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ABSTRACT 

The Receptor for Advanced Glycation End Products (RAGE) and its ligands are 

expressed in multiple cancer types and are implicated in cancer progression. Our lab has 

previously reported higher transcript levels of RAGE and S100B in advanced staged melanoma 

patients. The contribution of RAGE in the pathophysiology of melanoma has not been well 

studied. Based on previous reports, we hypothesized that RAGE, when over-expressed in 

melanoma cells, promotes melanoma progression. 

To study the pathogenic role of RAGE in melanoma, a primary melanoma cell line, 

WM115, was selected and stably transfected with full length RAGE (FL_RAGE) to generate a 

model cell line over-expressing RAGE (WM115_RAGE). WM266, a sister cell line of WM115, 

originated from a metastatic tumor of the same patient was used as a metastatic control cell line 

in the study. After assessing the expression levels of RAGE in the transfected cells, the influence 

of RAGE on their cellular properties was examined. An enhanced motility but suppressed 

proliferation of WM115 cells was found after RAGE over-expression, these properties could be 

reversed upon suppression of RAGE in these cells.  

We next explored the mechanisms of RAGE induced changes in cell proliferation and 

migration in WM115_RAGE cells and found a significant upregulation in S100B protein in the 

WM115_RAGE melanoma cells compared to the MOCK cells. However, S100B suppression 

produced no effect on WM115_RAGE cells motility. Furthermore, expression of tumor 

suppressor p53 protein, which is one of the target proteins of S100B, was found to be 

significantly reduced in WM115 cells after RAGE over-expression.  

We also investigated the effect of RAGE over-expression on melanoma tumor growth 

and deciphered the downstream signaling involved. We found a significantly larger tumor 



 

 iv 
 

growth rate of the WM115_RAGE cells compared to the control cells. S100B, S100A4, S100A6 

and S100A10 proteins that are relevant in melanoma pathophysiology, were found to be 

upregulated in WM115_RAGE tumors compared to MOCK tumors. Moreover, enhanced AKT 

and ERK signal activation was observed in WM115_RAGE tumors as compared to MOCK 

tumors. Finally, anti-RAGE antibody treatment significantly suppressed tumor growth, which 

could be further enhanced by combining the antibody with the chemotherapeutic drug 

dacarbazine. 
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GENERAL INTRODUCTION 

Melanoma 

Epidemiology 

Melanoma is the most lethal form of skin cancer [1]. It usually develops via 

transformation and uncontrolled proliferation of melanocytes [2, 3]. Melanocytes are the cells 

that reside at the basal layer of epidermis and produce the melanin pigment [4]. Melanocytic 

transformation is a consecutive series of certain genetic and epigenetic aberrations, which are not 

well understood [3]. In year 2009, the American Joint Committee on Cancer Staging System 

(AJCC) has published a revised staging system for melanoma progression [5]. Melanoma is 

classified on the basis of Breslow tumor thickness, the presence of ulceration, the number of 

lymph node metastasis and the presence of distant site metastasis [6].  Melanoma is associated 

with the highest number of skin cancer deaths [7]. Since 2010, a 10% increase in the number of 

melanoma associated deaths has been reported by the National Cancer Institute in the United 

States [8]. Primary melanoma is curable and has about 98% five year survival rate. As tumor 

spreads and enters into the lymph nodes the survival rates drops to 65%. Once melanoma 

metastasizes to other organs, the five year survival rate drops further to less than 20%, which 

poses major challenges in the therapeutic management of the disease [5, 8, 9].  

Pathophysiology 

  The progression of melanoma is a complex series of sequential molecular and 

histopathological events which are not very well understood. Melanoma starts with a normal 

melanocytic nevus, which is a focal growth of normal cells. The melanocytic nevus becomes a 

dysplastic nevus and further progresses into a primary melanoma tumor. The primary melanoma 

tumor can easily metastasize to another part of the body [10]. In normal growth conditions the 
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switching of cells between proliferative and invasive stages leads to heterogeneities in tumor 

cells [20, 21]. Advanced molecular profiling studies have revealed the expression of multiple 

genes specific for different cell phenotypes such as endothelial, epithelial, fibroblastic, 

hematopoietic, kidney, neuronal and muscle cells in different melanoma cells [22]. These 

findings suggest the presence of stem cell like pluripotent traits in melanoma cells [22, 23]. 

Recent findings have also shown the plasticity and vascular mimicry potentials of melanoma 

cells. Aggressive melanoma cells have been shown to acquire endothelial like genetic patterns 

and the abilities to undergo vasculogenesis [24]. Other reports have also demonstrated stem cell 

like characteristics of melanoma cells. Melanoma is considered to be a collection of 

heterogeneous cell population, which makes its diagnosis and treatment very challenging [21]. 

Failure of efficient and foolproof detection of melanoma at the early stage causes unimpeded 

progression of the disease and in turn leads to metastatic melanoma. 

Biomarkers 

  Prognostic biomarkers are required for the timely detection of disease and to reduce 

the risk of disease progression. Biomarkers are measurable disease specific biological patterns 

(biochemical, genetic, or molecular) that are indicators of disease progression and patient 

outcomes [6, 25]. The National Institute of Health (NIH) has precisely defined biomarker as “a 

characteristic that is objectively measured and evaluated as an indicator of normal biological 

processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention” [26]. 

Tumor specific biomarkers can predict the risk of cancer progression and are used in cancer 

staging systems. They can also indicate the therapeutic response and disease recurrence [6, 27]. 

Two important features that a biomarker must hold are the detection sensitivity and the 

specificity [28]. An ideal biomarker should also be inexpensive, fast and robust against any 
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method driven variability [27]. Several biomarkers with different sensitivities and specificities 

have been clinically used for melanoma prognosis and include tumor thickness, presence of 

ulceration, lactate dehydrogenase (LDH), S100B and melanoma inhibitory activity (MIA) (Table 

1) [6]. Each biomarker has its own share of strengths and weaknesses in terms of specificity and 

selectivity.  

Table 1: Clinically relevant melanoma biomarkers. 

 

 S100B is a Ca+2 binding protein of the EF hand superfamily [29]. S100B protein was 

first found to be released from melanoma cells in 1980 [30]. Serum levels of S100B strongly 

correlate with melanoma progression and overall survival rates of patients [31]. A decrease in 

serum S100B concentration indicates a remission of the patient. Recent studies have shown that 

melanoma patients with a S100B protein concentration of less than 0.2 µg/l had a significantly 

longer overall survival rate (P < 0.001) than the patients with S100B levels of more than 0.2 µg/l, 

irrespective of the clinical stage of melanoma [6, 31]. Serum levels of S100B in stage III 

melanoma patients is a prognostic biomarker where its elevated levels are suggested to provide a 

prior indication of hematogenous dissemination of melanoma [32]. The determination of serum 

S100B levels in patients presenting tumors with > 1mm Breslow tumor thickness is 

Biomarkers Type Detection site 

LDH enzyme serum 

S100B protein serum 

MIA protein serum 

BRAF mutation mutation DNA 

Tumor thickness tissue tumor 

Ulceration tissue tumor 
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recommended every 3-6 months by the Swiss and German guidelines [33]. Since S100B is also a 

putative biomarker for brain injury and neurodegeneration, this hampers its specificity as 

melanoma biomarker [34]. S100B protein is one of the well characterized ligand of RAGE and 

binds to RAGE with nano molar affinity as shown by surface plasmon resonance [29]. Upon 

binding with cell surface RAGE, S100B triggers several RAGE dependent signaling pathways 

[29]. The strong correlation between the serum levels of S100B and melanoma progression 

indicates its potential role in melanoma pathophysiology. 

