoblot for the Colo239F cell line may represent experimental error. The immunoblot will be repeated 

using fresh cell lysates and an appropriate loading control, such as Revert total protein stain. 

We also investigated potential co-localization between VPS35 and MCAM. Although VPS35 did not show any 

upregulation at the mRNA level, as a core component of retromer we were interested to explore its 

intracellular localisation and any potential co-localisation with MCAM. We found no evidence of co-

localisation between VPS35 and MCAM. However, we did see a significant amount of nuclear localisation of 

VPS35, which is inconsistent with its known location and role in the cell. This suggests this antibody requires 

further optimisation before drawing further conclusions. 

The other genes showing notable differences in expression between control and metastatic melanoma were 

SNX17 and SXN27, which were both downregulated. SNX17 recycles plasma membrane receptors to the cell 

surface, including β1-integrin. SNX17 has been shown to interact with β1-integrin via interactions between 

its FERM domain and the tyrosine motif in the intracellular tail of β1-integrin (Rabouille 2017; Steinberg et 

al. 2012). β1-integrin contains an NxxY-conforming tyrosine motif while MCAM contains a YIDL tyrosine motif, 

indicating that SNX17/SNX27 may not interact directly with MCAM. SNX17 was downregulated in three out 

of five melanoma cell lines analysed, however, it was slightly upregulated in the Colo239F-Parental cell line, 

in comparison to the SB2 cell line (Fig. 34). 

Interestingly, β1-integrin cell surface expression was highly variable in the Colo239F cell lines generated in this 

study, but also showed significant co-localisation with MCAM (Fig. 20, 28), although we were unable to 

determine a direct interaction between these two molecules via co-immunoprecipitation. Furthermore, as 
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discussed in Chapter IV, it has been hypothesised that MCAM is associated with downregulation/ inactivation 

of cell surface β1-integrin in both human and avian models (Alais et al. 2001; Dye 2007). β1-integrin mRNA 

expression levels in the MCAM-expressing Colo239F cell lines was not explored but may provide additional 

insight into correlation between MCAM and β1-integrin  expression. However, total protein content, as 

measured by flow cytometry, indicated no significant differences in β1-integrin expression among the 

Colo239 cell series. Indeed, only Colo239F-YA3.1 displayed a slight increase in β1-integrin expression.  

Interestingly, by Western blot, the Colo239F-YA3.1 cell line appeared to have a greater    level of total β1-

integrin (Fig. 28). 

 

5.4 Conclusion 
 

Colo239F cell lines expressing either WT or MT MCAM showed similar proportions of cell surface MCAM 

expression compared to total cell expression. Indeed, the proportion of cell surface expression may be slightly 

higher in cells expressing MT MCAM (particularly the tyrosine Y641A mutation). This differs to that seen in 

the SB2 cells, where cells expressing MT MCAM showed a smaller proportion of cell surface (relative to total) 

expression. This suggests that neither the dileucine nor tyrosine motifs significantly affect MCAM endocytosis 

and recycling in the Colo239F cells. 

Further exploration of recycling pathways in the Colo239F cells expressing either WT or MT MCAM displayed 

no co-localisation of MCAM with the Golgi body, ER, or lysosomes, and only limited co-localisation with Rab4 

and Rab11. However, MCAM co-localised strongly with Rab7, especially in Colo239F-WT3.1 cells. Together 

these data suggest that MCAM is localised to late endosomes within the Colo239F cell line, and only to a 

limited degree in early and recycling endosomes. It is possible that MCAM contained in late endosomes avoids 

a degradative pathway, and is instead trafficked through the cell to the WRAMP structure. However, it is 

unlikely that MCAM is recycled to any great extent via either the Rab4- mediated short-loop, or Rab11-

mediated long-loop pathways in the Colo239F cells. 

Finally, components of the retromer appear to be highly expressed in metastatic melanoma,    especially SNX2 

and RAB7A. However, SNX17 and SNX27 appear to be largely downregulated. This may affect β1-integrin 

expression in these cell lines, as the FERM domain of SNX17 is known to bind the NxxY motif of β1-integrin. 

