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SUMMARY 
 

Neural cell adhesion molecule (NCAM), initially characterized in cells from nervous 

system, has also been found to express in a number of non-neuronal cell types 

including epithelial cells of various organs and muscle cells. A plethora of evidence 

have suggested the correlation between deregulated NCAM expression with increased 

cancer malignancy, however, its implication in melanoma remains elusive. The first 

part of the thesis aims to unravel the role of NCAM in melanoma progression. To this 

end, siRNA mediated approach was employed to stably silence NCAM expression in 

mouse melanoma B16F0 cells. We found that both cellular invasion and metastatic 

dissemination in vivo were significantly perturbed in the absence of NCAM. We 

further delineated the underlying molecular mechanism and showed that the pro-

invasive function of NCAM was exerted via activation of both cAMP-dependent 

protein kinase (PKA) and phosphatidylinositol 3-kinase (PI3K) pathways. These two 

pathways converged at transcription factor cAMP response element binding protein 

(CREB), which in turn down-regulated mRNA expression of pro-invasive gene matrix 

metalloproteinase-2 (MMP-2). Together, these findings demonstrated the pro-

metastatic function of NCAM thus suggesting the potential implication of anti-NCAM 

strategy in melanoma treatment. 

 

The second part of the thesis consists of studies exploring the role of NCAM in MSCs 

migration and differentiation. MSCs represent promising tools for cellular therapy 



 

XVII 

 

owing to their multipotency and ability to localize to injured, inflamed sites and tumor. 

Various approaches to manipulate expression of MSC surface markers, including 

adhesion molecules and chemokine receptors, have been explored to enhance homing 

of MSCs. Recently, NCAM has been found to be expressed in MSCs yet its function 

remains largely elusive. Herein, we showed that bone marrow-derived MSCs from 

NCAM deficient mice exhibited defective migratory ability and significantly impaired 

adipogenic and osteogenic differentiation potential. We further explored the 

mechanism governing NCAM-mediated migration of MSCs and showed that the 

interplay between NCAM and fibroblast growth factor receptor (FGFR) induced 

activation of mitogen-activated protein kinase (MAPK)/extracellular signal-regulated 

kinase (ERK) signaling, thereby the migration of MSCs. In addition, re-expression of 

NCAM180, but not NCAM140, could restore the defective MAPK/ERK signaling 

thereby the migration of NCAM-deficient
 
MSCs. Finally, we demonstrated that 

NCAM180 expression level could be manipulated by pro-inflammatory cytokine 

Tumor Necrosis Factor (TNF)-α treatment. Overall, our data revealed the vital 

function of NCAM in MSCs migration and differentiation thus raising the possibility 

of manipulating NCAM expression to enhance homing and therapeutic potential of 

transplanted MSCs in cell therapy.  
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CHAPTER 1. INTRODUCTION 
 

1.1 Neural cell adhesion molecule: structure and isoforms 

NCAM, also known as CD56, is a cell surface glycoprotein belonging to 

immunoglobulin superfamily mediating calcium-independent intercellular adhesion [1, 

2]. Encoded by a single gene consisting 26 exons, NCAM locates on chromosome 11 

in humans and on chromosome 9 in mice [3-5]. Alternative splicing of mRNA 

transcribed from this single gene generated numerous isoforms and the three major 

isoforms are termed as  NCAM120, NCAM140 and NCAM180 on the basis of their 

apparent molecular weight [6]. As depicted in Figure 1, NCAM120 attaches to cell 

membrane via a glycosylphosphoinositol (GPI) anchor which is encoded by exon 15, 

whereas NCAM140 and NCAM180 are transmembrane proteins with their 

cytoplasmic domains encoded by exons 16, 17, 19 and 16-19, respectively[7]. All 

three major isoforms possess identical extracellular parts which are encoded by exons 

1-14. Like other adhesion molecules from immunoglobulin superfamily, the 

extracellular parts of the three major isoforms share homology with the modules of 

immunoglobulin consisting five Ig-like domains and two fibronectin type-III repeats 

(F3) [8] .  

 

Each of the three NCAM isoforms displays cell type related and temporal differences 

in expression. During embryonic development, NCAM140 and NCAM180 are the 

predominant isoforms present in many tissues, including epithelia. In adult tissue, 

however, NCAM changes from the two transmembrane isoforms to NCAM120 with 
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its expression mainly localizes in nervous system [9], skeletal muscle [10] and some 

neuroendocrine organs [11, 12]. In nervous system, NCAM140 is found transiently 

expressed on migratory growth cones and axon shaft of developing neurons, whereas 

NCAM180 appears late in development and is enriched at sites of contact between 

axonal growth cones as well as postsynaptic membranes of hippocampal neurons. 

NCAM120, however, is predominantly expressed in glia cells [13].   

 

It has been reported that NCAM also exists in a secreted form (soluble NCAM), 

attributing to the expression of the NCAM-SEC-exon, which contains an in frame stop 

codon and locates between exons 12 and 13. The truncated form of 115 kDa NCAM 

lacks the hydrophobic domains and is expressed in brain postnatally [9, 14]. 

Enzymatic removal of any of the three major NCAM isoforms [15-17] could also 

contribute to the pool of soluble NCAM. Moreover, transmembrane isoforms of 

NCAM have also been found in soluble form, e.g. in cerebrospinal fluid (CSF) [18].  

 

Additional variations of the extracellular parts of NCAM further diversify the pool of 

NCAM isoforms. The difference between these subtypes is achieved by optional 

insertion of the variable alternative splice exon (VASE) a, b, c, in the fourth Ig domain 

and AAG between the two F3 modules [19]. Alternatively, the structure and 

expression of NCAM could be complicated by post-translational modifications, 

including glycosylation and palmitoylation. Glycosylation of NCAM could be 

achieved by addition of α-2,8-linked sialic acid residues to the fifth Ig domain. Such 

polysialyated-NCAM (PSA-NCAM) is predominantly expressed during neuronal 
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development and its expression markedly decreased during embryonic ages into 

adulthood [20]. In adult brain, PSA-NCAM only presents in area retaining high degree 

of plasticity where neurogenesis is active, such as the hippocampus and the olfactory 

bulb [21]. In contrast, VASE exon expression increases during development. Together, 

PSA and VASE changes seem to act in concert to switch the function of NCAM from 

a plasticity-promoting to stability–promoting molecule [22]. 

 

Other than polysialylation, the two transmembrane isoforms of NCAM could also 

undergo palmitoylation at their C-terminus. This additional post-translational 

modification affects NCAM distribution within the plasma membrane and the 

downstream signaling and neurite outgrowth [23].   
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Figure 1. Schematic presentation of the three major NCAM isoforms.  

There are three major isoforms of NCAM. Two of them are transmembrane protein 

with either long (NCAM180) or short (NCAM140) cytoplasmic domains. The other 

isoform, NCAM120, lacks a cytoplasmic domain and attaches to cell membrane via a 

GPI anchor. This figure depicts the exon constitution of NCAM gene and how each 

exon corresponds to various domains of NCAM isoforms. IgI-IgV indicates 

immunoglobulin homology modules. F3-I and F3-II represent fibronectin type III 

homology modules [7].  

 

1.2 Mechanisms of NCAM homophilic and heterophilic interactions 

1.2.1 Homophilic NCAM interactions 

 

NCAM has long been known to mediate cell-cell interactions by means of homophilic 

binding. Regarding homophilic binding between NCAM molecules on two adjacent 

cells, several seemingly conflicting models have been proposed [24]. One model 

implicates an anti-parallel binding between the two N-terminal extracellular modules 

(IgI and IgII) of two opposing NCAM molecules [25, 26], whereas another one 

predicts an anti-parallel binding of all five NCAM-Ig modules [27, 28]. The 
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discrepancies between these models were later partially resolved when the structure of 

the IgI–IgII–IgIII triple modules of rat NCAM was resolved by X-ray crystallography 

[29]. Based on the structure, a new model involving three steps has been proposed: 

First, two NCAM molecules arrange in parallel forming cis-dimmers, and bind to each 

other in a crosslink formation with IgI and IgII modules. Second, when NCAM cis-

dimmers locate on opposing cells, they bind to each other in an antiparallel manner 

with the second and third IgG of the two opposing NCAM, a mechanism called “flat 

zipper”; or the two NCAM cis-dimers form a “compact zipper” conformation, in 

which the binding sites locate at IgII modules and between IgI and IgIII modules. Last, 

combining both types of zippers leads to formation of a two dimensional “double 

zipper” NCAM adhesion complex involving numerous NCAM molecules. 

 

1.2.2 Heterophilic NCAM interactions 

 

NCAM also engages heterophilic interactions with various cell surface and 

extracellular matrix molecules. The following table lists some heterophilic ligands of 

NCAM that have been reported so far. 
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Table 1. Heterophilic ligands of NCAM 

 

FGFR is one of the most important extracellular interaction partners of NCAM. Fc-

fusion protein of the extracellular part of NCAM, or an NCAM derived peptide (FG 

loop (FGL) peptide) has been shown to interact with FGFR. Such interaction is 

mediated by the second NCAM-F3 module and the second proximal membrane Ig 

domain of FGFR-1, thus resulting in FGFR phosphorylation thereby neurite outgrowth 

as demonstrated in PC12 cells and primary neurons of the hippocampus [30, 31].  

 

Apart from FGFR, NCAM has also been shown to interact with a variety of co-

receptors and cis-interactors. For example, GDNF is another heterophilic ligand of 

 Ligand References  

Co-receptors 

and cis 

interactors 

FGF receptor [30, 31] 

Glial cell line derived neurotrophic factor 

(GDNF) 

[32] 

Platelet derived growth factor (PDGF) [33] 

Brain derived neurotrophic factor (BDNF) [34] 

Prion proteins (PrP) [35] 

Adenosine triphosphate (ATP) [30, 36, 37]  

L1 [38] 

Extracellular 

matrix 

Glycosaminoglycan heparin  [39] 

Chondroitin sulfate proteoglycan (Neuron 

can/Phosphacan/Protein-tyrosine phosphatase δ 

/β) 

[40, 41] 

Heparin sulfate proteoglycans (Agrin) [26, 42] 

Collagen [26] 
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NCAM and their interaction in the absence of the conventional GDNF receptor, the 

Ret receptor tyrosine kinase, results in neurite outgrowth in cultured primary 

hippocampal neurons [32].  In addition, ATP has been shown to directly bind to the 

extracellular domain of all NCAM isoforms which could serve as an ecto-ATPase [36, 

43]. Interestingly, the binding of ATP to NCAM inhibits homophilic NCAM-NCAM 

interaction thereby growth of neurites. Hydrolysis of ATP on NCAM, on the other 

hand, promotes NCAM-FGFR interaction thus their corresponding signaling [37, 44]. 

Other related adhesion molecules could also serve as direct interaction partners of 

NCAM. For instance, NCAM has been shown to interact with the closely related 

adhesion molecule L1 to modulate neuronal function [38].  

 

Several components of extracellular matrix (ECM), including glycosaminoglycan, 

heparan sulfate proteogycans, chondroitin sulfate proteogylcans and collagen have 

also been reported as NCAM interaction partners [39-42]. Neurocan, for instance, is a 

member of the chondroitin sulfate proteogylcans. Binding of neurocan with NCAM 

has been shown to interfere with homophilic NCAM interactions thereby inhibiting 

neuronal adhesion and neurite outgrowth [45]. Collagens I-IC and IX have also been 

documented to bind with NCAM. Nevertheless, such interaction is considered as 

indirect and dependent on the presence of heparan sulfate [26].  
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1.3 NCAM-mediated intracellular signaling  

Besides its role in cell adhesion, NCAM also functions as a signal transducer initiating 

intracellular signaling via direct or indirect interaction with intracellular signaling 

molecules and extracellular ligands listed above. The signaling events presented below 

are pathways involved in neuronal differentiation and neurite outgrowth, in which 

NCAM intracellular signaling has been extensively studied. Also, these signaling 

cascades would be employed by NCAM regulating other cellular attributes such as cell 

migration and survival [46]. 

 

1.3.1 NCAM signaling mediated via FGFR 

 

Early indications that FGFR was involved in NCAM-mediated signaling came from 

studies showing that NCAM-mediated neurite outgrowth was impaired in neurons 

from transgenic mice expressing dominant negative FGFR and in PC12 cells treated 

with tyrosine kinase inhibitor [47-49]. Thereafter, several studies with various 

pharmacological inhibitors against enzymes [50] and second messenger molecules [51] 

revealed the sequence of events accompanying the binding of NCAM to FGFR. Upon 

binding to NCAM, FGFR undergoes dimerization and activation via auto-

phoshorylation. Subsequently, several proteins dock to the phosphorylated residue in 

the cytosplamic domain of FGFR molecule, one of them being the enzyme 

phospholipase Cγ (PLCγ), which in turn catalyze the hydrolysis of phosphoinositol 

4,5-bisphosphate (PIP2) to generate inositol 1,4,5 triphosphate (IP3) and diacylglycerol 
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(DAG). IP3 specifically binds to Ca
2+ 

channel, leading to an increase in intracellular 

Ca
2+ 

concentration. DAG, however, remains at the membrane and can either activate 

protein kinase C (PKC) or being converted to 2-arachidonylglycerol (2-AG) and 

arachidonic acid (AA), inducing various downstream signaling events [7].  

 

1.3.2 NCAM signaling mediated via non-receptor tyrosine kinase   

 

In addition to signaling through FGFR, NCAM has also been shown to mediate signal 

and induce neurite outgrowth via non-receptor tyrosine kinases. Fyn and focal 

adhesion kinase (FAK) are the two non-receptor tyrosine kinases that interact with 

NCAM and convey its signals. The involvement of Fyn in NCAM-mediated signaling 

was initially reported by Beggs, et al showing that neurite extension exhibited 

selective inhibition in sensory neurons from Fyn knockout (Fyn
-/-

)mice grown on 

NCAM-expressing fibroblast [52]. Furthermore, clustering of NCAM molecules on 

neuroblastoma cell surface by means of antibodies leads to a transient increase in Fyn 

phosphorylation [52]. Activated Fyn in turn recruits FAK via its SH2 domain to form 

Fyn/FAK complex, and FAK was subsequently phosphorylated to mediate 

downstream signaling. 

 

The involvement of Fyn and FAK in NCAM-mediated signaling and neurite 

outgrowth was later confirmed in studies where Fyn inhibitor PP2 and expression of 

dominant negative FAK inhibited the NCAM-mediated neuritogenic response [50, 53]. 

Moreover, it is worth noting that only the NCAM140 isoform, but not NCAM120 and 
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NCAM180, co-immunoprecipitates with Fyn and was implicated in activation of Fyn 

and FAK [54]. 

 

1.3.3 Cyclic adenosine monophosphate (cAMP) and PKA signaling 

The role of PKA and the upstream activator cAMP in NCAM-mediated neurite 

outgrowth was initially being excluded [55]. Nevertheless, the same cAMP antagonist 

with different concentration was later shown to inhibit NCAM-mediated neurite 

outgrowth in PC12 cells [56]. Likewise, treatment with PKA inhibitor leads to 

attenuated NCAM dependent neuritogenic response [56]. Together, these lines of 

evidence confirm the involvement of cAMP/PKA pathway in NCAM mediated neurite 

outgrowth.  

 

Downstream of PKA locates transcription factors CREB and c-Fos which are known 

to be activated and increasingly expressed, respectively, upon activation of cAMP-

PKA pathway [56]. It has been shown that cAMP analogue dBcAMP could induce 

neurite outgrowth in PC12 to the same extent resembling the effect of NCAM 

stimulation. Moreover, expression of dominant negative CREB or c-Fos led to 

inhibition of cAMP analogue dBcAMP-induced neurite outgrowth. Therefore, it 

appears that cAMP/PKA induced activation of transcription factor CREB and c-Fos is 

involved in NCAM stimulated neuritogenic effect in PC12 cells [56]. Indeed, 

stimulation with NCAM mimetic ligand C3d induced phosphorylation of CREB 

confirming CREB as a necessary signaling component in NCAM-mediated neurite 

outgrowth. 
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1.3.4 PI3K /Akt pathway 

 

PI3K and its downstream effector Akt, also known as protein kinase B, also contribute 

to NCAM-mediated neurite outgrowth [57]. Neuritogenic response in PC12 cells 

stimulated with NCAM mimetic peptide C3d was significantly inhibited by blocking 

PI3K pathway. Moreover, phosphorylation of Akt was significantly increased upon 

stimulation with C3d and inhibited by PI3K inhibitors [57] further consolidating the 

involvement of PI3K/Akt pathway in NCAM-mediated neuritogenesis.  

 

There are several routes by which NCAM mediates activation of PI3K/Akt pathway. 

For instance, PI3K can be activated by FGFR via a FGFR-Grb2-Gab1 complex or by 

binding to phosphorylated FAK, or via Ras and G-proteins [58, 59]. In addition, 

transcription factors CREB and NFκB, whose activities have been shown to be 

regulated by Akt might serve as the downstream targets of PI3K/Akt pathway 

contributing NCAM-mediated neurite outgrowth [60, 61].  

 

1.3.5 MAPK/ERK pathway  

 

Other than above mentioned FGFR-PLCγ-DAG-AA signaling cascade, NCAM could 

also induce activation of MAPK pathway via FGFR. Upon stimulation by C3d, 

increased phosphorylation and activation of the terminal MAPKs, ERK1 and ERK2 

have been observed in primary hippocampal neurons and PC12 cells [50]. Likewise in 

NCAM140-expressing neuroblastoma B35 cells stimulated with NCAM-Fc fusion 
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proteins and in primary cerebella neurons stimulated with NCAM antibodies or 

NCAM–Fc fusion proteins [53], elevated phosphorylation level of ERK1/2 is noted. 

Pharmacological inhibition of MEK, which is upstream of ERK, has been shown to 

inhibit NCAM-mediated neurite outgrowth [50, 53]. Moreover, expression of 

dominant negative forms of Ras and Raf, which are upstream activators of MEK, leads 

to impaired NCAM-mediated neurite outgrowth in PC12 cells and B35 cells [50]. In 

addition, expression of dominant negative form of Ras in NCAM140-expressing B35 

cells and COS cells led to decreased phosphorylation of ERK, further confirming Ras 

being upstream of MEK and ERK [53]. 

 

In addition to signaling through FGFR, NCAM could also signal through non-receptor 

tyrosine kinases Fyn/FAK to induce activation of MAPK pathway. Upon activation, 

phosphorylated FAK recruits adaptor protein Grb2 and guanine nucleotide exchange 

factor Sos to form Grb2/Sos complex which in turn activates Ras resulting in 

phosphorylation of MAPKs and downstream transcription factor CREB [53, 56, 62, 

63].   

 

As stated above, both Fyn/FAK and FGFR mediated signaling induced by NCAM 

could contribute to activation of MAPK/ERK pathway. However, whether the 

Ras/MAPK pathway is activated via the Fyn/FAK complex or FGFR depends on the 

compartmentalization of NCAM in cell membrane. Only lipid-raft associated NCAM 

can induce signaling via Fyn/FAK complex, whereas FGFR-mediated signaling is 

provoked by non-raft fraction of NCAM [64].  
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Figure 2. Signaling pathways activated by NCAM140 and NCAM180 isoforms in 

neuronal cells. 