 LDH is another clinically used prognostic biomarker for metastatic melanoma [35]. It 

is an oxidative enzyme that plays a key role in the glycolytic pathway [36]. Glycolysis is the 

preferred mode of energy production in cancer cells due to impaired mitochondrial respiration 

and lack of oxygen. Enhanced anaerobic respiration of cancer cells is associated with the 

upregulation of LDH in these cells [37].  It was first detected in year 1954 in the serum of 

melanoma patients [38]. It is used as a prognostic biomarker for late stage melanoma patients 

and is a predictor of distant melanoma metastasis [31]. Although LDH has low detection 

sensitivities at early stage melanoma, it is widely used as prognostic marker at late stages of 

melanoma and has been included in the AJCC staging system of melanoma [5]. The melanoma 

inhibiting activity (MIA) protein was first detected in melanoma cells in 1990 [39, 40]. Enhanced 

serum concentration of MIA was found in 5.6%, 60%, 89.5% of melanoma patients in stage I/II, 

stage III and stage IV respectively [41]. 

 Neither S100B nor LDH are appropriate biomarkers in stage I and II of melanoma 

growth [6]. However, S100B has been considered to be a more reliable marker than MIA and 

LDH in stage III and IV of melanoma due to its high detection sensitivity [42, 43].  
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 New potential biomarkers have emerged in recent years and include mutation in the 

BRAF, KIT and NRAS genes [44-46]. Detection of BRAF V600E mutation has emerged as a 

new biomarker for melanoma after the approval of BRAF V600E inhibitor for the treatment of 

melanoma. Other melanoma biomarkers have been proposed on the basis of various epigenetic 

[47] and immunologic events associated with melanoma pathophysiology but their clinical 

relevance has yet to be defined.  

Treatment of melanoma 

Early detection and surgical removal of melanoma tumors from the site of origin is the 

most effective treatment option for melanoma patients [48]. Prior to surgery, the extent of tumor 

spread within the skin, and the presence of ulceration and lymph nodes metastasis are assessed 

by skin biopsy [49]. Melanoma lymphadenectomy is also a widely used clinical practice 

involved in surgical removal of melanoma affected lymph nodes. It may not only be curative but 

may also prevent further relapse at that site [48, 50]. Radiotherapy is another therapeutic module 

used for cancer treatment. However, primary cutaneous melanoma is shown to be radio resistant, 

and thus radiotherapy is not a prime treatment option for melanoma. Mostly, radiotherapy plays 

an important role in the palliation of many melanoma symptoms. However, the exact degree of 

the tumor response depends greatly on the tumor size, irradiation dose and time of irradiation 

[51]. For a long time, dacarbazine was considered to be the standard drug for the treatment of 

advanced melanoma. It was approved by the FDA in 1970 as a therapeutic agent against 

metastatic melanoma (Table 2) [52]. Dacarbazine is an alkylating agent. It acts by inserting alkyl 

group to the DNA which inhibits DNA replication and ultimately cause cell death. Dacarbazine 

alone has shown to produce only 19-25 % response rates in melanoma patients [48].  Therefore, 

numerous studies have been conducted to improve the over-all efficiency of dacarbazine by 
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combining it with other therapeutic agents. Dacarbazine has also been shown to upregulate 

vascular endothelial growth factor in melanoma cells, which may lead to increased angiogenesis 

and tumor growth [53]. Due to these limitations associated with dacarbazine, more effective 

therapies against melanoma need to be developed. Several immune modulating agents have been 

combined with dacarbazine in an attempt to improve its response rate and reduce its toxicity in 

melanoma [54]. Due to high levels of immunogenicity associated with melanoma several 

immune modulators have been developed in order to overcome immune system evasion by 

tumors. Cytotoxic T lymphocyte associate antigen 4 (CTL-4) has been targeted for the treatment 

of advanced melanoma [55, 56]. CTL-4 is a critical immunoregulatory molecule (expressed on 

activated T cells and a subset of regulatory T cells) capable of down-regulating T cell activation. 

T-cells are major components of the adaptive immunity. Blockade of CTLA-4 by anti-CTL-4 

antibody leads to cytotoxic T cell stimulation and hence produce anticancer response [57, 58]. 

Three different monoclonal antibodies against CTL-4 have been developed: Tremelimumab 

(Pfizer) [59], Ipilimumab [60] and Urelumab (Bristol-Meyers Squibb) (Table 2) [61]. In March 

2011, Ipilimumab was approved by the FDA for the treatment of metastatic melanoma patients 

that are not responding to chemotherapy [62]. Ipilimumab, a fully human IgG against CTL-4, has 

been shown to increase the circulating regulatory T cells and to improve the overall survival of 

melanoma patients (Table 2). Overall survival has been significantly improved in combination 

therapy of Ipilimumab and Dacarbazine in previously untreated metastatic melanoma patients 

[63]. Vemurafenib is another target specific drug for the treatment of metastatic melanoma 

approved in the same year [64]. Vemurafenib (PLX4032), a potent inhibitor of mutated BRAF 

V600E (substitution of Glutamic acid for Valine at 600 position) was developed by Genentech 

and received FDA approval in August 2011 (Table 2) [65, 66]. Approximately 40 to 60% of 
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cutaneous melanoma carry mutations in BRAF. A companion diagnostic test procedure was also 

approved by the FDA for assessing BRAF mutation in melanoma patients [67]. BRAF mutations 

lead to a constitutive activation of downstream signaling events through the MAPK pathway, a 

pathway that drives the growth of most cutaneous melanomas [68]. Moreover, the marked tumor 

regression and improved survival of late-stage BRAF-mutated melanoma patients in response to 

treatment with vemurafenib has demonstrated the essential role of oncogenic BRAF in 

melanoma maintenance. However, most patients relapse with drug-resistant disease, and 

therefore understanding and preventing the mechanism(s) of melanoma resistance are also 

critical to provide improved therapy. 

Table 2: Examples of available therapies for melanoma treatment. 

Melanoma therapy Approval year Mechanism of action 

Dacarbazine 1970 Alkylating agent 

Interleukin-α2b (high dose) 1995 T cell growth factor 

IL-2 (Proleukin) 1998 T cell activator 

Ipilimumab 2011 CTL-4 blocking antibody 

Vemurafenib 2011 BRAF V600E inhibitor 

Pegylated interferon 2011 T cell activator 

 

Currently several antibody-drug conjugates (ADCs) are being developed for effective 

treatment of melanoma [69-71]. Antibody–drug conjugates are an improved way of targeting 

cytotoxic agents to the tumor by exploiting antibody’s specificity and selectivity towards tumor 

cells [72]. The first approved antibody-drug conjugate (Brand name: Kadcyla, by Roche) 

consists of the monoclonal antibody trastuzumab (Herceptin) linked to the cytotoxic agent 

mertansine. It was  approved by FDA in year 2013, for the treatment of Her-2 positive breast 
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(antineoplastic agent) conjugated with an anti-GPNMB antibody
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generation of the different RAGE isoforms [81, 82]. Alternative splicing is a mechanism by 

which different forms of mature mRNAs (messengers RNAs) are generated from the same gene. 

It leads to functional complexity of the genome and hence plays an important role in 

development and disease [83]. RAGE_v1 (esRAGE) is the most common and well characterized 

splice variant of RAGE.   