Whether this is also associated with MCAM expression is unknown, although we have seen significant 

localization of β1-integrin and MCAM in many melanoma cells. We were unable to explore protein expression 

for the majority of the retromer components, but as previously mentioned, Rab7 protein was highly expressed 

and showed strong co-localization with MCAM. This is in contrast to VPS35, which showed no co-localization 

with MCAM in our hands. Protein expression levels of other sorting nexins and retromer components needs to 

be explored to determine the validity of the mRNA   expression data.  
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CHAPTER VI: 
 

Conclusion 
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6.0 Conclusion 
 

The major outcomes of this study included: 

 

1. The generation of Colo239F melanoma cell populations expressing WT, LL623- 624AA-MCAM, 

Y641A-MCAM, and control MCAM negative cells, via lentiviral transduction and cell sorting. 

2. Characterisation of the metastatic phenotype of melanoma cells expressing WT and MT MCAM 

using in vitro assays. This included exploring differences in cell morphology, proliferation, 

migration, and cell spreading on different substrates. Primarily, data presented here suggests that 

cells expressing MCAM containing the LL623-624AA and Y641A mutations showed an increase in 

sustained directional migration and differences in spreading behaviour compared to cells 

expressing WT MCAM, but no differences in proliferation. 

3. Determining the subcellular localisation of WT and MT MCAM, as well as its co-localisation with 

important cellular markers. Interestingly, we found that MCAM consistently co-localised with F-

actin, moesin, and β1-integrin in putative stress fibres, the WRAMP structure, and cell protrusions, 

indicating three potentially distinct mechanistic roles for MCAM in cell migration and morphology. 

4. Investigating whether WT or MT MCAM expression was associated with, or altered the expression 

of other cell surface molecules, including β1-integrin. It was determined the expression levels and 

proportion of intracellular and cell surface MCAM and β1-integrin were largely unaltered by the 

LL623-624AA and Y641A mutations. 

5. Exploring the ways in which MCAM may be endocytosed and recycled throughout the cell, including 

any potential role for retromer and sorting nexins in this process. The primary results from these 

investigations suggest that the disruptive mutations do not affect MCAM stability, despite 

conflicting results from predictive software. Further, it appears that SNX31 expression is lost in cell 

culture, while SNX2 and Rab7a may be upregulated in metastatic melanoma. The role of the 

retromer and associated proteins in MCAM recycling remains unclear. 

 

The data presented in this study suggest that the two putative endocytosis motifs in the intracellular tail 

of MCAM - the dileucine and tyrosine motifs – are integral to certain aspects of MCAM function, and 

dispensable for others. Expression of LL623-624A- and Y641A-MCAM  in Colo239F cells was associated with 

an increase in directional migration, increased occurrence of the WRAMP structure, alterations in spreading 

behaviour on various substrates, and differences in morphology. However, there were no differences in 

proliferation, or levels  of intracellular and surface MCAM expression in the WT vs MT MCAM expressing cells. 

All MCAM expressing cells showed co-localisation of MCAM with moesin, F-actin, and β1-integrin in the 

WRAMP structure. Furthermore, all MCAM expressing cells also displayed co-localisation of MCAM with 

moesin and F-actin in cell protrusions, and with moesin, F-actin, and Cop1β in actomyosin stress fibres. This 
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suggests three potential mechanisms by which MCAM may contribute to melanoma migration, none of which 

require  functional dileucine or tyrosine motifs. 

We propose that the LL623-624AA and Y641A mutations enhance the stability of the WRAMP  structure in 

Colo239F cells - potentially by reducing recycling of MCAM back to the cell surface or into a different sorting 

pathway. Further, the occurrence and increased stability of the WRAMP structure may explain the increase in 

their occurrence in the MT MCAM  expressing cell lines, as well as their increased sustained directional 

migration. In addition, the increase in WRAMP-associated MCAM may affect growth morphology; with cells 

expressing WT MCAM showing higher homotypic cell adhesion, while MT MCAM expressing cells 

demonstrate lower cell adhesion and higher cell mobility. 

An area requiring further investigation is the interaction of MCAM with the cytoskeleton. It has become clear 

that MCAM is an important cytoskeletal modulator and it has been shown to have direct interactions with 

several cytoskeletal linkers including moesin, ezrin, radixin, hShroom1, and IQGAP1 (Dye et al. 2009; Luo et 

al. 2012; Witze et al. 2013). The co-localisation of MCAM at both cell protrusions, and within what appear to 

be actomyosin stress fibres, with moesin, F-actin, and Cop1β, suggests a mechanistic role of MCAM in cell 

migration and morphology. The presence of Cop1β may also indicate the trafficking of MCAM throughout 

the cell along cytoskeletal scaffolds. Experiments to highlight precisely how MCAM interacts with these 

molecules, and what mechanistic role it plays (if any), will be important to understanding the basic function 

of MCAM, and may produce novel targets for melanoma therapy. 