Co-signaling from NCAM inside and outside lipid raft activates cytoskeletal and 

transcriptional events which in turn contribute to  neurite outgrowth [13].   

 

 

1.4 NCAM in central nervous system (CNS) 

NCAM was initially identified and abundantly expressed in cells from nervous system 

where its function has been studied extensively and implicated in various cellular 
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attributes including intercellular adhesion, cell migration, proliferation and survival. 

These events are triggered by the homophilic binding of NCAM on adjacent cells or 

heterophilic binding with other ligands contributing to diverse aspects of neuronal 

development [65], synaptogenesis [66], neuroprotection [67], learning and memory 

consolidation [68]. In humans, dysregulation of NCAM has also been reported to 

contribute to the development of neuropsychiatric and neurodegenerative disorders 

such as schizophrenia, bipolar disorder, depression and anxiety [13, 69-71].Elevated 

levels of soluble NCAM fragment was found in the postmortem brain and in CSF of 

patients correlating with the severity and duration of schizophrenia [72-74]. Moreover, 

reduced NCAM level has been observed in frontal and temporal cortex of patients with 

Alzheimer‟s disease (AD) suggesting the correlation between NCAM and the 

cognitive deficits in AD patients [75]. The functional importance of NCAM in nervous 

system could be further exemplified by deficits observed in NCAM knockout (NCAM
-

/-
) mice. Though NCAM

-/-
 mice appear healthy and fertile, ablation of NCAM gene 

leads to many functional and behavioral abnormalities. For instance, impaired synaptic 

plasticity for learning and memory is observed in NCAM
-/- 

mice, specifically, 

hippocampal long term potentiation (LTP) is reduced and long term depression in CA1 

region is abolished [66, 76, 77]. Moreover, abnormal synaptic vesicle release at 

neuromuscular junction [78, 79], corticospinal tract hypoplasia [80], impaired 

migration of olfactory neurons and reduced size of the olfactory bulb, body weight and 

brain weight [81, 82] have also been noted in NCAM
-/- 

mice. In a recent study, it was 

demonstrated that NCAM loss led to hippocampal dysplasia and loss of cholingergic 

neurons in forebrain of adult mice might contribute to the impaired cognition [83]. At 
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behavioral level,  NCAM
-/-

 mice exhibit compromised spatial learning [81], increased 

anxiety[84], elevated inter-male aggression [85], impaired contextual and cued fear 

conditioning [86] and abnormal circadian clock [87]. Moreover, depression like 

behaviors accompanied with impaired hippocampal neurogeneis have been 

demonstrated in NCAM
-/-

 mice [88] and these phenotypes could be ameliorated by 

systemic administration of NCAM mimetic peptide, FGL [88]. Also, exaggerated 

dopamine related-locomotion was shown in NCAM
-/-

 mice owing to disruption of 

NCAM-mediated dopamine D2 receptor internalization [89]. In mice with NCAM180 

isoform specifically being knocked out, increased lateral ventricle size and reduced 

prepulse inhibition (PPI) of startle response were observed [90].  

 

1.5 NCAM in cancer 

1.5.1 Cancer metastasis 

Though surgery and radiation could effectively control many localized tumors, the 

development of metastatic lesion signals a poor prognosis and causes 90% cancer 

death [91]. Hence, a mechanistic understanding of metastasis is imperative and would 

lead to better therapies and improved patient outcome.   

 

Metastasis, or the spread of cancer cells from its primary site to a distant organ, is an 

extraordinarily complex process. The initial step requires the proliferation of the 

primary tumor, diminishing of intercellular adhesion, degradation of extracellular 

matrix, and invasion into surrounding tissue and basement membrane [92]. This 

process continues until tumor cells invade into lymphatics or directly into tumor 
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associated vasculature. Once in the bloodstream, tumor cells must survive several 

stresses, including physical damage from velocity induced shear forces, lack of 

substratum and attack from immune cells. Having invaded and endured in circulation, 

metastatic tumor cells will then manage to arrest in circulatory system and extraversate 

into a target tissue by inducing endothelial retraction. Colonization at the secondary 

sites is an inefficient business/ rate-limiting step of metastatic progression. Stephen 

Paget proposed that disseminated cancer cells or “seeds”, would only colonize organ 

microenviroments or “soil” that are compatible with their growth. Indeed, clinical 

observation of cancer patients supports this notion that different cancers displayed 

specific metastatic tropisms. For instance, systemic breast cancer frequently 

metastasizes to the lung, bone, liver and brain, whereas advanced gastrointestinal 

malignancy and uveal melanomas metastasize specifically to the liver [93]. Recent 

advances have enriched our understanding of the word “microenviroment” and 

unraveled the determinants affecting such site-specific metastatic growth. First, a 

“premetastatic niche” may be formed by bone marrow–derived hematopoietic 

progenitor cells within the target organ to support the initial survival of extravasated 

tumor cells [94, 95]. Subsequently, the invading metastatic cells must display 

appropriate functions to effectively colonize the target site [95].  

 

1.5.2 Cell adhesion molecules (CAMs) in cancer 

On progression to advanced metastatic stage, cancer cells undergo multiple molecular 

alterations to get equipped to invade neighboring tissues, infiltrate into vascular and 

lymphatic vessels, extravasate and eventual colonize at distant organs [95]. At 
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molecular level, such changes mainly involve cell adhesion molecules, proteases and 

proteins regulating actin cytoskeleton reorganization. CAMs are cell surface molecules 

widely implicated in cell growth, migration and differentiation. In addition to its 

adhesive functions modulating intercellular and cell-matrix interactions, cell adhesion 

molecules participate in signal transduction, cellular communication and recognition, 

embryogenesis, inflammatory response and apoptosis [96]. In adult organism, CAMs 

are also particularly important in maintenance of tissue integrity and guidance of 

leukocyte migration [97]. Perturbances in expression and function of CAMs in tumor 

cells can lead to altered cellular adhesive repertoire and intercellular signaling, both of 

which will contribute to tumor progression and metastasis formation. 

 

On the basis of molecular structure and function, cell adhesion molecules can be 

further grouped into three main classes which are the integrins, the cadherin and 

immunoglobulin superfamily [96]. Ample evidence demonstrated the pivotal 

regulatory role of each group of CAMs in metastatic cascade. For example, loss of E-

cadherin has been demonstrated to coincide with the progression of most human 

epithelial cancers including carcinomas of the breast, colon, stomach, etc [98]. 

Furthermore, loss of E-cadherin is frequently accompanied with gain of mesenchymal 

cadherins, such as N-cadherin or cadherin 11 [99], thus raising the possibility that a 

„cadherin switch‟ from pro-adhesive, epithelial cadherins (e.g. E-cadherin) to 

mesenchymal migratory cadherins (e.g. N-cadherin) often accompanies with tumor 

progression to malignancy [100]. 
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Integrins, the prime mediator of cell-matrix adhesion and one of the key regulators 

controlling signaling pathways contributing to actin dynamics and cell movement, has 

also been found to be involved  in tumor invasion and metastasis [101]. One of the 

most intensively studied integrin αvβ3, for instance, serves as currently the best 

molecular marker correlating with the change from radial growth phase (RGP) to the 

metastatically competent vertical growth phase (VGP) of melanoma. Upon 

introduction of β3 integrin, it has been shown that RGP melanoma cell lines were 

converted into VGP-like melanoma cells. Other than melanoma, elevated expression 

of αvβ3 has also been shown to be associated with increased bone metastasis in breast 

and prostate cancers [102, 103]. Besides αvβ3, other members of the integrin family 

expressed on epithelial cells, such as α6β4, α6β1, α3β1, are generally retained in 

epithelial tumors with altered expression level. Moreover, it has been shown that 

integrin α6β4 cooperates with the function of hepatocyte growth factor (HGF) to 

regulate the invasive properties of carcinoma cells [104].  

 

CAMs of the immunoglobulin superfamily (Ig-CAM) have also been found implicated 

in cancer progression by facilitating information exchange between cells and support 

neoplastic progression thereby leading to the development of metastases [105]. For 

instance, intercellular adhesion molecule-1(ICAM-1), vascular cell adhesion molecule-

1 (VCAM-1), platelet endothelial cell adhesion molecule-1(PECAM-1) have been 

demonstrated to be involved in the progression of colorectal carcinoma [106]. In 

addition, expression of L1, which is also known as CD171, was shown to be up-

regulated and contributed to the metastatic dissemination of breast cancer, prostate 
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cancer and melanoma cells [96, 107]. Over-expression of MUC18/CD146 (Melanoma 

cell adhesion molecule) has been reported to associate with advanced primary and 

metastatic melanoma [108, 109]. However, the role of MCAM seems controversial 

and tumor context dependent. In breast carcinoma, MCAM expression is frequently 

lost and smaller metastases were generated from breast cancer cells over-expressing 

MCAM in nude mice [110].   

 

1.5.3 NCAM in cancer 

Besides cells from CNS, NCAM is also expressed in non-neuronal cell types. Studies 

in various human cancer biopsies as well as mouse tumor models reveal the 

importance of NCAM in the progression to tumor malignancy [111]. In many cancers, 

the expression of NCAM shifts from the adult NCAM120 isoform to the embryonic 

NCAM140 and NCAM180 isoforms. Moreover, NCAM expression level is 

deregulated exerting either positive or negative regulation in tumor progression. In 

neuroblastoma and tumors of neuroendocrine origin, elevated expression level and 

extensive polysialylation of NCAM has been observed [112-114]. Likewise, poor 

prognosis correlates with up-regulated NCAM level in myeloma, acute myeloid 

leukemia and lung cancer [115-117]. Also, it has been demonstrated recently that 

NCAM promotes ovarian cancer progression via coordination with FGFR signaling 

[118]. In contrast, an overall reduction of NCAM expression level has been found in 

colon carcinoma, pancreatic cancer and astrocytoma in association with poor 

prognosis [119-122]. Moreover, ablation of NCAM function in Rip1Tag2 transgenic 

mice, the only mouse model of spontaneous tumorigenesis for functional study of 
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NCAM in cancer progression, results in increased tissue disaggregation of primary 

tumor [123], lymphangiogenesis and formation of metastases at local lymph nodes 

[124, 125]. In melanoma, constitutive expression of NCAM has been found in cell 

lines derived from CNS metastatic lesions [126]. In addition, significantly higher 

expression level of NCAM was documented in aggressive, rapidly metastasizing 

primary and metastatic uveal melanoma [127]. However, a recent study reported 

controversy results showing that only a small proportion of tumor samples were 

NCAM positive in patients who underwent enucleation for primary uveal melanoma 

[128]. Moreover, only 14 out of 34 tumor samples were NCAM positive in another 

study with conjunctional melanoma patients [129]. Therefore, it seems that the 

correlation between NCAM expression and melanoma prognosis is still obscure and 

how NCAM modulates the progression of melanoma is yet to be answered. 

 

1.5.4 Melanoma 

Melanoma arises from the malignant transformation of neural-crest derived pigment-

producing cells, melanocytes [130]. Recognized as the most fatal form of skin cancer, 

melanoma accounts for 75% of mortality associated with skin cancer [131] owing to 

its rapid growth and highly metastatic proclivity. The incidence of melanoma has been 

increasing at an alarming rate, with the number of cases worldwide doubled in the past 

20 years [130, 132]. Currently, the risk of developing melanoma is 1/58 for males in 

the United States, and the increase in mortality rate is the second highest among all 

cancers [132].  
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As depicted in the Clark model (Fig.3), melanoma progresses from the benign naevi, 

to RGP melanoma, an intra-epidermal lesion lacking the capacity to invade the dermis 

and metastasize, and subsequently to VGP, a more dangerous stage in which cells are 

metastatic competent, with nodules invading the dermis and deeper structure [130]. 

Though early stage thin lesion of melanoma can be cured by surgical resection, 

treatment options, cure rate and survival rate decrease dramatically as melanoma 

progresses. Once diagnosed as metastatic phase, it is always fatal, largely refractory to 

existing therapies with 5-year survival rate of less than 5% [130].Therefore, in-depth 

understanding of the mechanism underlying the complex metastatic process of 

melanoma and the molecular changes occurring in highly malignant cells are 

imperative and would be of great help for novel regime development. 

 

As a complex genetic disease, melanoma arises from accumulation of mutations in 

genes residing within critical developmental pathways that are central to proliferation, 

differentiation and survival of melanocytic lineage [91]. In the past decades, the rate at 

which these oncogenic molecular „drivers‟ being identified and catalogued in 

melanoma has accelerated greatly, with several of the oncogenes already being 

targeted with small molecules. However, no case of melanoma has been identified in 

which deregulation of only one oncogene or tumor suppressor gene is responsible, 

although some oncogenic mutations are mutually exclusive [133]. The table below 

summarizes the key genetic alterations in melanoma.  
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Table 2. Selected genetic alterations in malignant melanomas 

Gene Type Gene Alteration 

frequency/types in 

melanoma (%) 

Pathways 

affected by 

alteration 

References 

Oncogene BRAF 50%-70%, point 

mutation 

MAPK [134, 135],  

NRAS 15%-30%, point 

mutation 

MAPK, 

PI3K  

[135] 

KIT 1% overall, point 

mutation 

MAPK,PI3

K 

[136] 

CDK4 5%, point mutation or 

amplification 

Cell cycle [137] 

AKT1,AKT2 

and AKT3 

<1% point mutation; 

25% amplification 

(AKT3)  

PI3K [138, 139] 

Tumor 

suppressors 

CDKN2A 30-70%, point mutation 

or deletion 

Cell cycle [140] 

p53 10%, point mutation Cell cycle [141] 

APAF-1 40%, point mutation Cell cycle [142] 

PTEN 50-60% point mutation 

or hemizygous deletion, 

10% homozygous 

deletion 

PI3K [143, 144] 

Transcription 

factors 

MITF 20%, Amplification Melanocyte 

lineage and 

cell cycle 

[145] 

Cyclin D1 6-44%, Amplification Cell cycle [146] 

Myc 20%, Amplification Cell cycle [147] 
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The most commonly observed recurrent mutations reside within the 

Ras/Raf/MEK/ERK pathway which regulates cell fate decision downstream of 

receptor tyrosine kinases, cytokines and heterotrimeric G-protein-coupled receptors 

[148]. In melanoma, this pathway acts as a key regulator of cell proliferation, with 

ERK hyper-activation being observed in around 90% human melanomas [149]. ERK 

phosphorylation and activation could be achieved through autocrine growth factors 

[150]: mutational activation of autocrine growth factor receptor KIT [151], or most 

commonly through gain of function mutation in NRAS, one of the three Ras genes in 

humans (the other being HRAS and KRAS) which has been reported in 15% to 30% of 

human melanoma [130]. NRAS mutations are thought to be mutually exclusive to 

activating mutations in BRAF. BRAF mutations have been identified in 50% to 70% 

of melanoma cases, with the vast majority found in melanomas arising from 

intermittently sun-exposed skin [134, 135]. The most common mutation is a glutamic 

acid for valine substitution at position 600 (V600E), resulting in constitutive activation 

of mitogen activated protein (MAP)/extracelluar signal regulated kinase (ERK) kinase 

(MEK) [134].   

 

Besides its canonical effector pathway RAF/MAPK/ERK, NRAS mutation could 

simultaneously activate the PI3K pathway. The first indication regarding the 

involvement of PI3K/Akt pathway in melanoma progression came from the 

observation that phosphatase and tensin homolog (PTEN), the negative regulator of 

PI3K pathway inhibiting the phosphorylation of Akt by PI3K, was frequently lost in 

melanocytic lesions. In melanoma, allelic loss of PTEN on chromosome 10q has been 
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described in 30-50% of malignant melanoma, and 5-15% of uncultured melanoma 

specimen and metastases were shown to have PTEN mutations [152, 153]. More 

recently, constitutive activation of Akt has been reported in up to 60% of melanomas, 

with higher frequencies of activation at malignant stage of the disease [154, 155]. 

Furthermore, gene amplification of AKT3 isoform is another mechanism contributing 

to the constitutively activation of ERK and progression of malignant melanoma [155].  

 

Other than above mentioned mutations, melanoma cells have been demonstrated to 

override senescence signals by inactivating tumor suppressor pathways such as 

p16
INK4a 

cyclin dependent kinases Cdk4 and 6/retinoblastoma protein 

(p16
INK4a

/CDK4,6/pRb) and p14
ARF

/human double minute 2/p53 (p14
ARF

/HDM2/p53) 

pathways [156, 157].  p16
INF4a  

functions by binding to the cyclin-D-dependent protein 

kinase, CDK4 and 6, thereby blocking phosphorylation of Rb and cell cycle 

progression. In familial and most sporadic melanomas, mutation of CDKN2A, the gene 

encoding p16
INF4a

  and p14
ARF 

have been described and generally affect only  p16
INF4a

 

or p16
INF4a

 and p14 
ARF

 together [157], rendering these kinases constitutively active.   

 

Another concept that has been advanced in melanoma is that lineage–specific 

pathways critical in melanocyte development might also plays pivotal roles in 

melanomagenesis. Microphthalamia-associated transcription factor (MITF) is 

considered as the master regulator of melanocyte development, differentiation and 

pigmentation [158]. Amplification of MITF has been identified in 16% of metastatic 
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melanoma in which BRAF is mutated, and such constitutive expression is essential for 

melanoma cell proliferation and survival [145]. 

 

 

 

Figure 3. Progression of melanocyte transformation. 

A, Normal skin with evenly distributed dendritic melanocytes in the basal layer of the 

epidermis. B, Naevus. In early stages, benign melanocytic naevi occur with increased 

number of melanocyte. Some naevi are dysplastic with structural and architectural 

atypia. C. RGP melanoma which is considered as the primary malignant stage. D. 

VGP melanoma. Melanoma cells show pagetoid spread and have penetrated the 

dermal-epidermal junction [130].  
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1.6 NCAM in MSCs 

1.6.1 MSCs 

Mesenchymal stromal cells, also referred as connective tissue progenitor cells are non-

hematopoetic stem cells that are capable of self-renewal and can give rise to multiple 

lineages [159]. They were originally identified by Friedenstein et al as fibroblast-like 

cells from bone marrow aspirate that can adhere to tissue culture plastic. Friedenstein 

defined them as colony-forming unit fibroblasts (CFU-F) and showed that they were 

able to differentiate into cells of mesodermal lineage such as adipocytes, chondrocytes 

and osteocytes [160].   

 

1.6.1.1 Characterization and phenotypes of MSCs 

One of the most elusive problems in MSC biology has been the identification of a 

single unique specific cell marker that distinguishes the population of MSCs with a 

defined set of functional properties. Numerous studies have shown that MSCs can be 

recovered from a variety of adult tissue, exhibiting different proliferative and 

differentiation potential. Moreover, different protocols for isolation and in vitro culture 

methods adopted by different laboratories further complicate the picture by 

contributing resulting cell population with variable phenotypes and function. Given the 

lack of universally accepted criteria for defining an MSC, the International Society for 

Cellular Therapy (ISCT) provided the following minimum criteria for defining multi-

potent human mesenchymal stromal cells used for clinical studies [159]: 

1) MSCs must be plastic adherent under standard culture conditions; 
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2) MSCs express a specific set of membrane molecules including CD105,CD73 

and CD90 but not hematopoietic cell surface markers CD34, 

CD45 ,CD11a,CD79a ,CD19 and HLA-DR; 

3) MSCs must be able to differentiate into osteocytes, adipocytes and 

chondrocytes under standard in vitro differentiating conditions.  