  

 

Figure 4: Generation and significance of soluble RAGE isoforms. The extracellular RAGE 
shedded form the cell-surface receptor by the action of membrane-associated metalloproteinases 
(mMPs), such as ADAM-10 and MMP-9 and esRAGE, arising from RAGE pre-mRNA 
alternative splicing. Spanning the ligand-binding domain, sRAGE probably acts as a decoy 
receptor for ligands. Taken from [84]. 

The proteolytic cleavage of the extracellular domain of RAGE by membrane associated 

metalloproteinases (ADAM10 and γ- secretase) is another mechanism for sRAGE formation 

[85]. The proteolytic cleavage of RAGE releases the corresponding intracellular domain of 

RAGE (RICD) into the cytosolic and nuclear space. This domain has been shown to promote 

cellular apoptosis [86]. RAGE isoforms lacking cytosolic domain (sRAGE and RAGE_v1) can 

only bind to the ligands and do not initiate any downstream signals. The ability of sRAGE to 

neutralize RAGE mediated adverse effects has made it an attractive therapeutic candidate against 
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RAGE induced pathologies [84]. RAGE_v1 variant could block RAGE/S100B mediated 

signaling in glioma and thus suppress glioma tumor growth [87]. Soluble isoforms of RAGE 

have been shown to be down regulated in certain cancer types such as lung [87], breast [88] 

prostate [87], melanoma [89] and brain tumors [87] as compared to their corresponding normal 

tissues. Also, the plasma concentration of sRAGE has been shown to correlate with the 

therapeutic response of certain cancer types [88]. The significance of serum sRAGE as a cancer 

biomarker for monitoring therapeutic response has been discussed in previous reports [84, 90]. 

However, its clinical utility as a cancer biomarker has not been established yet. Our lab has 

recently shown a significant down regulation in sRAGE isoforms in advanced stages of 

melanoma as compared to non-melanoma tissue suggesting the contribution of RAGE in 

melanoma pathophysiology [89]. RAGE is expressed differentially in different tissues depending 

upon the type, physiological state and development stage of the tissue [91]. This suggests a tight 

cell and tissue specific regulation of RAGE expression. RAGE is highly expressed in the brain 

during early development and promotes neurogenesis [92]. RAGE is expressed in neurons, 

microglia, and endothelial cells and is essential for neuronal development and neuron outgrowth 

[92, 93]. Neuronal RAGE has also been suggested to contribute to S100B mediated synaptic 

functions [94]. Previous studies have also reported that deletion of RAGE significantly reduced 

neointimal expansion upon arterial injury [95]. This suggests that RAGE is important for 

regulating smooth muscle cells function in stress conditions. In healthy adults, RAGE is 

downregulated in all tissues except the lungs, suggesting that RAGE is involved in pulmonary 

physiology [96]. RAGE and its ligands are expressed in significant abundance in healthy lungs 

but their precise role in pulmonary physiology is not known. RAGE null mice have been 

reported to be more susceptible to develop pulmonary fibrosis than control mice [97]. 
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Furthermore, downregulation of RAGE is associated with human non small cell lung carcinoma 

progression [98]. These reports strongly support the significance of RAGE in lung physiology.  

Ligands 

RAGE interacts with several structurally and functionally diverse ligands such as 

Advanced Glycation End Products (AGE) [76, 99], S100 proteins [100], transthyretin [101] 

HMGB-1 [93], Amyloid β peptide [102], mac-1 [103], phophatidyl serine [104] and C3a [105]. 

Despite of structural variations, RAGE ligands share some common features, explaining their 

affinity towards RAGE [106]. First, most of the RAGE ligands tend to oligomerize and form 

multimers. Secondly, most of the RAGE ligands possess a net negative charge at the 

physiological pH [106, 107]. The presence of a positively charged patch on the extracellular 

domain of RAGE provides a binding force for some of the negatively charged ligands (AGE, 

phophatidyl serine) [79]. Binding of S100 proteins to RAGE is also mediated via hydrophobic 

interaction which is modulated by intracellular Ca+2 [79]. Consequences of RAGE-ligands 

interactions are different depending upon ligand type [108], ligand concentration [109], tissue 

type and physiological state of the tissue [109]. RAGE either alone or after ligand stimulation 

has been shown to play significant roles in many pathological conditions such as cancer [110], 

Alzheimer’s disease [102], cardiovascular disorders [111], diabetes [112], pulmonary disorders 

[113] and several neurological disorders [114]. RAGE upon engagement with its ligands initiates 

several signaling pathways that involve mitogen activated protein kinase (MAPK) [78], Rho-

GTPase (Rac-1 and Cdc42) [115], NF-�B [116] and SAPK/JNK [87].  

NF-�B is a transcription factor that binds to DNA and regulates gene transcription. It 

plays a central role in immune response and inflammatory reactions [117]. The presence of a NF-

�B binding site at the promoter region of RAGE gene stipulates NF-�B as a key signaling 
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molecule for RAGE [118]. AGE-RAGE mediated activation of NF-�B signaling has been 

implicated in diabetes and aging [119]. Also, in familial amyloidotic polyneuropathy, interaction 

of RAGE with transthyretin fibrils has been shown to activate NF-�B signaling and subsequent 

neurodegeneration [101].  

ERK, JNK and p38 are the three major components of the MAP kinase 

(serine/threonine/tyrosine specific protein kinase) pathway [120].  RAGE mediated activation of 

MAPK pathway is involved in many pathologies including cancer. For example, S100A8/A9, a 

heterodimeric complex of S100A8 and S100A9, has been shown to induce the MAPK pathway 

via RAGE in human prostate cancer cells [121]. The AGE ligand has also been shown to induce 

the MAPK signaling that plays a role in diabetes and other inflammatory disorders [122].  In 

glioma, S100B activates JNK signaling through RAGE and enhances glioma tumor growth [87].  

The Rho family of GTPases is a family of small signaling G proteins. Three members of the 

family have been studied in detail: Cdc42, Rac1, and RhoA [123]. AGE has been shown to 

induce Rho signaling in human vascular endothelial cells through RAGE, which led to 

cytoskeleton remodeling and vascular hyper-permeability [115], and was implicated in diabetic 

vasculopathy [124].  Ligand binding induces oligomerization of RAGE on the cell surface, 

which is critical for the initiation of RAGE mediated downstream signaling [79, 125]. RAGE can 

dimerize in the absence of ligands and ligand binding can further amplify the oligomerization 

process [125]. The precise mechanism by which RAGE oligomerizes on the cell surface and 

activates downstream signal is not clear yet. All the three domains of RAGE (V, C1 and C2) 

have been reported to be involved in RAGE oligomerization. A group of researcher reported that 

intermolecular disulfide bonds between C2 domains of RAGE contribute in the oligomerization 

process [126]. Other groups showed the involvement of V, C1 as well as transmembrane 
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domains in the RAGE oligomerization process [125] [107] [127]. These data suggest a complex 

mechanism of RAGE oligomerization and downstream signal activation that needs to be 

understood. Soluble RAGE can competitively inhibits cell surface dimerization of RAGE and 

hence inhibit the downstream signal activation [125]. RAGE dimerization/oligomerization and 

its significance in cellular activation is currently a hot topic for research. The precise mechanism 

of RAGE mediated signal activation is not known. Association of RAGE molecules on the cell 

surface might alter the orientation of corresponding cytosolic domains and might also affect their 

interaction with the intracellular binding partners [125]. Binding of RAGE ligands also leads to 

receptor internalization, but very little is known about intracellular trafficking of RAGE. 