Interestingly, MCAM appeared to have little to no effect on β1-integrin expression. Previously it has been 

hypothesised that MCAM reduces β1-integrin cell surface expression or activity (Dye 2007; George 2017). 

Here, we found that there was little difference in β1-integrin surface expression across the Colo239F cell 

series, except for a potential increase in expression in the Colo239F-YA3.1 cells. However, we did not explore 

integrin activity levels in these cells. The increased spreading speed and cell length in Colo239F-YA3.1 cells 

compared to WT MCAM expressing cells may be explained by increased β1-integrin expression or activation. 

It is also  possible, however, that the Y641A mutation causes a conformational change in the intracellular tail 

of MCAM, analogous to the change proposed to occur via phosphorylation of the tyrosine motif (Xu et al. 

2019). Indeed, the Y641A mutation may be producing a more activated state of MCAM, which might explain 

the differences in phenotype. 

Finally, data presented here in relation to the recycling of MCAM are inconclusive but potentially hint at how 

MCAM is trafficked throughout the cell. Interestingly, neither WT nor MT MCAM expressing cells displayed 

co-localisation with lysosomal markers, as would be expected by the results from the structural stability 

prediction software. Indeed, both WT and MT MCAM appeared to only partially localise in Rab5-marked early 

endosomes and Rab11- marked recycling endosomes. Instead, MCAM largely co-localised with Rab7a, a 

marker for late endosomes which mediates early-to-late endosome and late endosome-to-lysosome 
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maturation. This suggests that MCAM is largely pooling within late endosomes, and avoids the canonical 

lysosomal degradation pathway. This is consistent with the proposed mechanism described by Witze et al. 

2013 by which MCAM is trafficked in MVBs from the cell surface to the WRAMP structure (Alonso-Curbelo et 

al. 2014). 

Furthermore, five melanoma cell lines were confirmed to constitutively express retromer core component 

and sorting nexin genes. Gene expression for retromer was largely upregulated in metastatic melanoma, 

compared with a non-metastatic cell line. However, both SNX17 and SNX27 were downregulated in 

metastatic melanoma. Furthermore, no co-localisation was noted between MCAM and VPS35; suggesting 

that MCAM is not sorted via retromer in the Colo239F cell line. The role of retromer in melanoma is poorly 

understood and requires further investigation. 

There are a number of limitations of the study and areas that require further experimentation. These include 

confirmation of the cell proliferation data (comparing all cell lines simultaneously); and further exploration 

of the cell migration data using additional chemotactic assays. The potential interaction between MCAM and 

β1-integrin remains to be clarified, as our co-immunoprecipitation experiments were unsuccessful. In 

addition, the relative proportion of WT and MT MCAM cells expressing the WRAMP structure, and whether 

Wnt5a signaling affects this, would significantly add to this study.  

In summary, the tyrosine and dileucine motifs in the intracellular tail of MCAM appear to have several 

important but potentially redundant roles in contributing to the metastatic phenotype of melanoma cells. 

Further elucidating the role of MCAM, and its various interaction partners, in the WRAMP mechanism may 

lead to unique therapies to combat melanoma invasion and metastasis. Another area of interest is the KKGK 

motif in the  intracellular tail of MCAM, which is reported to interact with a number of different proteins, 

including moesin, Cop1β and Rictor (Witze et al. 2013; Xu et al. 2019); all of which may be influenced by the 

dileucine and tyrosine motifs. In particular, exploring whether palmitoylation, phosphorylation or other 

modifications affect the conformation or interactions of the intracellular tail is worth further investigation. 
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8.0 APPENDICES 
 

8.1 Appendix 1:  MCAM mRNA and protein sequence 
8.1.2  MCAM mRNA Sequence 
 

NCBI accession number NM_006500 

 