 

The immunophenotypic profile used for MSC characterization is summarized in the 

table below and this list would be further complicated by the differences between 

species and between strains of species.  

 

Table 3. Surface antigen profile of MSCs 

 Positive selection Negative selection 

Minimal 

immunophenotypic 

criteria recommended 

by ISCT   

CD73,CD105,CD90 CD34,CD45,CD14,CD11

b,CD79α,CD19,HLA-DR 

 

 

 

Other antigens used for 

MSC isolation 

CD9,CD10,CD13,CD29, 

CD44,CD49a,CD56,CD106

,CD140b,CD146,CD166, 

CD271, CD340,CD349 

CCR1,CCR4,CCR7,CXCR

5,CCR10,VCAM-

1,ALCAM, ICAM-1, 

STRO-1 

CD86,CD80/CD40,CD15

,CD18,CD25,CD31, 

CD49d,CD50,CD117 

Data compiled from references: [159, 161-163] 
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Other than specific immunophenotypic surface markers, the phenotype of MSCs is 

also defined by the multipotency of these cells in culture and in vivo. As far back as 

Friedenstein, MSCs have been shown to be able to differentiate into adipocytes, 

osteocytes and chondrocytes cells. Moreover, ectopically transplanted of MSCs grown 

ex vivo have been demonstrated to maintain their differentiation potential and are 

capable of inducing bone and marrow formation [160].  Several other studies have 

indicated the potential of MSCs differentiate into unrelated tissues. In particular, 

MSCs are capable of differentiating into myoblasts [164], cardiomyocytes [165], 

neurons and glial cells [166-168] in vitro and in vivo.  

 

1.6.1.2 MSCs localization and homing  

MSCs are a minor population, accounting 0.001%-0.01% of the total nucleated cells in 

human bone marrow [169]. Besides this primary source, MSCs can also be isolated 

from almost every postnatal organ, including periosteum [170], adipose tissue [171], 

brain [172], liver [163], skeletal muscle [172], hair follicles [173], peripheral blood 

[174], umbilical cord blood [175], and placenta [163]. 

 

Recently, it has been reported that only a minute quantity of MSCs consistently 

circulates in the peripheral blood under stationary conditions, and this circulating pool 

increases significantly under hypoxic conditions [176], in case of major injury such as 

myocardial infarction [177, 178], or acute skin burns [179]. However, not all attempts 

to isolate MSCs from peripheral blood have been successful and there are several 
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studies reported contrasting results on the presence of circulating MSCs in peripheral 

blood [180].  

 

MSC homing defines a process in which MSCs arrest within the vasculature of a tissue 

followed by transmigration across the endothelium and engraftment into tissues in 

which they will exert their functional and protective effects [181]. In an animal model 

of cerebella ischemia, MSCs have been shown to home to site of injury and ameliorate 

neurological deficits in the animals [182]. Moreover, Chapel et al. showed in a model 

of multi-organ failure that green fluorescent protein tagged MSCs homed to numerous 

tissues with localization correlating to the severity of sites of injury [183]. This 

inherent migratory ability thus makes MSCs a promising candidate for cell therapy, 

which can be delivered systemically, avoiding the presumed complications associated 

with intra-mascular or site-specific injection [184].   

 

However, little is known about the precise mechanism by which MSCs are recruited 

and home to sites of injury. The process of leukocyte homing to peripheral sites of 

inflammation was proposed as a paradigm [185]. During inflammation, the 

inflammatory cells were recruited following a complex sequence of adhesive events, 

including tethering, selectin mediated rolling on activated vasculature where a 

chemokine gradient is established, activation of integrin mediating firm adhesion on 

endothelium, transendothelial migration and finally migration into extracellular matrix 

[186, 187]. Unlike leukocytes, MSCs employed P-selectin instead of L- and E-selectin 

in the initial rolling. Using P-selectin knockout mice, Ruster et al showed via intra-
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vital microscopy that much less MSCs rolling along the walls of post-capillary venules 

compared to wild type mice [188]. 

 

It is well known that chemokine gradient serves as environmental cues guiding the 

migration of inflammatory cells. In response to injury, chemokines, cytokines and 

growth factors are released to induce expression of selectins, integrins and several 

other chemokine /growth factor receptors on cell surface, enabling cells to interact 

with endothelium [189]. For instance, in vitro migration study has demonstrated that 

stromal cell derived factor-1 α (SDF-1α) can serve as chemotactic stimulus for MSCs 

[190]. Early passage MSCs retaining higher migratory potential have been shown to 

express the specific SDF-1 chemokine receptor CXCR4 [191].  Blocking of SDF-

1/CXCR4 axis was shown to partially inhibit homing of CXCR4 expressing cells to 

sites of injury, whereas transfection of MSCs with CXCR4 resulted in increased 

migration toward SDF-1α in vitro and toward infracted myocardium in vivo [192, 193].  

Other than SDF-1/CXCR4 axis, there are several other ligand receptor interactions 

involved in MSC homing. As demonstrated by Sasaki et al, interaction between CCR7 

expressed on MSCs with CCL21 expressed on keratinocytes within sites of wounded 

skin has been shown to contribute to the recruitment of MSCs to the wound site in 

vivo[194].  

 

Besides chemokines and their receptors, a plethora of signaling pathways have also 

been demonstrated to regulate MSC migration. This could be exemplified by canonical 

Wnt signaling which has been shown to regulate the invasive capacity of human MSCs. 
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Stimulation of Wnt signaling with recombinant Wnt3a or Wnt signaling activator, 

LiCl resulted in increased migration of cells through transwell filters coated with 

human ECM whereas inhibition of Wnt signaling led to attenuated expression of Wnt 

target genes, thereby diminishing the invasive capacity of MSCs [195]. PI3k/Akt 

singaling was also employed by MSC mediating TNF-α, SDF-1 or basic fibroblast 

growth factor (bFGF) induced cell migration [196-198]. To add on, MAPK/ERK 

signaling also plays critical role in migration of MSCs. Both SDF-1 and TNF-α 

induced migration of MSCs employs this pathway and the induced migration could be 

abrogated upon pharmacological inhibition of ERK [199-201].  

 

1.6.1.3 Clinical implication of MSCs 

Emerging evidence suggesting the regenerative potential and immune-suppressive 

capacity of MSCs has prompted a new age for MSCs as a promising candidate for 

tissue-sparing and immune-mediated diseases treatment. Transplanted MSCs have 

been applied for treatment of many devastating diseases, including osteogenesis 

imperfecta [202], large bone defects [203], myocardial infarction [178, 204, 205], 

renal disease [206], Crohn‟s disease [207], etc. Cardiovascular disease is one of the 

foci of interest for MSC-based therapeutics. In preclinical studies using experimental 

models of cardiac injury, such as myocardial infarction, transplantation of MSCs led to 

significant reduction in infarct size, improved cardiac function, as well as reduction in 

myocyte apoptosis [208-210]. MSCs could also be employed for renal disease 

treatment. When administered to animals undergoing acute kidney injury, MSC 

engrafted within the damaged kidney, prevented apoptosis and elicited proliferation of 
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tubular epithelial cells [206, 211-214]. Interestingly, a more recent study demonstrated 

that rather than the initially proposed strategy in which MSCs trans-differentiate into 

tubular epithelial cells resulting in restoration of renal structure and function, it is more 

probably that the paracrine actions, including reduction in expression of pro-

inflammatory cytokines and the up-regulation of anti-inflammatory cytokines are 

responsible for accelerated recovery of renal function in MSC-treated kidneys [215].  

 

Therefore, in addition to contributing to tissue repair directly, MSCs could also 

modulate the immune system to ameliorate excessive inflammation induced tissue 

damage. Initial indication regarding the immunomodulatory aspects of MSCs was 

from transplantation studies in animals and clinical trials showing that autologous and 

allogeneic MSCs could be transplanted without immune rejection [202, 216]. Further 

studies demonstrated that MSCs expressed functionally active indoleamine 

2,3-dioxygenase (IDO) to inhibit allogeneic T-cell response [217]. Alternatively, 

MSCs could reduce T-cell activation through inhibiting the maturation of dendritic 

cells [218, 219]. The immunosuppressive ability of MSCs was then exploited 

clinically for acute graft-versus-host disease (GvHD) treatment. The 8-year old boy 

with refractory steroid immunosuppression was successfully cured by MSCs 

transplantation [220]. To add on, Gonzalo-Daganzo et al reported that MSCs were 

better employed prophylatically when used to treat acute GvHD in umbilical cord 

blood transplantation [221].  
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During the past 10 years, MSC transplantation has been considered safe and no 

adverse side effects have been shown affecting their safety profile. However, recent 

preclinical studies have highlighted the potential long term risks associated with MSC 

therapeutics including maldifferentiation [222], immunosuppression [223] and 

instigation of malignant tumor growth [224-227]. Also, unresolved issues such as lack 

of conformity with respect to cell isolation and culture remain as obstacles for MSCs 

research. Therefore, it is clear that more work is needed to tackle those potential risks 

and long term studies will be needed to further validate the nature of MSC-based 

therapy.  

 

1.6.2 NCAM in MSCs 

1.6.2.1 Adhesion molecules in MSC 

Besides above mentioned P-selectin, which involves in adhesion of MSCs to the 

endothelium, various integrin subunits including α1, α2, α4, α6, αv, β1, β3, and β4 are 

known to expressed in MSCs [228]. Very late antigen-4 (VLA-4), also known as α4β1 

integrin has been demonstrated to be involved in firm adhesion of hMSCs to 

endothelial cells under conditions of shear flow. Treatment of  MSCs with neutralizing 

antibody against VLA-4 or treatment of endothelial cells with antibody to its 

counterpart adhesion molecule, namely VCAM-1, induced a significant decrease in 

MSCs adherence to endothelial cells [188]. Moreover, Ip et al identified integrin β1 

instead of CXCR4 as a novel pathway for trafficking and engraftment of MSCs to the 

ischemic myocardium in a model of acute myocardial infarction [229].  
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Other adhesion molecules including VCAM-1, ICAM-1, ICAM-2 and ALCAM 

(Activated leukocyte adhesion molecule) are also present on the surface of MSCs 

[230].  In Segers and colleagues‟ study, treatment with TNF-α leads to an increased 

expression of VCAM-1 on rat MSCs, and the MSCs adherence to cardiac 

microvascular endothelial cells (CMVE) was abolished after treatment with anti-

VCAM-1 antibody [231].  

 

Based on evidence reported so far, adhesion molecules are functionally important in 

the MSCs adhesion to endothelial cells, one of the critical steps of homing. Given the 

inherent homing capacity of MSCs, it would thus be interesting to make a comparison 

regarding the cell adhesion molecule expression profile between these mobilized, 

circulating MSCs and tissue-derived MSCs thereby providing further insight into the 

potential mechanisms of MSC homing, as well as expanding the functional importance 

of adhesion molecules in MSCs.  

 

1.6.2.2 NCAM in MSCs 

Recently, NCAM was found to express in MSCs [162, 232], yet its function in MSCs 

remains largely elusive. In a previous study, we identified the novel regulatory role of 

NCAM in MSCs differentiation into adipocytes [233]. In addition, NCAM has been 

shown to contribute to hematopoietic supporting function of MSCs [234, 235]. In 

MSCs of monkey origin, elevated NCAM expression level was noted with increasing 

passages. Taking into consideration the regulatory role of NCAM in cancer [236, 237] 
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and neuronal cells [238] migration, it would thus be interesting to explore the possible 

function of NCAM in MSCs mobilization as well as the underlying mechanism.  

 

1.7 Aims of Study 

As already mentioned, NCAM is present in a wide variety of non-neuronal cell types  

including skeletal muscle [10] and pancreatic β-cells [11] ,  where its function remains 

largely elusive. In many cancers, the deregulated NCAM expression pattern correlates 

with cancer progression as demonstrated in various studies involving human cancer 

biopsies as well as mouse tumor models [111]. However, the function of NCAM in 

cancer progression remains controversial and tumor context dependent. Previous 

studies have identified the constitutive expression of NCAM in cell lines derived from 

malignant melanoma patients with CNS metastatic lesions [126], as well as in 

aggressive metastasizing uveal melanoma [127], implying the potential implication of 

NCAM in melanoma development. However, the concrete role of NCAM in 

melanoma progression remains elusive. To this end, the first aim of this study is to 

characterize the function of NCAM in melanoma metastasis and this will be covered in 

Chapter 3. Moreover, the molecular mechanism underlies will be investigated and the 

data obtained will be presented in Chapter 3.   

 

Recently, NCAM was found to be expressed in MSCs, which are promising tools in 

tissue engineering as well as multiple cellular and gene therapies owing to their 

multipotency[161] and ability to mobilize and specifically localize to tumor [239, 240] 

and injury sites [241, 242]. However, little is known regarding the function of NCAM 
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in MSCs. Our previous study demonstrated that NCAM potentiated adipogenesis of 

MSCs via activation of insulin signaling [233]. Given the tri-lineage differentiation 

potential of MSCs, we thus hypothesize that NCAM may also affect osteogenesis and 

chondrogenesis of MSCs.  Moreover, it has been noted that NCAM expression level in 

MSCs of monkey origin increases with passages [243]; together with the fact that 

NCAM regulates cell migration in other cell types [238], we wonder the possible link 

between NCAM and MSCs mobilization as well as the underlying mechanisms. These 

questions will be addressed and discussed in Chapter 4.   
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CHAPTER 2 MATERIALS AND METHODS 
 

2.1 Reagents  

PKA inhibitor (H89), Wnt agonist (LiCl), TNF-α human buffered aqueous solution, 

ROCK inhibitor (Y27632) and Collagen I solution were purchased from Sigma-

Aldrich. PI3K inhibitor (LY294002) was from Cell Signaling Technology. MEK 

inhibitor (U0126) and FGFR specific inhibitor (SU5402) were from Calbiochem. 

Lipofectamine 2000, G418 and puromycin were from Invitrogen. For adipogenic, 

oestogenic and chondrogenic differentiation, the following reagents were obtained 

from Sigma-Aldrich: Insulin, dexamethasone, 3-isobutyl-1-methylxanthine (IBMX), 

ascorbic acid-2-phosphate, β-glycerophosphate, transforming growth factor β1 (TGFβ-

1). Phalloidin-Alexa 546 was purchased from Sigma-Aldrich for F-actin staining.  

 

2.2 Antibodies 

Table 4. Primary Antibodies 

Antibody Species Source 

Anti-NCAM Rabbit Chemicon 

Anti-phospho-Akt Mouse Cell Signaling Technology 

Anti-Akt Rabbit Cell Signaling Technology 

Anti-phospho-CREB Rabbit Cell Signaling Technology 

Anti-CREB Rabbit Cell Signaling Technology 

Anti-phospho-c-Raf Rabbit Cell Signaling Technology 

Anti-phospho-MEK Rabbit Cell Signaling Technology 

Anti-phospho-ERK Rabbit Cell Signaling Technology 
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Anti-ERK Rabbit Cell Signaling Technology 

Anti-phospho-β-catenin Rabbit Cell Signaling Technology 

Anti-β-catenin Rabbit Cell Signaling Technology 

Anti-phospho-GSK3β Rabbit Cell Signaling Technology 

Anti-GSK3β Rabbit Cell Signaling Technology 

Anti-c-myc-tag Mouse Invitrogen 

Anti-β-actin Mouse Chemicon 

Anti-CD73 (PE) Mouse BD Biosciences 

Anti-CD90 (FITC) Mouse/Rat BD Biosciences 

Anti-CD105 (PE) Mouse BD Biosciences 

Anti-CD29 (PE) Mouse BD Biosciences 

Anti-CD34 (PE) Mouse BD Biosciences 

Anti-CD45 (PerCP-cy5.5) Mouse BD Biosciences 

Anti-CD31 (PE) Mouse BD Biosciences 

Anti-CD44 (PE) Mouse BD Biosciences 

 

 

Table 5. Secondary antibodies 

Antibody Source 

Goat anti-mouse IgG, HRP conjugated Sigma-Aldrich 

Goat anti-rabbit IgG, HRP conjugated Sigma-Aldrich 

Goat anti-rabbit IgG, Alexa Fluora 488 BD Biosciences 

 

 

2.3 Media 

All media were sterilized by autoclaving or filtered unless otherwise stated. 



 

39 

 

Table 6. Media 

Luria Bertani (LB) medium 10 g/l bacto-tryptone, 5 g/l bacto-yeast extract, 

8.56 mM  NaCl, pH 7.4 

 

LB agar LB medium plus 15 g/l Bacto-agar 

Culture medium Dulbecco's modified Eagle's medium 

(DMEM)-low glucose (LG)/high glucose 

(HG), supplemented with 100 IU/ml penicillin, 

100 μg/ml streptomycin, 10%  heat-inactivated 

fetal bovine serum (FBS) for DMEM-LG or 

10%  heat-inactivated fetal calf serum (FCS) 

for DMEM-HG ( Invitrogen) 

 

Adipogenic differentiation medium DMEM-LG supplemented with Insulin (1 

µg/ml), IBMX (50 µM) ,dexamethasone (1 

µM)  and 1% FBS 

Osteogenic differentiation medium 50 μM ascorbic acid-2-phosphate, 10 mM β-

glycerophosphate and 100nM dexamethasone 

in basal culture medium  

Chondrogenic differentiation 

medium 

DMEM-LG supplemented with 1%  FBS, 

insulin (6.25 μg/ml), TGF-β1(10 ng/ml), and 

ascorbic acid-2-phosphate (50 nM) 

 

 

2.4 General buffers and solutions 

 

Table 7. General buffers and solutions 

10× PBS (phosphate 

buffered saline)   

80 g NaCl, 2 g KCl, 14.4 g Na2HPO4, 2.4 g KH2PO4 in 

1 L ddH2O (distilled, deionized water), pH 7.4 
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Lysis buffer  20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM 

EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM 

sodium pyrophosphate, 1 mM β-glycerolphosphate, 1 

mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 

and complete protease inhibitor (Rhoche Applied 

Sciences) 

4× Resolution gel buffer 1.5 M Tris-HCl, pH 8.8, 0.4%  SDS 

4× Stacking gel buffer 0.5 M Tris-HCl, pH 6.8, 0.4%  SDS 

10× SDS-PAGE (sodium 

dodecyl sulphate-

polyacrylamide gel 

electrophoresis) Running 

Buffer  

0.25 M Tris, 1.9 M glycine, 1% SDS 

5×  Sample loading  buffer 250 mM Tris HCl, pH6.8, 10% SDS, 30%  glycerol, 

5%  β-mercaptoethanol (or 0.5 M DTT 

(Dithiothreitol)), 0.02%   bromophenol blue 

Transfer buffer 

(Immunoblotting) 

25 mM Tris, 191.8 mM glycine 

Blocking buffer 

(Immunoblotting)  

PBS-T (PBS with 0.1% Tween-20) containing 5%  

non-fat milk 

50× TAE (Tris-Acetic-

EDTA) buffer 

2 M Tris base, 5.71% acetic acid, 0.05 M EDTA, pH 

8.0 

PKA dilution buffer 350 mM K3PO4 ,pH 6.8, 0.1 mM DTT 

PKA extraction buffer 25 mM Tris-HCl, pH 7.4, 0.5 mM EDTA, 0.5 mM 

EGTA, 10 mM β-mercaptoethanol, 1 mg/ml leupeptin, 

1 mg/ml aprotinin 

Phosphatase Inhibitor 

Buffer (PIB) 

125 mM NaF, 250 mM β-glycerophosphate, 250 mM 

p-nitrophenyl phosphate (PNPP), 25 mM NaVO3 
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Hypertonic Buffer (HB) 20 mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid), pH 7.5, 5 mM NaF, 

0.1 mM EDTA 

PBS/PIB 0.5 ml PIB in 10 ml 1×PBS 

 

 

2.5 Cell culture and Animals 

2.5.1 Culture of murine melanoma cells 

The murine melanoma B16F0 and F10 cells were obtained from American Type 

Culture Collection (ATCC) and routinely maintained in DMEM-HG supplemented 

with 10% FCS and 100 U/ml penicillin and 100 μg/ml streptomycin (Invitrogen). For 

routine sub-culturing, cells were washed once with PBS and incubated with 0.5 ml of 

0.25% trypsin until cells are detached from substratum. Culture medium was then 

added to stop trypsinization. The cells were gently flushed off the culture dish and 

pelleted by centrifugation at 800 rpm for 5 minutes and resuspended in fresh culture 

medium. 