Advanced glycation end products induce RAGE internalization in CHO and N2a cells, which has 

been shown to be an important event in signal activation [128]. In schwan cells, RAGE has been 

shown to internalize within endocytic compartment and to recycle back to the cell surface upon 

S100B stimulation [129].  

RAGE-ligand mediated signaling can be suppressed by blocking RAGE-ligand 

interaction using either anti-RAGE antibodies or sRAGE [78]. RAGE blocking antibodies have 

been demonstrated to suppress many RAGE induced pathologies [130-132]. For example in a 

xenograft rat model of glioma, blocking RAGE with either anti-RAGE antibody or soluble 

RAGE led to significant suppression in tumor growth [78]. In the same cells over-expressing an 

alternative splice variant of RAGE (RAGEv1) (lacking the transmembrane and intracellular 

domain of RAGE) has been shown to significantly reduce tumor growth compared to control 

[87]. Anti-RAGE antibodies have also been shown to inhibit AGE-RAGE mediated melanoma 

cell migration and melanoma tumor growth [133]. However, therapeutic utility of anti-RAGE 

antibodies has never been tested clinically. Besides anti-RAGE antibodies, small RAGE 
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antagonistic peptides have also been designed to block RAGE-ligand interaction [134]. 

Moreover, other drugs have also been tested for their potential to inhibit RAGE-ligand 

interaction. For example, anti-allergic drug Cromolyn inhibits RAGE-S100P interaction and in 

turn suppresses pancreatic cancer growth and metastasis [135].  

In depth knowledge of RAGE, its ligands, their binding affinities and their functional 

roles in cancer progression is crucial for developing new therapies targeting RAGE. In the next 

paragraph, RAGE ligands that are associated with cancer pathogenesis have been described in 

detail.  

Advanced Glycation End Products (AGE)  

AGEs were the first known ligands of RAGE. They are non-enzymatic adducts of 

proteins with reducing sugars. They can be generated within the body or outside the body.  The 

process of AGE formation is known as Maillard reaction, which leads to the formation of a broad 

range of heterogeneous compounds [136]. Certain food processing events such as broiling, 

grilling and roasting lead to excessive formation of AGEs [137, 138]. Glycation of proteins leads 

to structural and functional alterations causing pathogenic consequences [139]. Initially, RAGE 

was identified as a scavenger receptor for AGEs but later it was established that RAGE was also 

a signal transducer for AGEs [100]. AGEs upon interaction with RAGE, triggers oxidative stress 

and inflammatory reactions [140, 141]. AGE-RAGE interaction has been shown to activate AKT 

[142], NF-�B [143], Ras and MAPK [144] signaling pathways and hence to contribute to 

various diseases such as cancer [145], diabetes [146], and other inflammatory disorders [141]. 

The contribution of AGE-RAGE mediated signaling in diabetes complication has been studied in 

detail. Accumulation of AGEs in diabetic blood leads to AGE-RAGE mediated activation of pro-

inflammatory signals which are implicated in diabetic vasculopathy [147]. Tissue accumulation 
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of RAGE ligands can lead to enhanced RAGE expression to amplify and sustain overall signal 

[110]. AGEs can upregulate RAGE expression in human vascular endothelial cells via NF-�B 

dependent signaling [148]. High glucose consumption of cancer cells leads to accumulation of 

AGE products within tumor microenvironment, which might upregulate RAGE expression in the 

tumors [149]. AGE/RAGE axis has also been shown to enhance melanoma cell proliferation and 

migration, which suggests its active contribution in promoting melanoma growth [133].  

Table 3: Roles of RAGE and its ligands in cancer progression and their potential inhibitors. 

RAGE ligands Role in cancer Inhibitors 

HMGB-1 Glioma [78] 

 

Prostate cancer [150] 

Anti-RAGE antibody, Amphoterin binding peptide, 

soluble RAGE [78] 

Not known 

S100P Pancreatic cancer [135] Cromolyn [135] 

S100B Melanoma [151] 

Glioma [87] 

Small molecule inhibitors of S100B-p53 binding 

[151] 

Soluble RAGE [87] 

AGE Melanoma [133] Anti-RAGE antibody [133] 

S100A4 Prostate cancer [152] 

Colon cancer [153] 

Melanoma [154] 

Not known 

Not known 

Not known 

S100A6 Pancreatic cancer [155] Not known 

 

HMGB-1 (High mobility group box-1)  

HMGB-1 protein also known as amphoterin, is a small basic nuclear protein implicated in 

chromatin remodeling [156]. HMGB-1 protein consists of two HMGB-1 box domains connected 

with a short linker followed by a negative C terminal tail. The two box domains of HMGB-1 are 
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important for DNA binding [157]. Not much has been studied regarding the acidic C-terminal 

tail of HMGB-1. HMGB-1 is a non-histone protein that interacts with chromatin and assists in 

nucleoprotein complex formation. It is a highly ubiquitous and conserved protein abundantly 

present in most mammalian cells suggesting its important physiological role [158, 159]. 

Knockdown of HMGB-1 gene in mice leads to lethal consequences and eventually death [160]. 

Inside the cell, HMGB-1 resides in the nuclear compartment where it interacts with its targets 

(DNA, RNA and nucleosomes) and subsequently regulates several cellular functions. HMGB-1 

binds to the minor groove of DNA and increases the binding affinities of several transcriptional 

factors [161] such as Hox, Pou proteins, p53 [162] and TBP [157, 163]. Thereby, HMGB-1 

regulates the transcriptional activities of certain genes. HMGB-1 has also been suggested to be 

an architectural protein within the cells which might trigger local deformation of DNA and 

facilitate recruitment of other DNA binding partners [164].  

Despite its intracellular functions, HMGB-1 has also shown to be released from the cells. 

It can be released actively from live cancer cells or passively from dead cells [157]. Passive 

release of HMGB-1 protein has been demonstrated from necrotic cells but not from apoptotic 

cells due to its tight interaction with DNA [165]. HMGB-1 can also be released actively from the 

cells via vesicle mediated active secretion pathway upon activation by various stimuli [166]. 

Post-translational modification (methylation, acetylation) of HMGB-1 is important for its active 

secretion, target binding and pro-inflammatory activity [167-169]. In melanoma, HMGB-1 is 

released from cells upon induction with tumor-specific cytolytic T lymphocytes [170]. Upon 

release, HMGB-1 acts as a cytokine and triggers immune responses and inflammatory reactions 

in other cancer cells but its role in melanoma is not defined [157]. Being a pro-inflammatory 

mediator, HMGB-1 induces the secretion of several cytokines (TNF-α, IL-1, IL-6, IL-8 and IL-
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12) and adhesion molecules (ICAM, VCAM). Adhesion molecules assist in macrophage and 

neutrophil recruitment at the site of inflammation and cytokines released from these cells further 

amplify the overall inflammatory signal [167]. HMGB-1 interacts with several cell surface 

molecules such as heparin [171], proteoglycans, sulfoglycolipids and phospholipids [172]. 