1 acttgcgtct cgccctccgg ccaagcatgg ggcttcccag gctggtctgc gccttcttgc 

61 tcgccgcctg ctgctgctgt cctcgcgtcg cgggtgtgcc cggagaggct gagcagcctg 

121 cgcctgagct ggtggaggtg gaagtgggca gcacagccct tctgaagtgc ggcctctccc 

181 agtcccaagg caacctcagc catgtcgact ggttttctgt ccacaaggag aagcggacgc 

241 tcatcttccg tgtgcgccag ggccagggcc agagcgaacc tggggagtac gagcagcggc 

301 tcagcctcca ggacagaggg gctactctgg ccctgactca agtcaccccc caagacgagc 

361 gcatcttctt gtgccagggc aagcgccctc ggtcccagga gtaccgcatc cagctccgcg 

421 tctacaaagc tccggaggag ccaaacatcc aggtcaaccc cctgggcatc cctgtgaaca 

481 gtaaggagcc tgaggaggtc gctacctgtg tagggaggaa cgggtacccc attcctcaag 

541 tcatctggta caagaatggc cggcctctga aggaggagaa gaaccgggtc cacattcagt 

601 cgtcccagac tgtggagtcg agtggtttgt acaccttgca gagtattctg aaggcacagc 

661 tggttaaaga agacaaagat gcccagtttt actgtgagct caactaccgg ctgcccagtg 

721 ggaaccacat gaaggagtcc agggaagtca ccgtccctgt tttctacccg acagaaaaag 

781 tgtggctgga agtggagccc gtgggaatgc tgaaggaagg ggaccgcgtg gaaatcaggt 

841 gtttggctga tggcaaccct ccaccacact tcagcatcag caagcagaac cccagcacca 

901 gggaggcaga ggaagagaca accaacgaca acggggtcct ggtgctggag cctgcccgga 

961 aggaacacag tgggcgctat gaatgtcagg cctggaactt ggacaccatg atatcgctgc 

1021 tgagtgaacc acaggaacta ctggtgaact atgtgtctga cgtccgagtg agtcccgcag 

1081 cccctgagag acaggaaggc agcagcctca ccctgacctg tgaggcagag agtagccagg 

1141 acctcgagtt ccagtggctg agagaagaga cagaccaggt gctggaaagg gggcctgtgc 

1201 ttcagttgca tgacctgaaa cgggaggcag gaggcggcta tcgctgcgtg gcgtctgtgc 

1261 ccagcatacc cggcctgaac cgcacacagc tggtcaagct ggccattttt ggcccccctt 
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1321 ggatggcatt caaggagagg aaggtgtggg tgaaagagaa tatggtgttg aatctgtctt 