 

2.5.2 Isolation and culture of MSCs  

 

MSCs were isolated from NCAM wild-type and knockout mice. NCAM wild-type and 

knockout mice were bred on a C57BL/6J background [244]. Male and female 

heterozygous NCAM
+/- 

mice were used for breeding homozygous NCAM
+/+

 (wild-

type) and NCAM
–/–

 mice. Genotyping was performed as previously described to 

confirm the ablation of all NCAM isoforms in NCAM knockout mice [81]. Animal 

husbandry and procedures for sacrificing the animals were approved by the 
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institutional animal care and use committee (IACUC) from Nanyang Technological 

University. MSCs were isolated from wild type and NCAM
-/- 

mice bone marrow and 

cultured as described previously [233]. Briefly, whole bone marrow was harvested 

from the femurs and tibias of 8-week male C57BL/6J mice. Cells were cultured in 

DMEM-LG supplemented with 10% FBS, 100 U/ml penicillin and 100 μg/ml 

streptomycin (Invitrogen). After 5-7 days of incubation in a 37°C humidified incubator 

containing 5% CO2, non-adherent hematopoietic cells were discarded. The adherent 

cells were further purified through repetitive passaging and reached homogeneous at 

passage 6. All the MSCs used in current study were around passage 10 with fibroblast 

like morphology.  

 

2.5.3 Experimental metastasis assay 

 

C57BL/6J Mice (6–8 weeks) were obtained from the laboratory Animal Center of 

NUS (Singapore). For experimental metastasis analysis, single cell suspensions (1×10
6
 

B16F0 cells) in 100 µl PBS were injected into the lateral tail vein of the mice. On day 

14 post injection, mice were euthanized and all organs were inspected for the presence 

of macroscopic metastases. Lungs and livers with metastatic nodules were removed 

and fixed in 4% paraformaldehyde for histological analysis. Lung and liver metastatic 

nodules were counted under a dissecting microscope. 

 

2.6 Plasmid and DNA constructs 

The dominant negative CREB construct named ACREB and its corresponding control 

construct were kindly provided by Dr. Charles Vinson [245]. A constitutively active 
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mutant D2-Akt (T308D/S473D) construct was a gift from Dr. Takashi Tsuruo [246] 

and the insert encoding mutant Akt was subcloned into Xho I/ EcoR I sites of pIRES2-

EGFP (Clontech). The dominant negative and constitutive active forms of MEK were 

gifts from Dr Sheng-Cai Lin (Xiamen University, China). 

 

cDNAs containing full-length mouse NCAM140 or NCAM180 open reading frames 

(ORFs) were individually cloned into HindIII/XhoІ sites of pcDNA4/Myc. 

Transfection was conducted using Lipofectamine 2000 following manufacturer‟s 

instructions. For transient transfection of plasmid, cells were fed with fresh medium 

containing 10% FCS/FBS 6 hours post transfection and harvested 36 hours later for 

further experiments. 

 

2.7 Small interfering RNA (siRNA) and Transfection 

The siRNA template oligonucleotides targeting two different 19 nucleotides of mouse 

NCAM transcript were generated as follows: NCAM-3.1F siRNA, nucleotides 83-102, 

5‟- GGAGAAATCAGCGTTGGAG-3‟ NCAM-3.1R, 5‟- 

CTCCAACGCTGATTTCTCC-3‟; NCAM-4.1F siRNA 109-128: 5‟- 

ATTCTTCCTGTGTCAAGTG -3‟, NCAM-4.1R, 5‟- 

CACTTGACACAGGAAGAAT-3‟. Restriction sites were designed at the 5‟ and 3‟ 

ends to facilitate directional cloning into BamHI and HindIII digested pSilencer 3.1-

U6 and pSilencer 4.1-CMV vectors (Ambion). The oligonucleotides were annealed in 

annealing buffer (100 mM NaCl and 50 mM HEPES, pH 7.4) and incubated at 95°C 

for 5 min, followed by chilling on ice for 1 min. The annealed oligonucleotides were 
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then cloned into two separate siRNA expression vectors, pSilencer 3.1-U6 and 

pSilencer 4.1-CMV, respectively. The same vectors containing hairpin siRNAs with a 

scrambled sequence not found in the mouse database was constructed and used as 

siRNA control. Transfection was conducted using Lipofectamine 2000 following 

manufacturer‟s instructions. Briefly, B16F0/F10 cells plated at 80% confluence in 60-

mm dishes were co-transfected with pSilencer 3.1- and pSilencer 4.1-based 

recombinant plasmids, 4 µg each.  To generate stable cell lines harboring the desired 

plasmids, transfectants were selected with 1 μg/ml puromycin and 800 μg/ml G418 for 

two weeks. Knockdown efficiency was determined by immunoblotting. 

 

2.8 Cell adhesion assay 

For cell adhesion assay, the Nunc 96-well plate was coated with 40 μg/ml Collagen I 

solution in PBS at 4°C overnight. After 12 hours coating, collagen solution was 

removed and the plate was air-dried at room temperature in tissue culture hood. Prior 

plating cells, the coated wells were washed with ddH2O for three times. To seed the 

cells, 100 μl cell suspension (2×10
5
 cells/ml) was added to each well of the 96-well 

plates and incubated for 10, 30, 60 and 120 minutes. Each time point was stopped by 

decanting the floating cells, followed by staining those attached cells with 0.5% crystal 

violet in 20% methanol. Cell density was determined spectrophotometrically by 

dissolving the stain with 20% acetic acid and followed by measuring the absorbance at 

OD570 with using a TECAN Genios
 
plate reader and Magellan Version 4.0 (TECAN).  
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2.9 Wound healing assay 

Cells were seeded in 60-mm dishes and allowed to reach complete confluence. A 

wound was inflicted by making a scratch though the confluent layer of cells with a 200 

μl pipette tip. The wounded cell layer was subsequently washed once with fresh 

medium to remove loosely attached cells and refed with fresh culture medium. 

Microphotographs of the scratch were taken at 0, 12 and 24 hours post scratching, 

respectively. The distance migrated was determined by measuring the width of the 

wound, dividing by two and subtracting this value from the initial half-width of the 

wound. 

 

2.10 In vitro migration and invasion assay 

2.10.1 Invasion assay 

For melanoma cells, in vitro invasion assay were performed as previously described 

with some modification [247]. Briefly, a suspension of 1×10
5
 cells in 500 µl serum 

free DMEM was added to the upper chamber of BioCoat Matrigel invasion chambers 

(BD Biosciences) whereas the lower chamber was filled with chemo-attractant.  NIH-

3T3 fibroblast-conditioned medium served as chemo-attractant here. To prepare NIH-

3T3 conditioned medium, mouse NIH-3T3 fibroblast of 80% confluent was washed 

once with PBS and cultured for 18 hours in serum free DMEM. Thereafter, the 

cultured medium was collected, centrifuged at 4,000 rpm for 5 min, filtered through 

0.22 µm filters and stored at -80°C until use. After 24 hours incubation at 37ºC, the 

cells on the upper surface of the filter were carefully removed with a cotton swab and 

those had traversed the membrane were stained with 0.5% crystal violet. To quantify 
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the migrated cells microscopically, twenty random fields/filter (magnification ×200) 

were selected followed by cell count. The migration assay was performed in a similar 

fashion with transwell (Corning) without Matrigel coated.  

 

2.10.2 Migration assay 

 

MSCs migration was evaluated with a two-chamber Transwell system (8 µm pore size 

and 6.5 mm diameter; Costar) as previously described with some modification [247]. 

Briefly, a suspension of 1.5×10
4
 cells in 100 µl serum free DMEM was seeded in the 

top chamber of Transwell in the presence of inhibitor when indicated. 500 µl of 

culture medium with serum was placed in the bottom chamber as chemo-attractant. 

After 24 hours incubation at 37ºC, cells remaining on the top surface of the filter were 

removed with a cotton swab and the cells that had traversed the membrane to the 

bottom side were stained with 0.5% crystal violet. As stated above, twenty random 

fields/filter (magnification × 200) were selected followed by cell count to quantify the 

migrated cells microscopically. 

 

2.11 Protein extraction and Immunoblotting 

Subconfluent cells were washed twice with cold PBS, harvested by scraping, lysed in 

lysis buffer followed by centrifugation at 14,000 × g for 20 min at 4ºC. The 

supernatant was collected and protein concentration was determined using Bradford 

assay (BioRad). For immunoblotting, samples were heated at 100°C for 5 min and 

resolved by 8%~10% SDS–PAGE and transferred onto a polyvinylidene difluoride 
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membrane (Millipore). After blocking with 5% skim milk in PBST (0.1% Tween-20 in 

PBS) for 1 hour, membranes were incubated with specific primary antibodies at 4°C 

overnight. Thereafter, membrane was washed and incubated with horseradish 

peroxidase (HRP)-conjugated anti-mouse or anti-rabbit (Sigma) secondary antibody 

for 1 hour at room temperature with gentle agitation. The secondary antibodies were 

prepared in 5% skim milk in PBST and the washing steps were performed with PBST, 

for three times of 10 minutes each at room temperature. After thrice wash in PBST, 

membranes were subjected to chemiluminescence detection using Immobilon Western 

Chemiluminescent HRP Substrate system (Millipore) following manufacture‟s 

protocol and exposed to an X-ray film (Kodak) and developed using Kodak X-OMAT 

ME processor.  

 

2.12  PepTag
®
 Non-Radioactive cAMP-dependent protein kinase assay 

The PepTag
®

 Non-Radioactive cAMP-dependent Protein Kinase Assay (Promega) 

was performed to examine melanoma cell PKA activity following manufacturer‟s 

protocol (Fig. 4). Briefly, 1×10
7
cells were trypsinized and washed twice with PBS. 

Thereafter, cells were suspended in 0.5 ml cold PKA extraction buffer and then 

homogenized by sonication for 1 min. Cell lysates were centrifuged at 14,000 × g for 5 

minutes at 4°C; the supernatant was collected and the concentration for each sample 

was determined. Thereafter, each sample was mixed with PepTag® PKA Reaction 5× 

buffer, PepTag® A1 peptide, PKA Activator 5× solution and water and incubated at 

room temperature for 30 minutes. The reaction was stopped by placing the tube on a 

95°C heating block for 10 minutes followed by running the samples on 0.8% agarose 
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gel at 100 V for 20 minutes until the separation of the bands was apparent. The 

phosphorylated and non-phosphorylated forms of PepTag® peptide bands were pink 

in color and visible to the naked eye. To attain higher sensitivity, the gel was 

photographed under UV light. To further quantify the kinase activity, the negatively 

charged phosphorylated bands were excised from the gel and heated at 95°C until the 

gel splice was melted. The hot agarose of 125 μl was mixed with 75 μl Gel 

Solubilization Solution and 50 μl of glacial acetic acid and transferred to a 96 well 

plate. To detect the signal, absorbance at 570 nm was measured and quantified.  
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Figure 4. Schematic diagram of the PepTag® Non-Radioactive Protein Kinase 

Assay procedure. 

 

 

2.13 Transcription factor CREB reporter assay 

2.13.1Preparation of nuclear extract 

5 ×10
6 

cells were washed once with and suspended in ice-cold PBS/PIB followed by 

centrifugation at 300 × g for 5 minutes at 4°C. The cell pellet was then resuspended in 

0.5 ml ice-cold HB buffer and incubated on ice for 15 minutes to allow the cells to 

swell. Thereafter, 25 μl 10% Nonidet P-40 was added and mixed with the cell 
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suspension by vigorously vortexing for 10 seconds until the cell membrane was 

completely lysed while the nuclear membrane remained intact. The homogenate was 

then subjected to centrifugation for 30 seconds at 4°C. The nuclear pellet was 

resuspended in 25μl Complete Lysis Buffer and incubated for 30 minutes at 4°C with 

constant agitation. After that, the nuclear suspension was centrifuged for 10 minutes at 

14,000 × g at 4°C. The suspernatant was saved as the nuclear extract and the protein 

concentration of the extract was determined using Bradford-based assay.   

 

2.13.2 CREB reporter assay 

The DNA binding activity of CREB was determined using the TransAM
TM 

Assay kit 

(Active Motif) based on manufacturer‟s recommendations. Briefly, 2-10 μg of nuclear 

extracts was incubated in oligonucleotide-coated 96 well plates for 3 hours at room 

temperature with mild agitation (100 rpm on a rocking platform). Thereafter, the bond 

complex was washed 3 times with 200 μl 1× Wash buffer and probed with specific 

primary antibody against phospho-CREB suspended in 1× Antibody Binding Buffer. 

After 1 h incubation, each well was washed 3 times with 1× Wash Buffer and HRP-

conjugated anti-rabbit IgG antibody in 1× Antibody Binding Buffer was added. 

Incubation with secondary antibody for 1 hour was then followed by 4 times 

thoroughly washes with 1× Wash Buffer. To detect the signal, the samples were 

incubated with Developing Solution for 15 minutes at room temperature protected 

from direct light followed by stopping the reaction with Stop Solution and 

measurement of absorbance at 450 nm with reference wavelength of 655 nm. 
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2.14 Immunohistochemistry 

The animals were euthanized 2 weeks post inoculation of melanoma cells to examine 

formation of metastasis. The dissected lung and tumor tissues were further cut into 

smaller blocks of about 2 mm × 2 mm, fixed in 4% paraformaldehyde in 0.1 M PBS 

(pH 7.4) at 4°C for 18 hours and  transferred to 30% sucrose in PBS. To allow fully 

impregnatation, the tissue was immersed in 30% sucrose for 2 days until it sunk. The 

tissue blocks with metastases were sectioned in cryostat at 10 µm and mounted onto to 

poly-L-lysine-coated glass slides. Hematoxylin and eosin (H&E) staining was 

performed on at least one slide for each animal. In detail, mounted slides were first 

rinsed in distilled water for 1 minute before transferring into Hematoxylin solution 

(Sigma-Aldrich). After staining with Hematoxylin, the slides were rinsed in distilled 

water twice followed by incubation in differentiating solution (1% HCl in 100% 

ethanol). Thereafter, the slides were again rinsed, socked in Scotts tap water substitute 

(Magnesium sulfate buffered with sodium bicarbonate) (Electron Microscopy Sciences) 

for 5 minutes,  in 95% ethanol for 30 seconds then transferred to Eosin Y solution 

(Sigma-Aldrich) and stain for 20 seconds. After that, excess Eosin was removed by 

emerging the slides in 70% ethanol followed by PBS for 1 minute. The slides were 

then covered with mounting media and investigated under an Olympus IX71 

fluorescent microscope (Nikon). For immunostaining against NCAM, the sections 

were rinsed, blocked with 4% bovine serum albumin (BSA) and incubated with rabbit 

anti-NCAM antibody (1:1000 in PBS/ Triton X-100) overnight at 4ºC. Following 

thrice wash with PBS-TX, they were then incubated with anti-rabbit FITC antibody, 
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counterstained with DAPI for visualization of nuclei, washed and mounted with 

FluorSave Reagent (Calbiochem). The staining was visualized and images were 

acquired by a Zeiss Axiovert LSM-510-META-inverted microscope (Carl Zeiss).  

 

2.15 Quantitative reverse transcription-PCR (QRT-PCR) 

Total RNA was isolated using Trizol reagent (Invitrogen), and reverse transcribed to 

generate cDNA using SuperScript II reverse transcriptase and anchored oligo (dT) 

primers (Invitrogen) according to manufacturer‟s recommendations. QRT-PCR was 

performed with KAPA SYBR green QRT-PCR master mix (KAPA Biosystems). The 

primers used for SYBR Green quantitative reverse transcription PCR were as follows: 

MMP-2, 5‟-CAAGTTCCCCGGCGATGTC-3‟ and 5‟-

TTCTGGTCAAGGTCACCTGTC-3‟ ; β-actin, 5‟-GCTCTTTTCCAGCCTTCCTT -

3‟and 5‟-TGATCCACATCTGCTGGAAG-3‟. β-actin served as an endogenous 

control. QRT-PCR was performed on an ABI Prism 7500 Sequence detection system 

(Applied Biosystems) with 20 ng cDNA in KAPA SYBR fast QRT-PCR master mix 

per 20 μl reaction. Reaction conditions were as follows: 50ºC for 2 minutes, 95ºC for 1 

minute, followed by 40 cycles of 95ºC for 3 seconds and 60ºC for 1 minute. Melting 

curve analysis was performed at the end of each run from 60ºC to 95ºC. At the end of 

QRT-PCR, the relative expression of mRNA was calculated and analyzed using the 

comparative Ct method according to manufacturer‟s instructions (Applied Biosystems). 

The target mRNA level of control cells normalized to that of β-actin, was set to 1. The 

Ct value for each gene was determined in the liner phase of amplification, and the fold 

change for each gene was obtained using 2 
–(mean ΔCt(gene1) – mean ΔCt(gene2))

.  
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2.16 Flow cytometry analysis  

For cell surface marker immunophenotyping, MSCs were detached and washed once 

with 0.1% sodium azide and 0.5% BSA in PBS, and incubated with the following 

primary antibodies including antibodies against NCAM, CD73, CD90, CD105, CD34, 

CD45, CD117, CD31. For indirect immunofluorecence, cells were washed and 

incubated with corresponding fluorescein conjugated secondary antibody for 30 

minutes. Cells were subsequently analyzed with a FACSCalibur flow cytometer (BD 

Biosciences). Background fluorescence was subtracted after analyzing cells stained 

with relevant isotype control.  

 

2.17 In vitro differentiation of MSCs 

2.17.1 Adipogenic differentiation  

To induce adipogenic differentiation, MSCs was incubated for 3 days in adipogenic 

differentiation medium. The medium was replaced with culture medium containing 

insulin alone on day 4, and changed every 2 days thereafter for 2 weeks.  For 

visualization of lipid vacuole accumulation, the cells were fixed with 2% 

paraformaldehyde and stained with Sudan Black for 20 minutes at room temperature.  