RAGE is one of the extracellular targets of HMGB-1. RAGE and HMGB-1 have been reported 

to co-localize in certain cancer cells. Once released, HMGB-1 interacts with RAGE and activates 

several pro-inflammatory signaling pathways [167]. Major downstream signaling cascades 

activated by HMGB-1 and RAGE are Erk-1/2 [167], JNK [78], p38 [78] and Nf-�B [157]. The 

contribution of HMGB-1 in cancer progression is quite complex. HMGB-1 contributes in tumor 

growth, angiogenesis, metastasis and invasion through multiple mechanisms. By modulating 

extracellular matrix environment, HMGB-1 promotes tumor metastasis and invasion. HMGB-1 

has been shown to activate plasminogen activation system and matrix metalloproteases activities 

which in turn facilitate tumor cell invasion [167]. HMGB-1 also promotes angiogenesis by 

inducing vascular endothelial cells growth and activities [173].  Enhanced expression of HMGB-

1 protein has been detected in melanoma [78, 170, 174, 175]. In melanoma, HMGB-1 induces 

Melanoma Inhibitory Activity (MIA) protein via NF-�B signaling [176]. MIA is a fibronectin 

and integrin binding protein which modulates cell-matrix interaction and enhances tumor cell 

migration and invasion [177]. Anti-HMGB-1 antibody treatment has been shown to suppress 

Lewis Lung tumor growth and metastasis [178]. Suppression of glioma tumor growth after 

blocking RAGE-HMGB-1 interaction with anti-RAGE antibody has also been reported [78]. 

Other strategies to inhibit HMGB-1 and RAGE mediated signaling such as antibody against 

HMGB-1, soluble RAGE (sRAGE) [78], ethyl pyruvate [179], quercetin [180] and platinum 

[181] have been developed and tested for cancer therapy.  
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S100 proteins 

S100 proteins are Ca+2 binding proteins of the EF hand superfamily. These proteins are 

exclusively expressed in vertebrates. They are small (≈10 KDa) acidic proteins and some are 

soluble in 100% saturated ammonium sulfate, therefore they were named S100 [29, 182, 183]. A 

total of 24 S100 members, that include S100A1-16, S100B, S100P, S100Z and S100G have been 

described [29]. Most of the S100 protein genes are clustered on human chromosome 1q21 [182] 

except for S100B, S100P, S100Z, S100G proteins. These later genes are found to be located at 

chromosomal loci 21q22 (S100B), 4p16 (S100P), 5q14 (S100Z) and Xp22 (S100G) [184, 185]. 

This unusual chromosomal pattern of different S100 proteins has some implications for their 

biological significance. Human chromosome 1q21 is highly susceptible to chromosomal 

rearrangements and genes on this chromosome are associated with cancer. Chromosome 21q22.3 

dysfunction is associated with Down syndrome, Alzheimer’s disease and other 

neurodegenerative disorders that indicates the functional roles of S100B in brain development 

[186]. S100 protein members are localized in different cellular compartments [109]. Some of the 

S100 proteins preferably localize in the nucleus (S100A2) whereas others are associated with 

either the cytoplasm (S100A4, S100A6, S100B) or the cell membrane (S100A10) [187, 188]. 

S100 proteins can also be released in the extracellular space [189, 190]. The mechanism behind 

S100 protein secretion is not clear yet. Some reports suggest passive release of S100 proteins 

from apoptotic or necrotic cells, whereas some propose an active secretion pathway for S100 

proteins [191, 192].  

S100 proteins are Ca+2 sensor proteins which consist of two Ca+2 binding domains of the 

EF-hand type (helix-loop-helix). The C-terminal domain contains a canonical EF hand domain 

which has a 100-times higher affinity for Ca+2 than the N terminal domain. The EF hand in the 
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C-terminal domain consists of 12 amino acids and is common to all EF hand proteins. The N-

terminal domain is different and described as pseudo domain. It consists of 14 amino acids and is 

specific to each S100 protein [182,188, 193]. The two EF hands domains are interconnected by a 

the hinge region [182]. Upon Ca+2 binding, a conformational change is induced in the S100 

protein structure that leads to the exposure of hydrophobic regions in the protein. The 

hydrophobic regions assist in interacting with their target proteins [109, 194]. In resting 

conditions the intracellular Ca+2 concentration is low and keeps the S100 proteins in their 

inactive (apo) conformation. Upon activation by either internal or external signal, intracellular 

Ca+2 concentration increases and is sensed by S100 proteins and hence triggers their interaction 

with the target proteins [109]. Several Ca+2 independent interactions of S100 proteins have also 

been described [195]. Besides Ca+2, S100 proteins have also been reported to interact with Zn+2 

and Cu+2 [196]. Due to structural homologies, S100 proteins share similar target proteins.  

Most of the S100 proteins tend to dimerize by hydrophobic interaction which is facilitated by 

Ca+2 binding [194]. S100G is an exception and remains as a monomer [29, 197]. Some of the 

S100 proteins such as S100A8 and S100AA9 can also form heterodimers (S100A8/9) [198].  

Oligomerization of S100 proteins leads to improve target binding. For example, tetrameric 

S100B has been shown to have higher affinity towards RAGE than dimeric S100B [29, 109]. 

Similarly, hexameric S100A12 has been shown to induce tetramerization in RAGE that in turn 

increase overall  affinity [199, 200]. S100 proteins have both intracellular and extracellular 

functions. Within the cell, S100 proteins interact with cytoskeleton elements, various metabolic 

enzymes, cell cycle regulating proteins and Ca+2. They regulate cell homeostasis, cell growth, 

cell differentiation, cell motility, cell energy metabolism, cytoskeleton dynamics and Ca+2 

homeostasis [109].  
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S100 proteins have also been shown to be actively secreted from astrocytes [189], 

neurons [201], microglia [201], glioblastoma [202], schwann cells [129] and melanoma [6]. 

Secreted S100 proteins can exert cytokine or chemokine like extracellular activities by 

interacting with the Receptor for Advanced Glycation End Products (RAGE), in either a 

paracrine or autocrine manner [203]. Dysregualtion of S100 mediated signaling contribute to 

many pathologies such as cancer [204], Down syndrome [186], Alzheimer’s [205], 

neurodegeneration [206], cardiomyopathy [207] and other inflammatory disorders [208].  

 Apart from the S100 proteins that will be described here in detail, other S100 proteins 

like S100P [135, 209, 210], S100A8/9 [211], S100A12 [212], S100A16 [213] are also known to 

be involved in cancer pathogenesis via multiple mechanisms. S100P protein has been shown to 

promote pancreatic cancer progression, via RAGE mediated signaling [135]. S100A8/9 

heterodimer protein is known to interact with RAGE and trigger inflammatory reactions in the 

tumors [211]. S100A12 is also expressed in certain cancer types and is used as a marker for 

inflammatory reactions [212]. S100A16 is expressed in cancer cells and its expression is 

regulated by S100A14, another member of S100 protein superfamily [214].  

In the next section we will describe some of the S100 proteins that are known to be 

associated with melanoma pathogenesis. Following are the descriptions of S100B, S100A2, 

S100A4, S100A6, S100A10 and S100A11 proteins and their roles in melanoma progression. 