1381 gtgaagcgtc agggcacccc cggcccacca tctcctggaa cgtcaacggc acggcaagtg 

1441 aacaagacca agatccacag cgagtcctga gcaccctgaa tgtcctcgtg accccggagc 

1501 tgttggagac aggtgttgaa tgcacggcct ccaacgacct gggcaaaaac accagcatcc 

1561 tcttcctgga gctggtcaat ttaaccaccc tcacaccaga ctccaacaca accactggcc 

1621 tcagcacttc cactgccagt cctcatacca gagccaacag cacctccaca gagagaaagc 

1681 tgccggagcc ggagagccgg ggcgtggtca tcgtggctgt gattgtgtgc atcctggtcc 

1741 tggcggtgct gggcgctgtc ctctatttcc tctataagaa gggcaagctg ccgtgcaggc 

1801 gctcagggaa gcaggagatc acgctgcccc cgtctcgtaa gaccgaactt gtagttgaag 

1861 ttaagtcaga taagctccca gaagagatgg gcctcctgca gggcagcagc ggtgacaaga 

1921 gggctccggg agaccaggga gagaaataca tcgatctgag gcattagccc cgaatcactt 

1981 cagctccctt ccctgcctgg accattccca gctccctgct cactcttctc tcagccaaag 

2041 cctccaaagg gactagagag aagcctcctg ctcccctcac ctgcacaccc cctttcagag 

2101 ggccactggg ttaggacctg aggacctcac ttggccctgc aagccgcttt tcagggacca 

2161 gtccaccacc atctcctcca cgttgagtga agctcatccc aagcaaggag ccccagtctc 

2221 ccgagcgggt aggagagttt cttgcagaac gtgttttttc tttacacaca ttatggctgt 

2281 aaatacctgg ctcctgccag cagctgagct gggtagcctc tctgagctgg tttcctgccc 

2341 caaaggctgg cttccaccat ccaggtgcac cactgaagtg aggacacacc ggagccaggc 

2401 gcctgctcat gttgaagtgc gctgttcaca cccgctccgg agagcacccc agcggcatcc 

2461 agaagcagct gcagtgttgc tgccaccacc ctcctgctcg cctcttcaaa gtctcctgtg 

2521 acattttttc tttggtcaga agccaggaac tggtgtcatt ccttaaaaga tacgtgccgg 

2581 ggccaggtgt ggtggctcac gcctgtaatc ccagcacttt gggaggccga ggcgggcgga 

2641 tcacaaagtc aggacgagac catcctggct aacacggtga aaccctgtct ctactaaaaa 

2701 tacaaaaaaa aattagctag gcgtagtggt tggcacctat agtcccagct actcggaagg 

2761 ctgaagcagg agaatggtat gaatccagga ggtggagctt gcagtgagcc gagaccgtgc 

2821 cactgcactc cagcctgggc aacacagcga gactccgtct cgaggaaaaa aaaagaaaag 

2881 acgcgtacct gcggtgagga agctgggcgc tgttttcgag ttcaggtgaa ttagcctcaa 

2941 tccccgtgtt cacttgctcc catagccctc ttgatggatc acgtaaaact gaaaggcagc 

3001 ggggagcaga caaagatgag gtctacactg tccttcatgg ggattaaagc tatggttata 

3061 ttagcaccaa acttctacaa accaagctca gggccccaac cctagaaggg cccaaatgag 
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3121 agaatggtac ttagggatgg aaaacggggc ctggctagag cttcgggtgt gtgtgtctgt 

3181 ctgtgtgtat gcatacatat gtgtgtatat atggttttgt caggtgtgta aatttgcaaa 

3241 ttgtttcctt tatatatgta tgtatatata tatatgaaaa tatatatata tatgaaaaat 

3301 aaagcttaat tgtcccagaa aatcatacat tgctttttta ttctacatgg gtaccacagg 

3361 aacctggggg cctgtgaaac tacaaccaaa aggcacacaa aaccgtttcc agttggcagc 

3421 agagatcagg ggttacctct gcttctgagc aaatggctca agctctacca gagcagacag 

3481 ctaccctact tttcagcagc aaaacgtccc gtatgacgca gcacgaaggg cctggcaggc 

3541 tgttagcagg agctatgtcc cttcctatcg tttccgtcca ctt 

 

 

8.1.2 MCAM protein Sequence 
 

 

NCBI accession number NP_006491.1 

 

MGLPRLVCAFLLAACCCCPRVAGVPGEAEQPAPELVEVEVGSTALLKCGLSQSQGNLSHVDWFSVHKE 
KRTLIFRVRQGQGQSEPGEYEQRLSLQDRGATLALTQVTPQDERIFLCQGKRPRSQEYRIQLRVYKAPEE 
PNIQVNPLGIPVNSKEPEEVATCVGRNGYPIPQVIWYKNGRPLKEEKNRVHIQSSQTVESSGLYTLQSILK 
AQLVKEDKDAQFYCELNYRLPSGNHMKESREVTVPVFYPTEKVWLEVEPVGMLKEGDRVEIRCLADGN 
PPPHFSISKQNPSTREAEEETTNDNGVLVLEPARKEHSGRYECQAWNLDTMISLLSEPQELLVNYVSDVR 
VSPAAPERQEGSSLTLTCEAESSQDLEFQWLREETDQVLERGPVLQLHDLKREAGGGYRCVASVPSIPGL 
NRTQLVKLAIFGPPWMAFKERKVWVKENMVLNLSCEASGHPRPTISWNVNGTASEQDQDPQRVLSTL 
NVLVTPELLETGVECTASNDLGKNTSILFLELVNLTTLTPDSNTTTGLSTSTASPHTRANSTSTERKLPEPES 
RGVVIVAVIVCILVLAVLGAVLYFLYKKGKLPCRRSGKQEITLPPSRKTELVVEVKSDKLPEEMGLLQGSSG 
DKRAPGDQGEKYIDLRH 
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8.2 Appendix 2: qPCR Efficiency Calculations 
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