 

2.17.2 Osteogenic differentiation 

To induce osteogenic differentiation, 1×10
4 

cells per well were plated onto a 24 well-

plate and the medium was changed to osteogenic differentiation medium 24 hours later. 

Thereafter, the medium was changed every 3 days for 3 weeks. Alizarin Red S 
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staining was performed to assess osteogenic differentiation. In brief, cells were fixed 

in ice cold 70% ethanol for an hour at -20°C followed by staining with 40 mM 

Alizarin Red S (pH 4.1) for 20 minutes. Secretion of calcified extracellular matrix was 

shown as red stains.  

 

2.17.3 Chondrogenic differentiation  

To induce chondrogenic differentiation, 1×10
4
 culturing cells were centrifuged at 

1,000 rpm for 5 minutes to form a pelleted micromass (10 μl) and cultured in 

chondrogenic differentiation medium for 3 weeks. Medium changes were carried out 

every 2 days and chondrogenesis was assessed by the end of 3 weeks post induction. 

The pellets were fixed with 2% paraformaldehyde for 15 minutes followed by staining 

with 1% Alcian Blue for 20 minutes. The highly sulfated proteoglycans of cartilage 

matrices were stained blue as control. 

 

2.18 Indirect immunofluorescence staining 

MSCs cultured on glass coverslips were washed twice and fixed with 4% 

paraformaldehyde in PBS for 5 minutes and then permeabilized with 0.1% Triton X-

100/PBS (PBS-TX) for 30 min. Thereafter, cells were incubated with fluorescent 

Phalloidin conjugate solution in PBS for 40 minutes at room temperature. All 

washings were performed with 0.1% Triton X-100 in PBS. The coverslip were dried 

briefly and mounted on glass slides with FlourSave™ Reagent (Calibiochem). Finally, 

the slides were scrutinized field by field with Zeiss Axiovert LSM-710-META-
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inverted microscope LSM710 and images were processed using the Zeiss LSM Image 

Examiner (Carl Zeiss). 

 

2.19 Statistical analysis 

Data were expressed as means ± s.d.. To analyze the data from experimental lung 

metastasis assay, we used the nonparametric Mann-Whitney U test to compare the 

mean values between two groups. For the rest, statistical analysis was done using 

student‟s t-test or one-way ANOVA for groupwise comparisons. A p value of < 0.05 

was considered statistically significant. 
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CHAPTER 3 Neural cell adhesion molecule potentiates invasion and 

metastasis of melanoma cells through cAMP-dependent protein 

kinase and phosphatidylinositol 3-kinase pathways 

 

 

3.1  Results 

3.1.1 Down-regulation of NCAM alters the morphology of mouse melanoma B16F0 

cells. 

To explore the function of NCAM in melanoma progression, suppression of its 

expression by siRNA-mediated approach in the mouse melanoma B16F0 cells was 

performed. In detail, B16F0 cells were transfected with pSilencer 3.1 and pSilencer 

4.1 based plasmids expressing siRNAs targeting different regions of NCAM coding 

sequence or scrambled siRNAs with no homology to any known mouse gene serving 

as control. Stable cell line with silenced NCAM expression was obtained and the 

knock down efficiency was examined by immunoblotting. As shown in Fig. 5A, more 

than 70% NCAM expression level (quantified in Fig .5B) was successfully suppressed 

compared to Control cells and these cells were used for subsequent experiments. 

 

It is worth noting that B16F0 cells lost their mesenchymal cell morphology upon 

NCAM ablation (Fig. 5C). In contrast to Control cells which are of spindle shape and 

sparsely distributed, NCAM knock down (KD) cells assumed an enlarged, flattened 
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appearance and clustered together which may indicate the mesenchymal-epithelial 

transition (MET) [248] of melanoma cells upon NCAM silencing. 

 

 

 

Figure 5. Down-regulation of NCAM alters the morphology of mouse melanoma 

B16F0 cells. 

A, Expression level of NCAM in melanoma B16F0 cell stably co-transfected with 

pSilencer-3.1 and pSilencer-4.1 based plasmids containing scrambled sequence 

(Control) or 19-bp insert targeting NCAM was determined by immunoblotting. B. 

morphology of Control and NCAM KD cells is shown. Scale bar, 25 μm. *, p < 0.05. 

**, p < 0.01.  

 

 

3.1.2 NCAM silencing retards melanoma cell migration and invasion. 

Cellular invasion, a characteristic of metastatic tumors, involves cell attachment, ECM 

degradation and cell migration [95]. To determine if NCAM loss affects above aspects, 



 

58 

 

cell attachment experiment was performed first [249]. Compared to Control cells, 

silencing of NCAM significantly enhanced B16F0 cell adhesion to substratum at 

different attaching period of time (Fig. 6A). Thereafter, cell motility and invasiveness 

representing the characteristics of metastatic tumors [95] were gauged to examine the 

impact of NCAM silencing. As shown in Fig. 6B, silencing of NCAM significantly 

impaired the migration of B16F0 cells in a wound healing assay. Twelve hours after 

scratching, the area of wound recovered by the migration of NCAM KD cells was not 

significant and only less than half of that for control ones. Moreover, the wound 

inflicted on control cell monolayer was completely healed in 24 hours. Nevertheless, 

24 hours post wounding, the migration distance for NCAM KD cells was even less 

than that for Control cells 12 hour after scratching ( Migration distance: 12 h, Control, 

0.42 mm, NCAM KD, 0.13 mm, p < 0.01; 24 h, Control, 0.64 mm, NCAM KD, 0.3 

mm, p < 0.01). Such inhibitory effect of NCAM silencing on cell motility was further 

validated by transwell assay (Fig. 6C, left). Likewise in matrigel invasion assay (Fig. 

6C, right) where matrigel was used to coat the porous membrane serving as the 

surrogate of ECM, the invasiveness of NCAM KD cells was less than 50% of Control 

cells (p < 0.01). In summary, silencing of NCAM led to reduced cell motility and 

invasiveness. 
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Figure 6. NCAM gene silencing affects adhesion, migration and invasion of 

melanoma cells. 

A, A total of 1.5×10
4 

cells were seeded into 96 well plates for the indicated times. 

Adherent cells were stained with crystal violet and quantified spectrophotometrically. 

B, Wound healing of Control and NCAM KD cells was performed and pictures of the 

wound distance were taken at each time point as indicated. C, the cell motility (left) 

and invasiveness (right) were evaluated by transwell migration and matrigel invasion 

assays. Data are given as mean of three independent experiments. Columns, mean of 

three independent experiments, bars, s.d.; *, p < 0.05; **, p < 0.01.  
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3.1.3 Down-regulation of NCAM perturbs the metastatic competence of mouse 

melanoma B16F0 cells.  

Cancer metastasis is the end product of a micro-evolutionary process in which tumor 

cells eventually populate and flourish at new tissue habitats. However, the secondary 

organ to which metastatic cancer cells colonize is dependent on tumor context. In this 

regard, metastatic melanoma preferentially metastasizes into lymph nodes, lung, liver 

and brain [250-252]. To investigate whether NCAM down-regulation affects the 

metastatic dissemination of melanoma cells, we injected B16F0 Control and NCAM 

KD cells into the lateral tail vein of C57BL/6J mice. Fourteen days post inoculation, 

animals were sacrificed and major organs including brain were examined for the 

presence of tumor metastases. In such experimental metastasis assay, we found that 

melanoma cells directly introduced into the bloodstream mainly formed metastatic 

deposits in lungs. As shown in Fig. 7A, inoculation of B16F0 Control cells resulted in 

the formation of numerous lung metastases (median, 437; range, 397-517) whereas 

silencing of NCAM reduced the number of metastases to one third (median 162; range, 

87-163; p < 0.01). B16F0 Control cells generated bigger lesions occupying higher 

percentage of total lung area. In stark contrast, metastatic nodules of NCAM KD cells 

exhibited as small, discrete black foci. Furthermore, we identified the presence of 

hepatic metastases in mice inoculated with B16F0 Control cells but not for NCAM KD 

cells (Fig. 7A). Collectively, these observations suggested that silencing of NCAM 

expression suppressed the metastatic potential of B16F0 cells.  
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To analyze if NCAM down-regulation affects the tumor histological structure, 

immunohistochemical experiments were carried out. Immunostaining revealed high 

expression level of NCAM in metastases generated by Control cells but no in the 

NCAM KD nodules (Fig. 7B, upper). However, no drastic histological difference was 

observed between metastases formed by control and NCAM KD cells as revealed by 

H&E staining (Fig. 7B, bottom). 
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Figure 7. Loss of NCAM perturbs the metastatic competence of mouse melanoma 

B16F0 cells. 

Experimental metastasis assay was performed to evaluate the metastatic potential of 

Control and NCAM KD melanoma cells. A, Upper panel shows representative pictures 

of lungs and livers from mice injected with B16F0 Control cells or with NCAM KD 

cells. Numbers of lung and liver metastatic foci were quantified (bottom) as described 

in Materials and Method and represented by each data point. B, Lung nodules were 

sectioned and subjected to immunostaining with NCAM antibody (upper panel) or 

staining with H&E (bottom). The dotted lines partition the metastases lesion from 

normal lung tissue and the asterisks denotes metastases. Scale bar, 50 μm for 

immunostaining, 200 μm for H&E staining. 
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3.1.4 NCAM knock down leads to attenuated CREB activity and MMP2 expression.  

CREB, which binds to the consensus motif 5'-TGACGTCA-3', is a well characterized 

transcription factor belonging to the basic leucine zipper family [253]. In response to 

various stimuli such as growth factor, neurotransmitter, etc, CREB is activated through 

phosphorylation at Ser133 located in the KID (kinase-induce domain) by many 

serine/theronine (Ser/Thr) protein kinases. Phosphorylated CREB will in turn bind to 

the transcriptional co-activator, CBP (CREB-binding protein) thus enabling the 

recruitment of other transcriptional machinery to initiate CREB-dependent gene 

transcription [253, 254]. Previously, it has been shown that CREB plays an important 

role in melanoma progression [255-257]. Moreover, quenching its activity with 

dominant-negative form of CREB (KCREB) led to decreased melanoma 

tumorigenicity and metastatic potential [258]. As mentioned in the Introduction, 

clustering of NCAM could stimulate phosphorylation of CREB in neuronal cells 

thereby modulating expression of genes responsible for axonal growth and synaptic 

plasticity [53]. In addition, remarkable defects in CREB activity and signaling 

pathways have been observed in NCAM knockout mice [259]. Therefore, we speculate 

that CREB activation is required for NCAM mediated melanoma cellular invasion. To 

test this hypothesis, immunoblotting was performed using antibody against phospho-

CREB. As shown in Fig. 8A, a drastic reduction of phosphorylated CREB level was 

identified as the effect of NCAM silencing. Moreover, reporter assay monitoring DNA 

binding activity of CREB was conducted. In consonance, silencing of NCAM led to 

reduced levels of DNA binding activity of CREB (Fig. 8B). To determine whether 
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attenuated CREB activity affects cellular behavior of melanoma cells, B16F0 cells 

were transiently transfected with a dominant-negative form of CREB (ACREB). As 

expected, expression of ACREB clearly decreased the migration of melanoma cells 

(Fig. 8C).  

 

Previous study has demonstrated that CREB could regulate the transcription, 

expression and activity of type IV collagenase MMP2, which in turn accounts for the 

invasiveness and metastatic potential of melanoma cells [258]. We therefore examined 

the effect of NCAM down-regulation on MMP-2 mRNA expression. Results from 

QRT-PCR showed that MMP-2 mRNA expression level of NCAM KD cells was only 

30% of that of Control cells. Consistently, similar reduction of MMP-2 expression 

level was observed in melanoma cells with CREB activity quenched by ACREB (Fig. 

8D). Thus, these results may suggest that down-regulation of MMP2 contributed to the 

compromised CREB activity thereby reduction in invasiveness and metastatic 

potential of melanoma B16F0cells.   
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Figure 8. NCAM knock down leads to attenuated CREB activity and MMP2 

expression. 

A, Lysate derived from NCAM KD and Control cells were analyzed by 

immunoblotting with anti-phospho CREB antibody. B, CREB reporter assay was 

performed to evaluate the CREB activation status in Control and NCAM KD cells. C, 

Expression of dominant negative form of CREB (ACREB) impeded cell migration. 

Scale bar, 1 mm. The percentage of wound closure was quantified (right). D, 

Quantitative reverse transcription-PCR (QRT-PCR) was employed to evaluate the 

mRNA expression of MMP-2 in NCAM KD, Control cells as well as F0 cells 

transfected with ACREB or empty vector (Veh). Columns, mean of three independent 

experiments; bars, s.d.; *, p < 0.05; **, p < 0.01. 
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3.1.5 NCAM potentiates invasion and phosphorylation of CREB in melanoma cells via 

activation of PKA pathway 

To determine the protein kinases participating in relaying NCAM-mediated signal and 

in turn inducing the phosphorylation of CREB, we examined the activation status of a 

panel of intracellular signaling effectors likely regulated by NCAM. As discussed 

earlier, NCAM induced activation of a variety of signaling cascades such as PI3K, 

MAPK and PKC pathways via binding to FGFR. Though MAPK/ERK pathway is 

highly activated in melanoma cells [130], we did not detect any significant difference 

between NCAM KD cells and their Control counterparts in terms of ERK 

phosphorylation level therefore excluding the possibility of its involvement in NCAM-

potentiated invasion of melanoma cells ( Fig. 15A). 

 

Other than above mentioned pathways, NCAM could also elicit activation of 

cAMP/PKA signaling putatively via Ca
2+

 or G-proteins [13, 260]. To examine whether 

PKA activity was compromised as the effect of NCAM silencing, PepTag
®
 cAMP-

dependent protein kinase assay was performed. PKA catalyzed phosphorylation of its 

substrate Kemptide, which was subsequently separated on the agarose gel moving 

towards the anode. The intensity of the band, therefore, is indicative of PKA activity. 

As shown in Fig. 9A, we found that down-regulation of NCAM led to drastic 

reduction in PKA activity. Based on manufacture‟s protocol, PKA kinase activity were 

subsequently quantified and shown in the right panel of Fig. 9A. To verify the role of 

PKA pathway in melanoma cellular invasion, B16F0 cells were treated with PKA 
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specific inhibitor, H89, demonstrating that both migration and invasion were 

significantly suppressed by H89 (Fig. 9B). Moreover, immunoblotting results using 

H89 treated F0 cell lysates revealed that phosphorylation level of CREB was reduced 

significantly upon inactivation of PKA (Fig. 9C), thereby suggesting that NCAM-

mediated phosphorylation of CREB was achieved via activation of PKA pathway. To 

further prove the role of PKA downstream of NCAM-mediated signaling, we treated 

NCAM KD cells with PKA inhibitor and analyzed cellular invasive properties. Indeed, 

H89 treatment could not yield any further reduction in NCAM KD cells in contrast to 

NCAM-expressing cells (Fig. 9D).  
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Figure 9. NCAM potentiates invasion and phosphorylation of CREB in 

melanoma cells via activation of PKA.   
A, PepTag

®
 cAMP-dependent protein kinase assay was carried out. The intensity of 

band representing phosphorylated kemptide separated from non-phosphorylated one 

reflects the activity of PKA. PKA activity was further quantified based on 

manufacturer‟s instruction (right). B, Attenuated cell migration and invasion in the 

presence of PKA inhibitor H89. C, Treatment with H89 reduced phosphorylation level 

of CREB. Immunoblotting probed against CREB serves as loading control. D, 

Treatment with H89 did not lead to further reduction in migration and invasion of 

NCAM KD cells. Columns, mean of three independent experiments, bars, s.d.; *, p < 

0.05; **, p < 0.01. 
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3.1.6 Involvement of PI3K, other than PKA, in NCAM-mediated cellular invasion and 

phosphorylation of CREB in melanoma cells 

Other than PKA and MAPK, the downstream effector of PI3K could also induce 

phosphorylation thus activation of CREB. Moreover, aberrant PI3K pathway has been 

reported in up to 60% of melanoma and deregulated Akt3 has been shown to promote 

the development of malignant melanoma [138]. Therefore, we speculated that 

PI3K/Akt pathway may also contribute to NCAM-potentiated invasion of melanoma 

cells. As what has been demonstrated for the PKA pathway, results from 

immunoblotting revealed significant reduction in the phosphorylation of Akt owing to 

NCAM silencing (Fig. 10A) thus suggesting impaired PI3K/Akt signaling. To verify 

the contribution of PI3K/Akt signaling in melanoma cellular invasion, B16F0 cells 

were treated with PI3K specific inhibitor, LY294002. In the presence of LY294002, 

the activity of PI3K downstream effector, Akt, and melanoma cellular invasion were 

significantly impaired. In addition, CREB activity was compromised owing to 

deregulated PI3K/Akt pathway (Fig. 10B). Together, we could conclude that PI3K/Akt, 

other than PKA pathway, participated in transmitting NCAM-mediated signal to 

CREB thereby regulating cellular invasion of melanoma cells.  

 

To verify this notion, forced expression of constitutively active form of Akt (D2-Akt) 

in NCAM KD cells was conducted. As shown in Fig. 10C, the motility and 

invasiveness of NCAM KD cells were restored to approximately 90% of Control cells. 

Moreover, the phosphorylation level of CREB was elevated as demonstrated by 
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immunoblotting further bolstering the role of PI3K/Akt axis in phosphorylation of 

CREB by NCAM in melanoma cells.    
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Figure 10. Involvement of PI3K, other than PKA, in NCAM-mediated cellular 

invasion and phosphorylation of CREB in melanoma cells. 

A, Lysate from NCAM KD and Control cells were analyzed by immunoblotting for 

phospho-Akt content. B, PI3K inhibitor, LY294002, treatment led to compromised cell 

motility, invasiveness and CREB phosphorylation level. C, Expression of 

constitutively activated Akt (D2-Akt) restored cellular invasion and CREB activation 

in NCAM KD cells. Columns, mean of three independent experiments; bars, s.d.; *, p 

< 0.05; **, p < 0.01. 
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3.1.7 Concurrent commission of PKA and PI3K pathways is required for NCAM- 

mediated cellular invasion of melanoma cells.  

As shown in above results, NCAM-activated PKA and PI3K/Akt axes converged at 

CREB. Though both cellular invasion as well as phosphorylation of CREB were 

significantly compromised in the presence of either PKA or PI3K inhibitor, neither 

H89 nor LY294002 alone could abolish NCAM-mediated cellular invasion of 

melanoma cells, likewise the activation of CREB. Thus, one can exclude the 

possibility of pathway redundancy mediating signals from NCAM. 

 

However, we still wondered whether there is any crosstalk between these two 

pathways at kinase level. To address this issue, immunoblotting was performed to 

examine phospho-Akt level following H-89 treatment. As shown in Fig. 11A, 

phosphorylation of Akt remained comparable level after H-89 treatment indicating 

PI3K/Akt signaling could not be regulated by PKA. We also examined whether PI3K 

inhibitor has any inhibitory effect on PKA kinase activity. In consistence, no 

significant change of PKA activity was observed in the presence of LY294002 (Fig. 

11B). Therefore, these results suggest that there is no crosstalk at kinase level between 

PKA and PI3K/Akt pathways in melanoma cells under our experimental conditions.  