S100B: S100B protein is the best studied member of the S100 protein superfamily. As 

mentioned previously, S100B gene is located on chromosome 21q22.3 [109]. S100B is mainly 

expressed in the neurological system and in certain cancer types. Expression of S100B protein by 

astrocytes, oligodendrocytes, neural progenitor cells, pituicytes, ependymocytes, chondrocytes, 

suggest a cell specific distribution of the protein [29, 109]. S100B expression increases in certain 
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cancer types including melanoma [6]. Inside the cells, S100B protein is localized in the 

cytoplasm either as a free form or associated with centrosomes, microtubules and/or type III 

intermediate filaments [183]. Like other S100 proteins, intracellular S100B protein interacts with 

Ca+2 and acts as a Ca+2 buffering agent. Upon Ca+2 binding, a conformational change is induced 

in S100B protein that leads to exposure of a hydrophobic cleft through which S100B interacts 

with its target proteins [109]. Several cell specific intracellular target proteins for S100B have 

been reported. In astrocytoma cell lines, S100B interacts with IQGAP1 protein, which is an 

effector of small GTPase Rac1 and Cdc42 signaling and thereby regulates astrocytes cell 

migration [215, 216]. S100B also interacts with the tumor suppressor, p53 protein in a Ca+2-

dependent manner [217]. Upon interaction, S100B inhibits the phosphorylation and 

transcriptional activities of p53 protein in melanoma cells [218]. S100B mediated p53 inhibition 

leads to increased melanoma cell survival [219]. Besides being a binding partner of p53, S100B 

also inhibits p53 expression in melanoma cells. Previous studies have reported a negative 

correlation between S100B and p53 protein expressions in melanoma cells [217]. Small 

molecule inhibitors of S100B-p53 interaction have been identified and evaluated for anti-

proliferative activities in melanoma cells [151, 220]. The anti-protozoal drug pentamidine has 

been identified as an potent inhibitor that disrupts S100B-p53 interaction and suppresses 

melanoma cell proliferation [221]. Pentamidine is currently in clinical trials for treating relapsed 

melanoma. Several other inhibitors of S100B-p53 interaction have also been identified and 

screened for their anti-proliferative activities in melanoma cells. S100B protein is also released 

from a variety of cells through different mechanisms. It is actively released from astrocytes 

[189], adipocytes [222] and other cells [202, 223]. On the contrary S100B has been shown to 

passively leak from damaged melanoma tumor cells [224, 225], injured brain [226] [227] and 
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ischemic heart [228, 229]. Upon release, S100B interacts with its extracellular target proteins 

either in a paracrine, autocrine or endocrine manner and triggers downstream signaling cascades 

[109]. RAGE is the only well described extracellular target for S100B protein. In nanomolar 

concentration S100B stimulates neurite outgrowth and enhances survival of neurons during 

development through RAGE [230-232]. In contrast, in micromolar concentrations, S100B 

induces inflammatory reactions and neuronal death in a RAGE dependent manner [92, 233]. The 

dual effect of S100B on neurons is mediated by RAGE [109]. S100B is known to play important 

roles in several neurodegenerative and psychiatric disorders such as Down syndrome [234], 

Parkinson’s disease [235], Alzheimer’s disease [236], Epilepsy [237], Schizophrenia [238] and 

bipolar disorder [239, 240]. The elevated serum levels of S100B protein in the neurodegenerative 

disorders is being used as a prognostic marker to evaluate extent of neuronal damage [206, 241]. 

S100B expression also increases in melanoma [224]. Besides its intracellular roles in melanoma 

cells, S100B protein is also released from melanoma cells and tumors [6, 224]. Serum 

concentration of S100B protein correlates with melanoma tumor burden/progression and with the 

chemotherapeutic remission of melanoma tumor. Hence serum S100B protein has become a very 

useful prognostic biomarker for melanoma [242-245]. Both RAGE and S100B are expressed in 

melanoma tumors and their expression correlates with tumor progression [89]. However, the 

contribution of RAGE/S100B interaction in melanoma has not been discussed yet. The goal of 

this study was to investigate the contribution of RAGE in regulating S100B expression in 

melanoma and to decipher the downstream signaling events involved. 

S100A2: S100A2 is encoded by a gene located on chromosome 1q21 which is highly 

prone to mutations, suggesting its important role in cancer pathogenesis [246, 247]. It is widely 

expressed in different body tissues and is found at high levels in lungs and kidneys [248] and at 
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low levels in liver, cardiac cells and skeleton muscle cells [249]. Unlike other S100 proteins, 

S100A2 protein is mostly located in the nuclear compartment and very diffusely expressed in the 

cytoplasm [188]. It interacts with many intracellular target proteins such as tropomyosin [250], 

p53 [251], p63 [252] and p73 [253] in a Ca+2 dependent manner.  S100A2 interacts with 

recombinant tropomyosin and can also co-localize with tropomyosin in LCC-PK1 cells, 

suggesting its possible role in cytoskeleton remodeling [250]. S100A2 also interacts with p53 but 

unlike S100B protein, it enhances transcriptional activities of p53 protein presumably to induce 

p53 mediated apoptosis of cancer cells [251]. Our lab showed that recombinant S100A2 protein 

can interact with RAGE with micromolar affinity in a Ca+2 dependent manner [29]. S100A2 

expression has been found to be reduced in advanced stage of certain cancer tissues (breast 

[254], lung [255], oral [256], melanoma [257], prostate [258]) as compared to benign and non-

cancer tissues, and to play the role of tumor suppressor [259]. On the contrary, it was found 

upregulated in other cancers (ovarian [260], gastric [261], non-small cell lung carcinoma [262] 

and esophageal squamous carcinoma [263], suggesting a complex role of S100A2 in cancer 

progression [264]. For example, in human head and neck squamous carcinoma S100A2 protein 

has been shown to inhibit cell migration which might be mediated via RAGE. Contrary to this, it 

promotes metastasis in non small cell lung cancer [265]. Further studies are required to resolve 

these conflicting findings regarding its role in cancer progression. Our lab has previously 

reported a significant reduction in S100A2 transcript level in stage III/IV melanoma patients as 

compared to early stage melanoma [89]. In melanoma cells, treatment with rexinoid and 

thiazolidinedione resulted in increased S100A2 expression and simultaneous decrease in cell 

proliferation. Moreover, over-expression of S100A2 in melanoma cells has been shown to 
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enhance the anti-proliferative potential of rexinoid based hormone therapy [266]. In the present 

study, our goal was to investigate the role of S100A2 and RAGE in melanoma progression. 

S100A4:  S100A4 protein is also known as Metastasin (Mts-1), because of its potential to 

promote cancer metastasis [267]. Like most of the other S100 proteins, the gene encoding 

S100A4 is also located in 1q21 chromosome [268]. Within the cell S100A4 can exist as either 

homo- or hetero-dimers with S100A1 protein [269]. It has been found in the cell cytoplasm, 

nucleus and also in the extracellular milieu [270]. Many cells have demonstrated to express 

S100A4. These cells include macrophages, lymphocytes, fibroblasts, endothelial cells, smooth 

muscle cells, suggesting a wide spread expression of the protein in the body  [270, 271]. S100A4 

has numerous intracellular and extracellular binding partners that include actin, p53, myosin 

IIA/IIB, tropomyosin and methionine aminopeptidase 2 [270, 272]. S100A1 is another member 

of S100 protein superfamily that shows strong affinity for intracellular S100A4 [269]. The 

interaction of S100A4 with cytoskeleton elements helps modulate cytoskeleton assembly and 

hence enhance cell motility [273]. Like other S100 proteins, S100A4 also interacts with p53 and 

inhibits its DNA binding activities [274]. Upon release into the extracellular space S100A4 has 

been shown to interact with RAGE [29], annexin II [275] and heparan sulfate proteoglycan 

[276]. Our lab has previously reported micromolar affinity of S100A4 towards GST tagged 

RAGE by surface plasmon resonance (SPR) [29]. Depending upon the cell types, S100A4 can 

elicit both RAGE dependent and independent effects. S100A4 has been shown to trigger RAGE 

dependent signaling in osteoarthritic cartilage [277] and pulmonary artery smooth muscle cells 

[278] but in neurons S100A4 induce neurite outgrowth independent of RAGE activation [276]. 