 

We also examined melanoma cell migration and invasion in the presence of both H89 

and LY294002. By combining the effect of both inhibitors, further reduction in 

migration was observed compared to those under the effects of either inhibitor alone 
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(Fig. 11C). Similar result was observed in invasion assay (Fig. 11D). In all, these 

results further corroborating the idea that NCAM induced migration and invasion of 

melanoma cells requires cooperated action of PKA and PI3K signaling. 

 

 

 

Figure 11. Concurrent commission of PKA and PI3K pathways is required for 

NCAM-mediated cellular invasion of melanoma cells. 

A, PKA inhibitor, H89, did not affect the phosphorylation level of Akt. B, Similarly, 

treatment with LY294002 did not affect PKA activity. C&D, Combining H89 and 

LY294002 followed by examination of cell migration and invasion. Columns, mean of 

three independent experiments; bars, s.d.;  *,  p < 0.05 ; **, p < 0.01. 
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3.1.8 Over-expression of NCAM180 enhances melanoma cellular invasion in vitro.   

As mentioned in the Introduction, each NCAM isoforms serves distinct role and the 

expression of NCAM undergoes an isoforms switch from NCAM120 to the 

transmembrane NCAM140 and 180 isoform during melanoma progression. Both 

NCAM140 and NCAM180 have been reported serving regulatory role in cancer cell 

motility [238] yet their individual roles in melanoma cellular invasion remain elusive. 

To address this issue, B16F0 cells were transiently transfected with constructs 

expressing either NCAM140 or NCAM180. We found that NCAM180 transfectants 

exhibited around 20% increment (p < 0.05) in cell motility and invasiveness as 

compared with Control cells transfected with an empty vector (Veh) (Fig. 12A&B). 

Conversely, NCAM140 when expressed at comparable level had no significant effect 

on cellular invasion (Fig. 12 A&B). Thus, these data suggested that NCAM180 may 

play a predominant role regulating cellular invasion of melanoma cells presumably 

through activation the pathways aforementioned. 
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Figure 12. Over-expression of NCAM180 enhances melanoma cellular invasion in 

vitro.  

B16F0 cells over-expressing either NCAM140 or NCAM180 were subjected to 

migration (A) and invasion assay (B) to assess their motility and invasiveness. 

Columns, mean of three independent experiments; bars, s.d.; *, p < 0.05; **, p < 0.01. 

  

3.1.9 The promoting role of NCAM in melanoma cellular invasion is confirmed in 

highly metastatic B16F10 cells. 

The role of NCAM in melanoma cellular invasion and metastasis was further 

confirmed in a more invasive cell line F10 cells. Like in F0 cells, robust NCAM 

silencing efficiency was achieved via co-transfection of B16F10 cells with pSilencer 

3.1 and pSilencer 4.1 based plasmids expressing siRNAs targeting different regions of 

NCAM coding sequence. As control, B16F10 cells were transfected with scrambled 

siRNA with no sequence homology to any known mouse gene. The reduction of 

NCAM expression level was determined by immunoblotting (Fig. 13A, left). Cells 

with greater than 50% reduction of NCAM protein level (Fig. 13A, right) compared 

with transfectants expressing non-targeting siRNA (Control) were subjected to 
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transwell migration and matrigel invasion assay. Resembling what has been shown in 

F0 cells, NCAM silencing significantly impeded the migration and invasion of the 

more invasive line B16F10 cells (Fig. 13B). Moreover, we noted that NCAM 

expression level was higher in F10 cells comparing that in F0 cells (Fig. 13C). Taking 

into consideration the higher metastatic potential of F10 cell line, this result further 

confirmed the promoting role of NCAM in melanoma cellular invasion. 
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Figure 13. The promoting role of NCAM in melanoma cellular invasion is 

confirmed in highly metastatic B16F10 cells. 

A, Expression level of NCAM in melanoma B16F10 cell stably co-transfected with 

pSilencer-3.1 and pSilencer-4.1 based plasmid containing scrambled sequence 

(Control) or 19-bp insert targeting NCAM was determined by immunoblotting. B, Cell 

motility and invasiveness of F10 NCAM KD cells were examined. C, NCAM 

expression level were compared between B16F0 and F10 cells. Columns, mean of 

three independent experiments; bars, s.d.; *, p < 0.05; **, p < 0.01. 
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3.2 Discussion 

There is ample evidence demonstrating that deregulated NCAM expression level in 

different types of cancers, to be a marker of more aggressive tumors, and to promote 

the growth and cellular invasion of cancer cells. The role of NCAM in melanoma 

progression, however, has not been previously elucidated. In present study, we 

adopted siRNA-based approach to investigate the function of NCAM in murine 

melanoma cellular invasion and metastasis. Our result demonstrated that stable 

silencing of NCAM with siRNA induced MET-like morphological transition and 

significantly perturbed both melanoma cellular invasion and metastatic dissemination. 

Mechanistically, such metastatic inhibitory effect of NCAM down-regulation was 

mediated through deregulated PKA and PI3K pathways converging at transcription 

factor CREB, which in turn led to decreased pro-invasive gene MMP-2 expression . 

 

 

3.2.1 NCAM in melanoma cell adhesion, migration and invasion 

 

Cellular invasion is an integral process involving attachment, matrix degradation and 

invasion. Therefore, we examined first the effect of NCAM ablation on cell adhesion 

of B16F0 cell. Loss of cell adhesion molecule, such as MCAM, a critical marker of 

melanoma metastasis [109], has been shown to lead to diminished interaction with 

endothelial cells thereby retarded melanoma cellular invasion though ECM, entry into 

vasculature and metastasize at distant organ. Intriguingly, it was shown in our study 

that NCAM KD cells exhibited elevated adhesiveness against substratum. Though 

such inverse correlation between the expression level of NCAM and attachment ability 
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of melanoma cells is consistent with what happened in neuroblastoma cells where low 

NCAM level are necessary for cancer cells to leave tumor aggregate and adhere to 

endothelial cells [261], further study examining the adhesion of melanoma cells to 

endothelial cells may be needed to fully clarify the influence of NCAM on melanoma 

cell attachment as the regulation of NCAM expression during the melanoma 

progression might be highly dynamic.  

 

Besides enhanced adhesion to substratum, ablation of NCAM also led to formation of 

compact colonies of cells in contrast to the scattered cell distribution as seen in control 

ones. Scattering of compact colonies of cells correlates with tumor cell invasiveness 

[262]. Indeed, we found that both migration and invasion of melanoma cells was 

reduced owing to NCAM loss. Such pro-invasive role of NCAM is similar to what has 

been reported under various other tumor contexts, such as in neuroblastoma and lung 

cancer. Moreover, not only restricted to only one cell line of melanoma, the highly 

invasive line F10 cells with NCAM knocked down also displayed impaired cellular 

invasion. If NCAM-negative melanoma cell line is available, ectopic expression of 

NCAM followed by assessing cell migration and invasion will be done to further 

consolidate the idea that NCAM plays a pro-invasive role in melanoma. However, 

there is no murine NCAM-negative melanoma cell line as far as we know. To generate 

NCAM-negative melanoma cells, transgenic mouse may need to be generated by 

crossing NCAM knock out- C57BL/6J mice with mouse lines expressing oncogenes 

such as Ret or mutant form of Ras and Raf which could develop spontaneous 

melanoma [263, 264]. Taking into consideration the availability of MCAM-negative 
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human primary cutaneous melanoma SB-2 cells which are non-metastatic [109], we 

would also speculate the existence of NCAM-negative human melanoma cells which 

might reside at early stage non-metastatic melanoma. Screening human melanoma 

specimen may help to identify NCAM-negative human melanoma cells. Isolation of 

these cells followed by expressing NCAM would not only verify the role of NCAM in 

melanoma metastasis but also expand the generality of our observations. To add on, 

B16F0 cells could also be treated with NCAM mimetic peptide FGL [265] or C3 [266] 

to verify the function of NCAM in melanoma cellular invasion. 

 

3.2.2 Experimental VS Spontaneous metastasis model 

To investigate the role of NCAM ablation in melanoma metastatic dissemination, 

experimental metastasis assay was performed. Direct transplantation of melanoma 

cells into the systemic circulation generated significant amount of lung metastatic 

deposits as well as liver metastases. It has been documented that tail vein injection 

generally results in pulmonary metastases whereas liver metastases are primarily 

developed from intrasplenic or portal vein injection of tumor cells [267]. Here in 

current study, the liver metastases observed may indicate the high metastatic burden 

thus further consolidating the pro-metastatic function of NCAM.  

 

Though experimental metastasis model has been generally adopted to assess the 

metastatic potential of cancer cells, the fact that early steps in the metastatic cascades 

are eliminated from this model is of potential limitation. To address this issue and to 

further confirm the pro-metastatic role of NCAM, we could also perform spontaneous 
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metastasis assay. This could be done by orthotopic transplantation of melanoma cells 

into the flank region of the mice followed by excision of the primary tumor burden 

allowing for the development of distant metastases [267]. In this way, not only the 

transplanted tumor model may more closely resemble human cancer including tumor 

histology and metastatic biology [268], but also many aspects of the metastatic 

cascades that are bypassed using experimental metastasis model such as shedding of 

tumor cells from primary site and host-tumor interactions  could be further studied.  

 

3.2.3 NCAM-mediated signaling in melanoma cellular invasion and metastasis 

3.2.3.1 PKA axis contributes to NCAM-mediated melanoma cellular invasion 

While extensive investigations have been done to delineate the complex signaling 

network controlled by NCAM in neural cells [260], little information is available 

regarding how NCAM modulates tumor progression. Using the transgenic  Rip1Tag2 

mouse model with spontaneous pancreatic β cell carcinoma, a first glimpse regarding 

NCAM elicited cellular and molecular mechanism came from a previous study 

showing that NCAM modulates tumor cell-matrix adhesion by cross-talking with 

FGFR signaling machinery [269]. Further study expanded these observations by 

showing that  NCAM-mediated signal was transmitted either through activated PLCγ 

and MAPK pathway downstream of FGFR or Fyn/
 
FAK pathway thereby contributing 

to increased cell spreading and migration
  
in insulinoma and lobular breast carcinoma 

cells [247, 270]. Other than these signaling cascades, NCAM induced activation of 

PKA and PI3K/Akt pathways could also contribute to cancer progression as 

demonstrated by our results in melanoma. PKA, as a crucial effector transmitting 
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NCAM-mediated signal to regulate neurite outgrowth, has long been shown 

controlling cell motility and cytoskeleton dynamics. The regulatory role of PKA was 

exerted through either increasing cell-substrate adhesion [271] or induction of MMP-2 

secretion to its active form as demonstrated in endometrial cancer [272]. Moreover, 

activation of PKA axis was shown accompanied with enhanced invasion and 

metastasis of Lewis lung carcinoma cells [273]. Here, we showed that PKA clearly 

promoted melanoma cellular invasion which contributed to NCAM-mediated 

metastatic dissemination. Up to our knowledge, this is the first time revealing PKA as 

a promoting factor in melanoma metastasis. Our results not only supported the positive 

effect of PKA in regulation of cell migration but also proposed a novel potential target 

pathway for melanoma treatment. 

 

3.2.3.2 NCAM-mediated melanoma cellular invasion requires concurrent commitment 

of PI3K pathway 

Other than PKA pathway, our results demonstrated the co-commitment of another 

critical signaling cascade in melanoma progression, the PI3K/Akt axis. Blocking PI3K 

activity thereby its downstream signaling significantly impaired melanoma cellular 

invasion, a defect resemble the effect of NCAM silencing. Restoring phospho-Akt 

level, however, could rescue the retarded cellular invasion hence confirming the 

commitment of PI3K axis in NCAM-mediated melanoma cellular invasion. The pro-

invasive role of NCAM activated PI3K pathway can be supported by previous study 

showing that up-regulated phospho-Akt level associated with severely dysplastic nevi 

and metastatic melanomas compared with normal or mildly dysplastic nevi [274]. 
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Moreover, not only in melanoma, human breast cancer cells and ovarian cancer cells 

also required activated PI3K pathway to promote cellular invasion thereby enhancing 

metastasis [275]. Together, the involvement of both PI3K and PKA pathways 

indicated that multiple signaling cascades have been employed by NCAM to promote 

melanoma cellular invasion and metastasis.  

 

3.2.4 Putative mediators bridging NCAM-mediated signal to PKA and PI3K pathway   

As mentioned in Introduction, homophilic binding of NCAM as well as heterophilic 

binding with FGFR could elicit a complex network of signaling cascades. Here in 

current study, however, we did not go into detail to elaborate the mediators between 

NCAM and its downstream PKA and PI3K pathways.  

The exact mechanisms by which NCAM activates PKA or PI3K pathway remain 

unknown [13]. However, these two pathways share common putative effectors 

mediating signals from NCAM. In PKA pathway, PKA is dependent on cAMP which 

is generated by adenylyl cyclases for activation. Earlier studies have shown that 

adenylyl cyclases can be activated by α-subunit of heterometric G-proteins or 

Ca
2+

/calmodulin [260]. G proteins have been demonstrated to be involved in NCAM-

mediated neurite outgrowth, as pertussis toxin which inhibits heterotrimeric Gi and G0 

proteins blocks NCAM-mediated neuritogenesis. Together with the fact that cholera 

toxin, a stimulator of adenylyl cyclases [276] induces neurite extension in PC12 cells 

[55], it is thus plausible to speculate that G protein might serve as an effector 

mediating signals from NCAM to PKA pathway. As NCAM could also induce 
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activation of PI3K via G protein, we therefore hypothesize that G protein might serve 

as a common mediator for these two pathways. However, the possible role of G-

protein in NCAM-signaling has not been fully confirmed. Thus, NCAM induced 

activation of PKA and PI3K pathways could be mediated through other routes as well.  

Ca
2+ 

influx has also been shown to induce the generation of cAMP thereby activation 

of PKA in PC12 cells [277]. In addition, Ca
2+

 is an important signaling molecule in 

NCAM-mediated growth cone guidance and neurite outgrowth. As NCAM activation 

leads to an elevation of intracellular Ca
2+

 level through activation of both Src-family 

kinases and the FGFR/PLC/DAG/arachidonic acid pathway [260], Fyn/FAK complex 

and FGFR might serve as effectors mediating signals from NCAM to PKA. For PI3K 

pathway, FAK has been shown to bind to PI3K [278]. Also, Ong et al has 

demonstrated that NCAM induced activation of PI3K pathway could be achieved by 

coordination with FGFR, with the signal mediated by a FRS2 (Fibroblast growth 

factor receptor substrate 2)-Grb2 (Growth factor receptor-bound protein 2)-Gab1 

(GRB2-associated-binding protein 1) complex [279]. Therefore, both Fyn/FAK 

complex and FGFR might serve as common mediators conducting signals from 

NCAM to PKA and PI3K pathways.   

Based on our results, reduction in terms of FAK phosphorylation level upon NCAM 

ablation might suggest the possible role of Fyn/FAK complex (Fig. 14) in NCAM 

mediated signaling thereby melanoma cellular invasion. However, expression of 

NCAM140 which directly binds to Fyn/FAK complex could barely induce any 

increment in melanoma cellular invasion. Therefore, further experiments, such as 



 

85 

 

treating F0 WT cells with Fyn specific inhibitor PP2 and assessing the activation status 

of PKA and PI3K pathways thereafter, would be needed to verify the role of Fyn/FAK 

complex in NCAM-mediated signaling thereby cellular invasion of melanoma cells. 

 

Figure 14. NCAM suppression leads to compromised FAK phosphorylation. 

Immunoblotting was performed to examine the effect of NCAM loss on activation of 

Fyn/FAK pathway the band intensity was quantified (right). β-actin served as a 

loading control. Representative blots of at least three independent experiments were 

shown. *, p < 0.05. 

  

 

As compared to NCAM140, NCAM180 seems to play a predominant role in 

melanoma cellular invasion thus suggesting the involvement of FGFR in NCAM-

mediated melanoma cellular invasion as NCAM180 could only signal through FGFR 

[54, 280]. However, further experiment such as treatment of WT F0 cells with FGFR 

inhibitor followed by evaluating the activation status of PKA and PI3K pathways is 

still needed. If FGFR inhibitor could impede the activation of PKA and PI3K signaling 

thereby cellular invasion of melanoma cells, NCAM might directly associate with 

FGFR as postulated by Cavallaro et al. [269] or indirectly modulates the activity of 

FGFR [281], which in turn contributes to melanoma cellular invasion. However, if 

activation of PKA and PI3K signaling could not be completely blocked by the FGFR 
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inhibitor in F0 cells, provided that Fyn/FAK complex and G-protein do not involve in 

activation of NCAM downstream signaling, this might imply that other than FGFR, 

there might be some other yet unidentified mediators participated in this process. 

 

 

3.2.5 Transcription factors involved in NCAM-mediated melanoma cellular invasion 

3.2.5.1 CREB and its downstream pro-invasive gene MMP-2 mediate NCAM-

potentiated cellular invasion of melanoma cells 

Based on our results, PKA and PI3K axes converged on transcription factor CREB, 

which plays critical role in cell differentiation, proliferation and survival in the 

nervous system [282]. Recently, mounting evidences has revealed the critical role of 

CREB in tumor initiation, progression and metastasis. Up-regulated CREB expression 

and activity was detected in a panel of human cancers such as acute myeloid leukemia, 

breast cancer, ovarian cancer and lung cancer [283, 284]. In addition, positive staining 

of p-CREB and elevated mRNA level of CREB was only found in poorly-

differentiated prostate cancers and bone metastatic tissue samples suggesting the 

critical role of CREB in tumor progression and metastasis [285]. Also, increased 

CREB expression level and activity has been shown to contribute to tumorigenesis and 

metastasis of human melanoma (MeWo) cells via up-regulating expression of MMP-2 

and cell adhesion molecule, MUC18, as aforementioned [258]. Here in B16F0 

melanoma cells, we confirmed the critical role of CREB in cellular invasion by 

showing compromised cellular invasion after transfection with ACREB. In line with 

this, ACREB rendered the mRNA level of MMP-2 which is consistent with previous 

evidence in human melanoma cell line [258].     
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Given this critical regulatory function in tumor malignancy, the function of CREB is 

tightly regulated through phosphorylation at serine 133. In the present study, CREB 

activity was governed by NCAM-mediated signals. In NCAM-silenced melanoma 

cells, the phosphorylation of CREB at Ser133 was markedly reduced, which was 

further proved to be important for melanoma cellular invasion. This result may explain 

why NCAM potentiates cellular invasion and metastasis of melanoma cells in vitro 

and in vivo. Actually, there are several lines of evidence to support the speculation that 

NCAM can induce the activation of CREB, though they are mainly from studies on 

neural cells. In mouse brain regions, NCAM deficiency results in a significant 

reduction of the phosphorylation of CREB at Ser133, which is related to the formation 

of memory [259]. Moreover, previous studies suggest that NCAM-mediated CREB 

activation during neurite outgrowth is dependent on MAPK/MEK [53, 286] or PKA 

signaling pathways [56]. Similarly, we also demonstrated that NCAM induced CREB 

activation is through PKA signaling. However, in our study, no relationship between 

CREB and MAPK/MEK signaling was found in NCAM potentiated cell migration and 

invasion, as evidenced by that MEK-specific inhibitor (U0126) did not affect the 

CREB activity in melanoma cells (Fig. 15B). In fact, we even did not observe a 

difference in ERK phosphorylation level between Control and NCAM KD B16F0 cells 

(Fig. 15A). Instead, we revealed a link between CREB and NCAM-induced PI3K/Akt 

signaling. Taken together, these results suggest that NCAM-mediated CREB 

phosphorylation could be achieved via activation of different signaling pathways with 

respect to different cell types or processes.  
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Figure 15. MAPK/ERK signaling is not involved in NCAM-mediated cellular 

invasion of melanoma cells. 