These data suggests complex roles of S100A4 protein depending upon the type and physiological 

state of the tissue.  
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S100A4’s association with cancer metastasis was first described in 1989 where a strong 

correlation between S100A4 expression and metastatic potential of the cancer cells was found 

[279]. In another study, highly metastatic mouse mammary carcinoma did not generate 

metastasis in S100A4 knock-out mice whereas many metastases were found in the control 

animals [280]. S100A4 enhances cell motility and tumor metastasis via different mechanisms. It 

promotes myosin IIA assembly which results in enhanced cell migration and in turn cancer 

metastasis [273]. S100A4 has also been shown to induce epithelial to mesenchymal transition 

(EMT) in cancer cells, which is a crucial event in cancer metastasis [270, 281]. EMT is a process 

that leads to phenotypic and genotypic changes in the cell and is involved in embryogenesis, 

wound healing and cancer metastasis [282]. Treatment with recombinant S100A4 has also been 

shown to enhance MMP activities, which helps cancer cells to invade the extracellular matrix 

[283] and to stimulate angiogenesis [275, 284]. Transgenic mice over-expressing S100A4 have 

been shown to develop more hemangiomas in liver as compared to control animals [270].  

The role of S100A4 in melanoma has not been clearly established yet. An earlier study 

demonstrated no significant change in S100A4 mRNAs between melanoma samples and benign 

nevi [257]. Our recent analysis of 40 samples of stage III and stage IV melanoma tissues showed 

a significantly reduction of S100A4 mRNA in stage IV tissue samples compared to control 

samples [89]. A positive correlation between the level of S100A4 and primary nodular 

melanoma tumor growth has also been reported [154]. To summarize, there are contradictory 

reports on S100A4 expression in melanoma, suggesting a complex role of S100A4 in melanoma 

progression. Therapies targeting S100A4 might be an effective strategy to treat cancer. The goal 

of the present study is to define S100A4 and RAGE contribution in melanoma progression. 
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S100A6: S100A6, also known as Calcyclin, is another member of the S100 protein 

superfamily [285]. Like other S100 proteins of the “A” series, S100A6 is encoded by a gene 

located at  chromosome 1q21 suggesting its implication in cancer [246]. At the opposite of 

S100B, S100A6 is widely expressed in a variety of tissues, organs and cells such as stomach, 

skeletal muscle, heart, lung, kidney and spleen [286]. A wide range of cell types such as 

fibroblasts, epithelial cells, neurons, glial cells, cardiac myocytes, platelets and smooth muscle 

cells are known to express S100A6 protein [287]. S100A6 is mainly located in the cytoplasm but 

it has also been found to be associated with the cell membrane and nucleus upon Ca+2 stimulation 

[288].  

Numerous factors have been shown to regulate S100A6 protein expression [287]. Stress 

[289], injury [290] and ischemic conditions [291] can lead to upregulation of S100A6. Other 

factors such as growth factors (platelet derived growth factor, epidermal growth factor) [292], 

tumor necrosis factor [293], estrogen [294], palmitate [295], vasopressin [296] and gastrin [297] 

can also promote its expression. Several transcription factors regulating the expression of 

S100A6 have been described. For example, Nf-�B has been shown to activate S100A6 gene 

[298] whereas p53 has been shown to suppress its gene expression [299]. DNA methylation and 

histone modification have also been reported to regulate S100A6 expression [300, 301]. The 

tight regulation of S100A6 expression by multiple elements implicates its important 

physiological and pathophysiological roles.  

S100A6 interacts with multiple target proteins in Ca+2 dependent manners. Examples of 

the targets at protein levels are glyceraldehyde-3-phosphate dehydrogenase, annexin II, annexin 

VI, annexin XI and the prolactin receptor [302]. Calcyclin binding protein (CacyBP) is another 

target for S100A6 that suppresses cancer cell proliferation and motility by regulating β-catenin 
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ubiquitination and ERK signaling pathway [303]. Like S100B, S100A2 and S100A4 proteins, 

S100A6 can also interact with p53 but its interaction results in the absence of effect on the 

interaction of p53 with the DNA [304]. However, S100A6 interaction enhances the nuclear 

accumulation of p53 which might modulate p53 tumor suppressor activities [302]. S100A6 has 

also been shown to be released from cancer cells. S100A6 has been detected in the breast cancer 

extracellular medium [108] and pancreatic cancer patient’s serum [155]. S100A6 has also been 

shown to be released from human U87-MG glioblastoma cells in response to increased Ca+2 

concentrations [108]. RAGE is considered to be one of the target proteins for extracellular 

S100A6 protein. S100A6 interacts sRAGE with micromolar affinities as determined by surface 

plasmon resonance [29]. S100A6 mostly interacts with the V and C2 domains of RAGE [108].  

High expression of S100A6 protein has been associated with several cancers such as colorectal 

cancer [305], pancreatic [155], hepato-cellular carcinoma [306], melanoma [307], lung cancer 

[308] and gastric cancer [309]. The role of S100A6 in cancer progression is complex. In some 

instances S100A6 has been shown to promote cell apoptosis whereas in other cancer types it 

promotes cell proliferation. S100A6/RAGE interaction has been shown to trigger apoptosis in 

SHSY5Y neuroblastoma cells by inducing reactive oxygen species formation which then 

stimulates JNK signaling [108]. On the contrary, high protein levels of S100A6 has been 

associated with poor patient outcomes in pancreatic cancer [155]. In pancreatic cancer cells, 

S100A6 protein has been shown to interact with annexin 2 and to assist in its recruitment to the 

cell membrane. Thereby, S100A6 protein promotes pancreatic cancer cells motility [310].  

These data suggest an active role of S100A6 protein in pancreatic cancer progression. There are 

currently very few reports on the role of S100A6 in melanoma. A significant correlation was 

found between the expression of S100A6 in melanoma metastases and the survival time of 
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patients. Melanoma patients with thick primary lesion and short survival time have been shown 

to express significantly higher S100A6 mRNA levels as compared to patients with thin lesions 

and longer survival time [257]. We quantitatively analyzed S100A6 mRNA expression in 40 

melanoma tumor samples by Real Time PCR. This study found that 43% of stage III melanoma 

tissue samples have significant over-expression of S100A6 mRNA [89]. In the current study we 

have further investigated the association of RAGE with S100A6 in melanoma. 

S100A10: S100A10 is another member of the S100 protein superfamily. The gene 

encoding this protein is located on chromosome 1q21 [246]. S100A10 is also referred as p11, 

42C, calpactin I light chain or annexin II light chain [185]. Like other S100 proteins, S100A10 

also possesses two EF hand domains but one exceptional feature of this protein is its inability to 

interact with Ca+2. Deletion and substitution of certain amino acids critical for Ca+2 binding 

renders its EF hands incapable of binding Ca+2.  Unlike other S100 proteins, S100A10 possesses 

a permanent active conformation and remains active without interacting with Ca+2 [194, 311].  

The expression of S100A10 is induced by interferon, glucocorticoid, transforming growth 

factor-β, gonadotrophin, epidermal growth factor, basic fibroblast growth factor and interleukin 

1β [185, 312]. Promoter hypermethylation can also regulate S100A10 gene expression [313].  