A, Activation status of MAPK/ERK pathway in NCAM KD cells was examined by 

probing the content of phospho-ERK. B, Treatment with MEK specific inhibitor 

U0126 did not affect the activation of CREB. β-actin served as a loading control. 

Representative blots of at least three independent experiments were shown. 

 

 

 

3.2.5.2 Other transcription factors that may be involved in NCAM-mediated 

melanoma cellular invasion 

It is worth noting that other than CREB, activity of Activating Transcription Factor-1 

(ATF-1) (Fig. 8) and c-jun (Fig. 17) were compromised in NCAM knocked down cells. 

ATF-1 belongs to the leucine zipper class of transcription factor and its overexpression 

contributed the same way as CREB to the metastatic potential of melanoma cells [258]. 

Moreover, previous study has demonstrated the promoting role of c-jun in cellular 

invasion [287] thus posing the possibility of its involvement in NCAM mediated 

invasion of melanoma cells. Further studies could be done to address this question and 

to explore whether there is any interaction between these three transcription factors.  
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Figure 16. C-jun activation in B16F0 cells was attenuated after NCAM knocked 

down. 

Immunoblotting was performed to examine the effect of NCAM loss on activation of 

c-jun and the band intensity was quantified (right). β-actin served as a loading control. 

Representative blots of at least three independent experiments were shown. *, p < 0.05. 

 

 

3.2.6 The role of specific NCAM isoform in melanoma cellular invasion 

Besides expression level changes, the isoform switch of NCAM was also documented 

in tumor progression [92]. But the significance of such switch and the concrete role of 

individual NCAM members in melanoma cellular invasion are still obscure. To this 

end, over-expression of each major isoforms of NCAM in melanoma cells was 

performed followed by evaluation of their cellular invasion.  However, it seems that 

only the NCAM180 isoform could led to significant increase in cell migration and 

invasion and such pro-invasive role is probably mediated via FGFR as NCAM180 

could only signal through FGFR but not Fyn/FAK complex [54, 280]. In consistent 

with our observation, in neuroblastoma, NCAM180 was shown to increase cell 

motility due to its contact of the long intracellular domain with the cytoskeleton [288]. 

Interestingly, the function of NCAM180 varies across different cancers. Loss of 

NCAM180 expression resulted in increased invasion and aggressiveness of the colon 

cancer suggesting its role as tumor suppressor [289]. Unlike NCAM180, the 140 kDa 
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isoform barely had increasing effect on melanoma cellular invasion. It has been noted 

that NCAM140 expression level is relatively higher as opposed to that of NCAM180 

in both B16F0 and F10 cells. Therefore, we cannot exclude the possibility that the 

pathway controlled by NCAM140 was saturated by the endogenous protein thus 

leading to no addictive effect upon forced expression of NCAM140. Further study 

would be needed to elucidate the role of this specific isoform in melanoma cell 

invasion. Moreover, differential polysialyation in various isoforms of NCAM has been 

observed to modulate the adhesive function and cell migration [290], whether it 

contributes to NCAM180 induced melanoma invasion requires further study.  

 

In summary, the study presented here revealed that NCAM, an important adhesion 

molecule, contributes to the acquisition of a highly motile and invasive phenotype 

which is consistent with the aggressive melanoma behavior. NCAM exerts its effect by 

inducing phosphorylation and transcriptional activity of CREB thereby expression of 

MMP-2 via PKA and PI3K pathways (Summarized in Fig. 17). These findings not 

only provide further insight into the mechanism of melanoma metastasis but also pave 

the way for novel therapeutic approaches targeting NCAM or concomitant inhibition 

of both signaling cascades to combat melanoma progression. 
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NCAMNCAM

 
Figure 17. Schematic model summarizing how NCAM modulates melanoma 

cellular invasion and metastasis. 
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CHAPTER 4 Neural cell adhesion molecule modulates mesenchymal 

stromal cells migration via activation of MAPK/ERK signaling  

 

 

4.1Results 

4.1.1 Isolation and characterization of MSCs 

To further elucidate the role of NCAM in MSCs, we isolated MSCs from bone marrow 

stroma of wild-type (WT) and NCAM
-/- 

(KO) mice and separated them from 

hematopoietic cells based on their adhesive nature on the plastic culture plate. After 6 

passages, a homogeneous population with fibroblast-like morphology was obtained 

and cells at around the 10
th

 passage were used for subsequent experiments. Flow 

cytometry analysis was performed to ensure complete ablation of NCAM expression 

in MSCs. As shown in Fig. 18A, more than 95% of the WT MSC cells expressed high 

level of NCAM and almost all (99.35%) NCAM
-/-

 cells were NCAM deficient. 

Immunoblotting analysis further confirmed the expression of NCAM in WT but not in 

NCAM
-/-   

MSCs (Fig. 18B).  

 

Subsequently, immunophenotype of cultured MSCs were examined. Flow cytometry 

analysis revealed that WT and NCAM
-/- 

MSCs expressed MSCs characteristic cell 

surface antigens, CD73, CD105 and CD90, but not hematopoietic markers CD31, 

CD34 and CD45 (Fig. 18C) thus confirmed the identity of cultured MSCs.  
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To verify their multipotency, cultured MSCs were exposed to adequate differentiating 

conditions for adipocyte, osteocyte and chondrocyte induction. As reported in our 

previous study, NCAM deficiency leads to impaired adipogenic differentiation [233]. 

When cultured in adipogenic medium, intercellular lipid vacuoles accumulation 

indicates successful differentiation into adipocyte and this was detected by Sudan 

Black staining. As shown in Fig. 18D (a-b), WT MSCs were readily differentiated into 

adipocytes. However, NCAM deficient MSCs generated much less and smaller lipid 

droplets compared to their WT counterparts. In accordance with this phenomenon, 

NCAM
-/- 

MSCs differentiation into osteocytes was also found to be impaired 

significantly. As described previously [291], MSCs cultured in osteo-inductive 

medium underwent a dramatic morphological change from spindle shaped cell to 

cuboidal, accompanying with an increase in alkaline phosohatase activity. Moreover, 

WT MSCs formed aggregates or nodules with islands of ECMs secreted three weeks 

after osteogenic induction as shown in Fig. 18D (c). In contrast, staining with Alizarin 

red revealed much less calcium deposition in NCAM deficient MSCs Fig. 18D (d). To 

induce chondrogenesis, MSCs were centrifuged to form pelleted micromass and 

cultured in chondrogenic medium for three weeks. Both WT and NCAM
-/- 

MSCs 

micromass bodies developed into multilayered cartilaginous nodules associated with a 

well-organized ECM rich in sulfated proteoglycans [161, 292]. These sulfated 

proteoglycans were specifically detected using Alcian blue staining under acidic 

conditions. However, we did not observe any significant difference in terms of 

cartilaginous nodule formation between WT and NCAM
-/- 

MSCs (Fig. 18D (e-f)). 
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Collectively, these results suggested that NCAM participated in MSCs differentiation 

into the adipocytes and osteocytes. 
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Figure 18. Isolation and characterization of MSCs. 

A, Flow cytometry analysis was performed to examine NCAM expression on bone-

marrow-derived wild-type (WT; right panel) and NCAM deficient (NCAM
-/- 

; left 

panel) MSCs (passage 10). Histograms with black outline show data from negative 

controls and those with red histograms show data obtained with rabbit polyclonal 

antibody against NCAM. B, Immunoblotting was performed to further confirm the 

expression of NCAM in WT and NCAM
-/-

 MSCs. β-actin was detected as a loading 

control. Data are representative of three independent experiments. C, 

Immunophenotype of WT and NCAM
-/-

 MSCs was examined. Flow cytometry 

analysis was performed to check the expression of MSCs surface marker CD73, 90, 

105 while excluding the expression of hematopoeitc marker CD31, CD34 and CD45. 

D, WT and NCAM
-/-

 MSCs were induced to differentiation into adipocyte, osteocyte, 

or chondrocyte. Formation of lipid droplets, the key feature indicating successful 

differentiation of adipocyte was visualized by Sudan Black staining at day 14 after 

treatment with adipogenic differentiation medium (a-b), Original magnification, × 200. 

Scale bars indicate 100 μm; For osteogenic differentiation, MSCs were cultured for 3 

weeks in osteogenic induction medium, and calcium deposition was visualized by 

Alizarin Red S staining (c-d). For chrodrogenic differentiation, cartilage specific 

metachromasia generated was viewed with Alcine Blue staining (e-f), Original 

magnification, × 100. Scale bars indicate 200 μm.  
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4.1.2 NCAM deficiency impairs MSCs motility 

As an adhesion molecule, NCAM has been shown to be implicated in neuronal 

outgrowth, migration of neural cells as well as many cancer cells [236-238]. To 

explore the role of NCAM in MSCs migration, wound healing assay, which is 

generally considered as a simple and reliable method to quantitatively evaluate cell 

motility, was performed. A scratch was inflicted on a confluent cell monolayer 

followed by 24 hours incubation. As shown in Fig. 19A, NCAM deficient MSCs 

barely exhibited any healing 24 hours post scratching. In contrast, migrated WT MSCs 

almost filled the wound and the distance migrated was approximately 3 times more 

than that of NCAM
-/- 

MSCs.  

 

During cell migration, an early event following the stimulation of rounded cells by 

chemo-attractant is dynamic reorganization of filamentous F-actin and formation of 

stress fibers [293]. To determine if NCAM deficiency affects cytoskeleton 

rearrangement during MSCs migration, cultured MSCs were stained with rhodamine-

labeled phalloidin to monitor F-actin polymerization. Immunocytochemical analysis 

revealed formation of actin longitudinal stress fiber organized in tight cortical bundles 

in cell cortex of WT MSCs. However, such redistribution of actin fibers in cell cortex 

was not evident in NCAM
-/- 

MSCs, implying that NCAM deficiency leads to impaired 

stress fiber formation thereby resulting in reduced cell motility of MSCs (Fig. 19B).  
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We also tested the effect of NCAM loss on MSCs in a directional migration assay 

using transwell. In response to chemo-attractant at the bottom chamber, cells seeded 

on top of the porous filter will traverse through the random distributed pores and 

migrate to the bottom surface of the filter.  In consistent with the wound healing result, 

migrated NCAM
-/- 

MSCs through the porous filter was around one third of that for WT 

MSCs (Fig. 19C). Together, these results indicated the positive regulatory role of 

NCAM in migration of MSCs.  
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Figure 19. NCAM deficiency impairs MSCs motility and invasiveness. 

A, WT and NCAM
-/- 

MSCs were subjected to wound healing assay and representative 

pictures of the wound distances were taken at each time point as indicated. Original 

magnification × 40, scale bar indicates 1 mm. B, Morphology of WT and NCAM
-/- 

MSCs stained with rhodamine-conjugated phalloidin antibody to visualize the actin 

cytoskeleton, scale bar indicates 10 μm. C, Transwell migration assay was performed 

to quantitatively gauge the migratory behavior. Left panel, WT MSCs, right, NCAM
-/-

 

MSCs. Original magnification ×100, scale bar indicates 200 µm. Columns, means 

from three independent experiments, bars, s.d.; *, p < 0.05; **, p < 0.01.  

 

 

4.1.3 Neither PI3K nor Wnt signaling contributes to NCAM-mediated migration of 

MSCs 

As demonstrated earlier, activation of PI3K pathway contributes to NCAM-mediated 

cellular invasion of melanoma cells [294]; also in MSCs, the PI3K signaling is shown 
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to be adopted in HGF potentiated migration [196]. To examine whether PI3K 

signaling contributes to NCAM-mediated mobilization of MSCs, the activation status 

of Akt, the serine/threonine kinase downstream of PI3K, was examined. 

Immunoblotting revealed only a slight reduction in phospho-Akt level upon loss of 

NCAM (Fig. 20A). However, such defect did not seem to contribute to the impaired 

migration of NCAM
-/- 

MSCs as expression of constitutively active form of Akt (D2-

Akt) could not restore the defective migration of NCAM
-
/
- 
cells (Fig. 20B).   

 

Besides PI3K signaling, canonical Wnt signaling regulating various stem cell 

attributes has also been reported as a crucial regulator governing the transmigration of 

hMSCs through ECM [195]. We previously identified the association of β-catenin and 

GSK-3β with NCAM in melanoma cells [294]. NCAM in turn induces activation of β-

catenin signaling contributing to the growth of melanoma. To examine whether 

NCAM convey its signal via activation of β-catenin signaling in MSCs, we assessed 

the activation status of β-catenin and GSK-3β. Immunoblotting result revealed no 

significant difference in terms of β-catenin expression level in NCAM
-/- 

MSCs. In 

consonance, phosphorylation level of GSK-3β, which sequesters and phosphorylates 

β-catenin in the absence of Wnt ligands, remains the same despite the absence of 

NCAM (Fig. 20C).   

 

To further assess the attributes of Wnt/β-catenin signaling in NCAM-mediated 

migration, NCAM
-/- 

MSCs were exposed to Wnt pathway activator LiCl (25 mM) for 

1 hour and their migration was assessed. Indeed, impaired migration of NCAM
-/- 
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MSCs could not be restored (Fig. 20D). Collectively, neither PI3K nor Wnt signaling 

contributed to NCAM mediated migration of MSCs.  

 

 

 

Figure 20. Neither PI3K nor Wnt signaling contributes to NCAM-mediated 

migration of MSCs. 

A, Akt and phospho-Akt level in WT and NCAM
-/- 

MSCs were examined by 

immunoblotting. β-actin served as a loading control. B, Effect of constitutively active 

form of Akt (D2-Akt) on migration of NCAM
-/-

 MSCs was assessed and compared 

with that of WT MSCs. C, Lysates from WT and NCAM
-/-

 MSCs were analyzed by 

immunoblotting with antibody against β-catenin, phospho-β catenin, GSK-3β and its 

phosphorylation form. β-actin served as a loading control. D, NCAM deficient MSCs 

were pre-treated with Wnt agonist LiCl (25mM) for 1 hour followed by transwell 

migration assay. Columns, means from three independent experiments, bars, s.d.; *, p 

< 0.05; **, p < 0.01. 



 

101 

 

 

4.1.4 NCAM employs MAPK/ERK signaling to regulate MSCs migration. 

In bone marrow or umbilical cord blood derived MSCs, MAPK/ERK signaling has 

been shown to contribute to sphingosine-1-phosphate (S1P) or stromal cell-derived 

factor-1(SDF-1) induced cell migration [199-201]. Together with the fact that 

MAPK/ERK is one of the major signaling components downstream of NCAM, it is 

thus plausible to speculate the involvement of MAPK/ERK signaling in NCAM- 

mediated migration of MSCs. To test this notion, we proceeded to examine the effect 

of NCAM deficiency on MAPK/ERK signaling. As expected, the phosphorylation 

level of ERK and that of upstream kinases, MEK and Raf, are much lower in NCAM 

deficient cells compared to WT counterparts under our experimental conditions thus 

suggesting the impaired MAPK/ERK signaling in NCAM
-/- 

MSCs (Fig. 21A). To 

elucidate the contribution of MAPK/ERK signaling in NCAM-mediated MSC 

migration, WT MSCs were subjected to treatment with MEK specific  inhibitor U0126 

followed by migration assay. As shown in Fig. 21B, inhibition of MEK significantly 

impeded the migration of MSCs and the number of cells crossing the filters was 

around 40% less than the untreated control when incubated with 10 µM of U0126. 

Likewise, cell motility was drastically reduced upon transfection of WT MSCs with 

dominant negative MEK (AMEK) (Fig. 21C). Expression of the constitutively active 

form of MEK (EMEK), on the contrary, could successfully restore the impaired 

migration of NCAM
-/- 

MSCs (Fig. 21D). Together, MAPK/ERK pathway, rather than 

PI3K or Wnt signaling, contributed to NCAM mediated migration of MSCs.  
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Figure 21. NCAM employs MAPK/ERK signaling to regulate MSCs migration. 

A, Lysates from WT and NCAM
-/-

 MSCs were subjected to immunoblotting analysis 

examining the expression levels of phospho-c-Raf, phospho-MEK, phospho-ERK and 

ERK with corresponding antibodies. β-actin served as a loading control. 

Representative blots of at least three independent experiments were shown. B, WT 

MSCs were treated with MEK inhibitor U0126 (10 µM or 20 μM) for 1 hour followed 

by migration assay. C, Expression of the dominant negative form of MEK (AMEK) in 

WT cells followed by examination of cell motility. D, NCAM
-/-

 MSCs transfected with 

the constitutively active form of MEK (EMEK) was subjected to transwell migration 

assay. Columns, means from three independent experiments, bars, s.d.; *, p < 0.05; **, 

p < 0.01. 

 

 

4.1.5 NCAM 180 reconstitutes MAPK/ERK signaling and migration of NCAM
-/- 

MSCs 

In neural cells, distinct functions were served by the three major isoforms of NCAM. 

To elucidate the regulatory attributes of each NCAM isoform in MSCs migration, 

NCAM
-/- 

MSCs were transfected with plasmids expressing full length NCAM120, 
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NCAM140 and NCAM180, independently. As shown in Fig. 22A, the expression 

levels of specific isoforms of NCAM in NCAM
-/- 

MSCs transfected cells are 

comparable to those in WT cells. Thereafter, we gauged the activation status of ERK 

in transfected NCAM
-/- 

MSCs. Intriguingly, impaired MAPK/ERK signaling in 

NCAM deficient MSCs could be restored efficiently by re-expression of NCAM180. 

Re-expression of NCAM140, however, barely induced any significant increment in 

terms of ERK phosphorylation.  

 

When subjected to migration assay, transfected NCAM
-/- 

MSCs expressing NCAM180 

exhibited more than four-fold increase in cell migration compared to NCAM
-/- 

MSCs 

transfected with control vector. In contrast, expression of NCAM140 only induced a 

slight increment in cell migration, and NCAM120 did not contribute to MSCs 

migration at all (Fig. 22B). Collectively, these results implied the predominant role of 

NCAM180 in activation of MAPK/ERK signaling thereby migration of MSCs.                                 

 

It is known that NCAM-mediated activation of MAPK/ERK signaling could be 

achieved through the interplay with FGFR or activation of non-receptor tyrosine 

kinase Fyn/FAK complex. NCAM180, however, could not associate with Fyn/FAK 

complex but only signal through FGFR [54]. To confirm the involvement of FGFR in 

NCAM180-mediated ERK activation thereby migration of MSCs, MSCs re-expressing 

NCAM180 were pretreated with FGFR specific inhibitor SU5402 (10 μM) for 1 hour 

followed by migration assay. As shown in Fig. 22C, the increased cell migration by 
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expression of NCAM180 was successfully abrogated by SU5402 treatment thus 

suggesting NCAM induced MAPK/ERK signaling is FGFR-dependent.            
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Figure 22. NCAM180 reconstitutes MAPK/ERK signaling and migration of 

NCAM
-/-

 MSCs. 

A, NCAM
-/-

 MSCs were transfected with pcDNA4/Myc–NCAM180 (180), 

pcDNA4/Myc–NCAM140 (140), pcDNA/Myc-NCAM120 (120) or pcDNA4/Myc 

(Veh). The expression of NCAM was analyzed by immunoblotting with antibodies 

against NCAM or c-Myc tag. Wild type counterpart transfected with pcDNA4/Myc 

was used as a control. Also, activation status of ERK was examined under the above 

five conditions. β-actin served as a loading control. Representative blots of at least 

three independent experiments are shown. B, NCAM
-/-

 MSCs transfected with 

plasmids expressing NCAM120, 140, or 180 were subjected to transwell migration 

assay. C, NCAM180 expressing cells were treated with FGFR inhibitor SU5402 (10 

μM) followed by assessing their migration. The expression level of phospho-ERK was 

examined in NCAM180 expressing cells with or without SU5402 treatment. Columns, 

means from three independent experiments, bars, s.d.; *, p < 0.05; **, p < 0.01. 
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4.1.6 TNF-α up-regulates NCAM180 expression in MSCs 

TNF-α, one of the major pro-inflammatory cytokine released at sites of injury, has 

been demonstrated as a potent regulator of MSCs migration. In response to its cues, 

MSCs would mobilize from bone marrow and subsequently home to injured tissue 

contributing to injured cell substitution and tissue architecture repair [295, 296]. 

 

To examine whether TNF could regulate the expression of NCAM thereby NCAM- 

mediated MSC migration, MSCs were exposed to 50 ng/μl TNF-α for different times 

as indicated in Fig. 23A followed by RNA extraction. As shown by QRT-PCR 

analysis, a maximum increment in NCAM180 expression of 2.7 folds was observed at 

6 hours upon stimulation with TNF-α as compared to untreated control cells. mRNA 

expression of NCAM180, however, declined to comparable level as opposed to control 

cells 24 hours post treatment with TNF-α (Fig. 23A). Thereafter, we performed 

immunoblotting to further confirm whether elevated NCAM180 mRNA expression in 

response to TNF-α stimulation correlated with an increase in protein level of 

NCAM180. As showed in Fig. 23B, NCAM180 expression level increased 

significantly and peaked at around 4 to 6 hours post TNF-α exposure, compared to that 

of untreated control cells. No significant increment in NCAM140 expression, however, 

was observed thus further corroborating the predominant function of NCAM180. 

 

Given the strong chemotactic potential of TNF-α in hMSCs migration [296] , together 

with its regulatory role in NCAM expression as demonstrated above, one would expect 
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a differential response in terms of cell migration between WT and NCAM deficient 

MSCs in response to TNF-α.  We treated WT and NCAM deficient MSCs with TNF-α 

followed by evaluation of their migratory potential. As expected, TNF-α treatment 

revealed a profound increment in the basal rate of cell migration in WT MSCs. 

However, TNF-α was unable to induce an increase of cell motility in NCAM deficient 

MSCs thus confirming the critical role of NCAM in MSCs migration (Fig. 23C) 
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Figure 23. TNF-α up-regulates NCAM180 expression in MSCs. 

A rapid induction of NCAM180 was observed after TNF-α (50 ng/µl) stimulation for 1 

hour and persisted for more than 6 hours. A, QRT-PCR was performed to monitor the 

induction of NCAM180 at mRNA level. B, Immunoblotting further confirmed such 

observation by showing an up-regulated NCAM180 at protein level with anti-NCAM 

antibody. Representative blots of at least three independent experiments are shown. C. 

Migration of WT and NCAM
-/-

 MSCs was evaluated before and after treatment with 

TNF-α. Columns, means from three independent experiments, bars, s.d.; *, p < 0.05; 

**, p < 0.01.   



 

109 

 

4.2 Discussion 

Most research concerning NCAM has been focusing on nervous system owing to its 

ubiquitous expression on almost all neural cell types. The critical function of NCAM 

ranges from early brain development, neurite outgrowth, synaptic plasticity to memory 

consolidation [13]. Recent studies show that NCAM is also expressed in adult stem 

cells supporting hematopoiesis [234, 235]. Moreover, we have previously identified 

the novel function of NCAM in mediating adipogenesis of MSCs in vitro [233]. In this 

study, we further demonstrated that NCAM potentiated migration of MSCs by 

activating the MAPK/ERK signaling cascade through crosstalk with FGFR .  

 

 

4.2.1 The role of NCAM in MSCs differentiation 

MSCs are characterized by their ability to differentiate into various mesodermal cell 

types such as adipocytes, osteocytes, and chondrocytes. Moreover, accumulating 

evidences have also demonstrated their capacity of differentiating into cells beyond the 

germ layers with visceral mesoderm, neuroectoderm and endoderm characteristics 

[165, 297, 298]. These observations supporting multipotential of MSCs prompt the 

expectation of their implication in cell therapy and thus formed the basis for most 

current studies of MSCs. For instance, preclinical studies have demonstrated that 

MSCs facilitate myocardial repair in models of cardiac injury through cardiomyocytes 

differentiation [165]. In the current study, we have verified the multipotency of 

culturing MSCs with differentiation assays. Interestingly, the efficacy of adipogenesis 

and osteogenesis for NCAM
-/-  

MSCs were significantly impaired. In previous study, 

we reported the novel function of NCAM in adipogenic differentiation and elaborated 
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the molecular mechanism underlying. Either NCAM deficiency in MSCs or NCAM 

down-regulation in pre-adipocytes disrupts adipogenesis owing to impaired insulin 

signaling [233]. In line with this result, current study extends the vital function of 

NCAM from adipogenic to osteogenic differentiation of MSCs. However, further 

studies with pre-osteocytes are necessary to confirm the decisive role of NCAM in 

osteogenesis. As for the chondrogenic differention of MSCs, quantitative assessment 

by measuring DNA contents or glycosaminoglycan content within the aggregates 

would be needed to compare the chondrogenesis capacity between WT and NCAM
-/-  

cells. Taken together, the defective adipogenesis and osteogenesis owing to NCAM 

deficiency suggest the critical role of NCAM in fat and cartilage tissue development 

from MSCs. In addition, impaired differentiation capacity might result in reduced 

therapeutic potential of NCAM
-/- 

MSCs in treatment of related diseases such as 

osteogenic imperfecta. Thus, it would also be interesting to explore the possible role of 

NCAM in MSCs differentiation into other cell types such as neurons or 

cardiomyocytes which might provide insight into the implication of cell adhesion 

molecule in MSCs-based cell therapy.  

 

4.2.2 Modulation of NCAM could be implicated in MSCs mobilization 

As stated in Introduction, several studies have reported the presence of a very small 

number of circulating MSCs in the peripheral blood [176-178]. Though the presence 

of this circulating pool of MSCs is still debatable, studies have consistently shown that 

MSCs are capable of migrating to inflamed or traumatized tissue to contribute to tissue 

repair [180]. In animal models of cerebral ischemia and multiple organs failure [183, 
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299], for example, MSCs have been shown to migrate to site of inflammation and 

injury and correlates with the severity of injury. However, migration of infused MSCs 

to intended correction and their homing efficiency remains a great challenge in 

therapeutic MSCs transplantation. In the past decade, various approaches have been 

explored to enhance migration of MSCs. Since the chemotactic response of MSCs 

decreases along with expression of adhesion molecules, chemokine receptors during 

culture expansion [190, 191], modulating the expression of these receptors would thus 

be a feasible strategy to enhance MSCs migration. Previous studies have shown that 

retroviral overexpression of chemokine receptor CXCR4 led to increased migration of 

MSCs towards SDF-1α [300]. In the current work, we reported the correlation between 

NCAM and MSCs migration thereby exemplifying the implication of adhesion 

molecules in MSCs migration. Therefore, NCAM expression modulation could be 

explored to enhance MSCs migration.  

 

Cell migration is an integrated process including polarization of cells towards a 

chemo-attractant and cytoskeletal rearrangement. NCAM has been demonstrated to 

associate with cytoskeletons and the reorganization of the submembrane F-actin 

network has been found to be defective in NCAM deficient mice [244]. Indeed, we 

noted that F-actin polymerization/ actin stress fiber formation is impaired in NCAM-

deficient cells, thus implying defective motility of NCAM
-/- 

MSCs. The impaired 

migration of MSCs as the effect of NCAM loss corresponds well to what has been 

observed in NCAM-deficient tumor cells of neuroendocrine origin [237] as well as 

melanoma cell lines as what we have identified earlier [236], thus further consolidates 
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the promoting role of NCAM in cell migration. Moreover, NCAM has been shown to 

facilitate adhesion of solid tumor lines to endothelial cells [301]. It is thus tempting to 

speculate that NCAM, through binding with its heterophilic ligands such as heparan 

sulfate on endothelial cells [301], facilitates the transmigration of MSCs thereby 

contributing to the homing of MSCs. Further experiment will be required to examine 

this notion in detail.   

 

4.2.3 Signaling cascade contributes to NCAM-mediated MSCs migration 

In the past few decades, a plethora of evidence have been reported stressing the 

importance of signaling pathways regulating migration of MSCs. Wnt/β-catenin and 

PI3K/Akt pathways are examples of those pathways shown to govern the mobilization 

of MSCs under various contexts. However, in present study, neither one was exploited 

by NCAM to regulate MSCs migration. Instead, we found that activation of 

MAPK/ERK signaling played a pivotal role in NCAM-mediated migration of MSCs. 

Several studies have already highlighted the importance of MAPK/ERK signaling in 

MSCs. For instance, MAPK/ERK couples with signal transducer and activator of 

transcription (STAT)-signaling to contribute to SDF-1 induced migration of human 

MSCs [200, 201]. Besides chemokines and cytokines, growth factor such as epidermal 

growth factor (EGF) also employs MAPK/ERK signaling to regulate chemotactic 

activities of rat bone marrow-derived MSCs [196, 302]. In current work, our 

observation added that other than chemokines, cytokines and growth factors, adhesion 

molecules such as NCAM also exploited MAPK/ERK signaling to relay its signal 

thereby governing migration of MSCs. We showed that treatment with MEK specific 
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inhibitor (U0126) or dominant negative form of MEK (AMEK) led to drastic 

attenuation of MSCs migration. In contrast, the constitutively active form of MEK 

(EMEK) could rescue the defective migration of NCAM-deficient MSCs.  

 

NCAM induced activation of MAPK/ERK signaling could be achieved via activation 

of Fyn/FAK complex or FGFR signaling [260]. However, the contribution of 

Fyn/FAK to NCAM mediated MSCs migration seems minimal as treatment with Fyn 

inhibitor PP2 failed to impede migration of WT MSCs (Fig. 24). In consistent, re-

expression of NCAM180, which could only signal through FGFR restored not only the 

MAPK/ERK signaling but also the migration of MSCs. Together with our observation 

that FGFR specific inhibitor SU5402 significantly abolished the increase in MSCs 

migration resulted from forced expression of NCAM180, we concluded that crosstalk 

of receptor tyrosine kinase FGFR with NCAM was crucial in MAPK/ERK activation 

thereby NCAM mediated migration of MSCs. 
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Figure 24. Fyn/FAK is not involved in NCAM-mediated signaling thereby 

migration of MSCs. 

Migration of WT MSCs was assessed after treatment with Fyn specific inhibitor PP2. 

Columns, means from three independent experiments, bars, s.d.. 

 

 

4.2.4 NCAM180 could reconstitute the defective MAPK/ERK signaling in NCAM-

deficient MSC  

It is generally known that different functions are served by specific isoforms of 

NCAM. Interestingly, expression of NCAM180 alone could efficiently reconstituted 

the defective MAPK/ERK signaling thereby restoring the impaired migration of 

NCAM
-/-  

MSCs. By contrast, NCAM140 did not seem to contribute to either the 

signal reconstitution or migration of MSCs. Together these results suggest that 

NCAM180 but not NCAM140 plays a predominant role regulating NCAM-mediated 

MAPK/ERK signaling thereby MSCs migration. It is generally known that the 

cytoplasmic domain of NCAM140 associates with many signaling molecules 

including Fyn/FAK complex. NCAM180, however, interacts with membrane-

cytoskeleton linker proteins instead [303]. This might endow NCAM180 a more 
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efficient association with cytoskeleton or related signaling molecules thereby 

facilitating migration of MSCs.  

 

Based on previous study summarizing binding partners for NCAM140 and NCAM180, 

β-actin, tropomyosin, microtubule-associated protein (MAP)-1A, and RhoA-binding 

kinase (ROCK) are molecules which specifically bind to NCAM180 [303].  As ROCK 

has been implicated in cell migration [304], we wondered whether binding of 

NCAM180 with ROCK would contribute to ERK activation thereby MSCs migration. 

However, though inhibition of ROCK could lead to dramatic increment of MSC cell 

motility, such effect on MSCs migration seems NCAM–independent (Fig. 25), 

resembling what has been observed in neurite outgrowth experiments reported before 

[303].   

 

Figure 25. ROCK signaling is not involved in NCAM-mediated migration of 

MSCs. 

Migration of WT and NCAM
-/-

 MSCs was assessed after treatment with ROCK 

specific inhibitor Y27632. Columns, means from three independent experiments, bars, 

s.d.; *, p < 0.05; **, p < 0.01.   
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In addition, it is worth noting that NCAM180 plays a predominant role regulating both 

MSCs as well as melanoma cell migration. Together, our results not only highlight the 

novel regulatory function of NCAM180 in cell migration but also enrich our 

understanding towards the role of specific NCAM isoform. 

 

4.2.5 Pro-inflammatory cytokine TNF-α could induce up-regulation of NCAM180 

The increase of inflammatory cytokine concentration is the key mediator of recruiting 

MSCs to the site of injury. In the early course of tissue injury, TNF-α induces MSCs 

homing and increases adhesion of hMSCs to endothelial cells during extravasation 

[188]. Moreover, previous studies reported that incubation of MSCs with TNF-α 

resulted in increased chemostaxis activity and up-regulated expression of adhesion 

molecules, such as ICAM-1 [305]. Considering the promoting role of NCAM on MSC 

migration, as well as the fact that NCAM expression increases in response to INF-γ 

and TNF-α in thyroid follicular cells [306], it would thus be plausible to manipulate 

NCAM expression thereby MSCs migration by cytokine treatment. Indeed, we 

observed an elevated NCAM180 expression level in MSCs in response to TNF-α 

treatment thus suggesting a novel linkage between pro-inflammatory cytokine and 

NCAM in MSCs.  

 

In summary, the study presented here revealed the regulatory role of NCAM in 

differentiation and mobilization of MSCs. NCAM promotes MSC homing via 

activation of MAPK/ERK signaling. In addition, its expression level could be 

modulated by TNF-α treatment. Therefore, modulation of NCAM expression in MSCs 
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would be a feasible strategy to enhance homing efficiency and therapeutic potential of 

transplanted MSCs in cell therapy (Summarized in Fig. 26).   

 

Figure 26 .Schematic model summarizing how NCAM modulates the migration of 

MSCs. 
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CHAPTER 5 CONCLUSION 
 

 

As the most intensively studied member of immunoglobulin superfamily, NCAM has 

been widely implicated in many cellular attributes, including cell adhesion, migration 

and differentiation, etc. In current study, we identified the novel regulatory role of 

NCAM in melanoma metastasis and in MSCs migration. Emerging evidence has 

reported the deregulated NCAM expression level in many cancers, however it seems 

that the function of NCAM in cancer progression remains controversial and tumor 

context development. Herein, we demonstrated the promoting role of NCAM in 

melanoma cellular invasion and metastatic dissemination. Such pro-invasive role was 

subsequently implicated in MSCs, a promising avenue in cell therapy which could 

mobilize to site of injury and subsequently contribute to tissue repair. Our study 

uncovered the regulatory role of adhesion molecule NCAM in MSC mobilization and 

detailed the concrete role of individual members of NCAM in this process. In addition, 

we found that NCAM also participated in adipogenic and osteogenic differentiation of 

MSCs.  

 

Like other adhesion molecules, NCAM could serve as a signal transducer eliciting a 

complex network of signaling cascades. In melanoma cells, the pro-metastatic role of 

NCAM is mediated through concurrent activation of PKA and PI3K pathways. These 

two pathways converge at transcription factor CREB, which in turn induces elevated 

expression of pro-invasive gene MMP-2. In MSCs, NCAM-mediated MSCs 
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mobilization requires activation of MAPK/ERK pathway, which seems not involved in 

NCAM induced melanoma cellular invasion. PI3K pathway, however, was not 

employed by MSCs in cell migration suggesting that different signaling pathways are 

adopted by NCAM under different cell context. The secondary messengers, growth 

factors, cytokines and heterophilic ligands of NCAM vary under different cellular 

context. Moreover, the expression level, isoforms and polysialylation of NCAM might 

be highly dynamic across different cell types and different developmental stages. 

Together, these factors would contribute to the distinct signaling elicited by NCAM 

under different cellular context thereby its diverse functions.  

 

In all, our studies not only provide further insight into NCAM implication but also 

pave the way for anti-NCAM therapy in melanoma treatment as well as modulation of 

NCAM in MSC mediated cell therapy. To modulate the expression of NCAM, 

retroviral overexpression or mRNA transfection of NCAM could be performed in 

MSCs. Regarding anti-NCAM therapy for melanoma treatment in future, we could 

start from a spectrum of existing anti-NCAM compounds, antibodies, 

radioimmunoconjugates and immunotoxins which representing the clinically most 

advanced and successful strategies. For instance, the fully chimeric antibody Ch.MK1 

against NCAM which was shown effective in a neuroblastoma SCID mice model [307] 

could be explored for the treatment of melanoma. In vivo experiment could be done 

first by either locoregionally introduction of the antibodies to mice with melanoma 

xenograft or systemically to mice after the primary melanoma was removed. Only 

when strong and specific effects of these antibodies are shown, could we proceed to 
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clinical trials for melanoma treatment in patients. Besides antibodies alone, we could 

also utilize antibodies coupled with radioisotope, or cytotoxic drugs to enhance the 

efficacy of the treatment. For instance, the novel anti-NCAM-mayatansine 

immunotoxin huN901-DM1 which is currently under clinical trial [308, 309] could be 

evaluated in vitro followed by in vivo model of melanoma. Other than immuno-

conjugates, we could also introduce the genetically modified T cells with chimeric 

anti-NCAM T cell receptors developed by Guest et al [310] for melanoma treatment. 

Back in 2006, Morgan et al have already generated genetically engineered T cells with 

melanoma-specific T cell receptor and significant cancer regression was observed in 

patients with malignant melanoma after adoptive transferred of these transduced cells 

[311]. Thus, for anti-NCAM therapy, T cells could be retrovirally transduced with 

genes encoding with the anti-NCAM T cell receptors followed by adoptively 

transferring to mice with malignant melanoma. Thereafter, these transduced cells 

might secrete interferon-γ (IFN-γ) and kill NCAM-expressing melanoma cells upon 

activation after antigen contact like what has been observed in neuroblastoma in Guest 

et al‟s study [310]. Last but not least, therapeutic Abs targeting NCAM downstream 

signaling to inhibit cell proliferation and invasion of melanoma cells could also be 

developed. In that case, NCAM elicited PKA and PI3K signaling could be taken into 

consideration. 
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