S100A10 protein is found in the cytosol and is also expressed on the cells surface in complex 

with annexin A2 [314]. Annexin A2 plays important roles in regulating S100A10 expression at 

both mRNA and protein levels [315, 316]. Loss of annexin A2 leads to a reduced S100A10 

protein expression at transcript levels [316]. Annexin A2 also stabilize S100A10 and protects it 

from ubiquitin proteasome degradation pathway [315]. The transport of S100A10 on the cell 

surface is mediated by annexin A2 through exosomal secretion pathway [317]. The hetero-

tetramer complex of S100A10 with annexin A2 is called AIIt, which consists of two molecules 
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of annexin A2 in complex with homodimer of S100A10 [314]. S100A10 anchored with annexin 

A2 on the cell surface acts as a plasminogen receptor [314] and interacts with plasminogen, 

plasmin and tPA (tissue plasminogen activator).  Upon binding with S100A10, plasminogen gets 

cleaved to its activated form plasmin, which leads to proteolytic cleavage of extracellular matrix 

[318, 319]. By activating plasminogen to plasmin S100A10 contributes in extracellular matrix 

degradation that assists cancer cells to invade the matrix and enter into the circulation to 

metastasize to other parts of the body [319]. The presence of excess fibrin clots deposited in 

S100A10 null mice suggests an important contribution of S100A10 in fibrinolysis [320]. A 

defective vascularization observed in S100A10 null mice also suggests its role in promoting 

angiogenesis [320]. Besides this, S100A10 has also been demonstrated to induce macrophage 

recruitment at the tumor site, that creates an inflammatory microenvironment within the tumor 

[321]. Inflammatory reactions can further stimulate tumor progression via activating multiple 

signaling pathways. S100A10 has been shown to contribute in cancer pathogenesis. For example 

S100A10 knockout mice showed slower tumor growth rate in lewis lung carcinoma as compared 

to control mice [322]. The regulation of S100A10 protein expression by oncogenes such as 

PML-RARα [323] and K-Ras [312] further implicates its role in cancer progression. The 

contribution of S100A10 protein in melanoma progression is not known yet. A recent report by 

our lab has demonstrated a significant decrease in S100A10 mRNA expression in 58% of stage 

IV melanoma tumors [89]. The association of S100A10 protein with RAGE has not been 

reported yet. It is very essential to investigate its association with RAGE in melanoma and the 

functional significance of S100A10/RAGE in melanoma pathogenesis. 

S100A11:  S100A11 is another member of the S100 protein superfamily (also known as 

S100C or calgizzarin) and is encoded by a gene located on 1q21 chromosome [246].  It is 
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expressed in a wide range of cell types and tissues but is expressed at the highest levels in the 

skin [324, 325]. Other tissues reported to express S100A11 are placenta, liver, spleen, lung, 

kidney, heart [326]. It is also expressed in the colon, skeleton muscle, thymus and brain at low 

levels [327]. Within the cell S100A11 is found both in cytoplasm and nucleus depending upon 

the cell type and cell environment [325]. S100A11 has also been detected in the extracellular 

space of normal human keratinocytes [327]. At the molecular level, S100A11 interacts with a 

number of targets.  

Annexin A1 and A2 are the two important binding targets for S100A11 [328]. 

Translocation of S100A11 from the cytoplasm to the nucleus is important for controlling cell 

proliferation in response to DNA damage [329]. Over-expression of S100A11 was detected in 

malignant uveal melanoma [330], but its precise role in melanoma is not clear yet. In the present 

study we have studied the role of RAGE and its association with S100A11 protein in melanoma 

progression 

To summarize, RAGE and its ligands are associated with various cancer types. In 

melanoma, co-expression of RAGE and its different ligands implicates their significant 

contribution in melanoma pathogenesis. To the best of our knowledge there is no scientific report 

demonstrating the precise role of RAGE and its ligands in melanoma progression. There is a 

need to understand how RAGE together with its ligands influence melanoma tumor growth. In 

the present study we have investigated their contribution in melanoma and also explored the 

downstream signaling involved. 

 

 

 



 

 33 
 

HYPOTHESIS, APPROACH AND RESEARCH OBJECTIVES 

The goal of this study was to investigate the role of the RAGE in melanoma progression. 

Previous literature has suggested an active contribution of RAGE and its ligands in melanoma 

pathophysiology [133, 219]. Tissue microarrays of human melanoma tumor samples 

demonstrated strong positive signal for RAGE protein expression in 10% of the tumors tested 

[331].  Another study reported that AGE-RAGE mediated enhanced melanoma cell proliferation 

and migration. This study also showed a significant reduction in tumor growth and lung 

metastasis in a xenograft mouse model of melanoma upon treatment with RAGE blocking 

antibody [133]. In 2009, our lab reported highly variable transcript levels of RAGE in different 

melanoma patient tissue samples. This study showed a significant increase in RAGE mRNA 

expressions in stage IV melanoma patients compared to stage III melanoma patients [89]. All 

together these reports suggested a possible contribution of RAGE and its ligands in melanoma 

progression. However, the precise role of RAGE in melanoma progression has not been well 

defined. In the present study we have asked the following questions: 

Does RAGE contribute to melanoma pathogenesis? If yes, what is the mechanism behind 

it? How S100 proteins contribute to RAGE mediated melanoma progression? If they do play a 

role, can we suppress melanoma tumor growth mediated via RAGE and S100 proteins? 

Based on the previous reports, we hypothesized that RAGE, when overexpressed in melanoma 

cells, triggers melanoma progression. 

To test our hypothesis we have selected two melanoma cell lines (WM115, WM266), that 

were established from the same patient. The WM115 cell line was established from a primary 

melanoma tumor in vertical growth phase, whereas the WM266 cell line was established from a 

metastatic tumor. In order to study the contribution of RAGE, we have over-expressed RAGE in 
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WM115 cells with two different expression levels (10x and 100X). As a control, we have 

transfected these cells with noncoding empty plasmid to generate WM115_MOCK cells. 

Simultaneously, WM266 cells were also transfected with the empty vector in order to 

comparatively analyze the functional properties of WM115_MOCK, WM115_RAGE and 

WM266_MOCK cells. This approach has provided us a platform where we can simultaneously 

study the role of RAGE at different phases of melanoma progression. Using this approach, we 

have tested our proposed hypothesis by defining specific research objectives.  

In Chapter 1 our objective was to generate RAGE over-expressing WM115 melanoma 

cell lines and characterize them for the presence of RAGE. For this purpose, WM115 cells were 

stably transfected with either empty or RAGE encoded pcDNA3 plasmid to generate 

WM115_MOCK, WM115_RAGE-I (intermediate) and WM115_RAGE cells. The metastatic 

melanoma cell line, WM266, was also transfected with the empty pcDNA3 in the similar way to 

generate WM266_MOCK cells. The expression of RAGE in WM115_MOCK, WM115_RAGE-

I, WM115_RAGE and WM266_MOCK cells was determined by Real Time PCR and ELISA. 

Using flow cytometry and immunofluorescence we have confirmed the cell surface expression of 

RAGE in the transfected WM115 cells. As a part of the characterization, we have also assessed 

the influence of RAGE over-expression on WM115 cells morphology and compared it between 

WM115_MOCK and WM266_MOCK cells.  

In Chapter 2, we aimed to study the effect of RAGE over-expression on the tumorigenic 

properties of the WM115 cells. To meet our research objective we have performed several cell 

based assays that reflect the tumorigenic potential of the cells. Proliferation, migration and 

anchorage independent growth potentials of the cells were assessed and compared by performing 

AlamarBlue® assay, Boyden chamber assay and soft agar colony formation assay respectively. 
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To assess whether ligand stimulation could further activate the proliferation and migration 

properties of these cells, we have also performed the similar assays in the presence of two RAGE 

ligands (S100B and ribose BSA). 

The research objective of Chapter 3 was to decipher RAGE induced downstream 

molecular mechanisms involved in melanoma progression. First, to confirm that the changes 

observed in the cellular properties of WM115 cells after RAGE over-expression (Chapter 2) 

were RAGE dependent, we suppressed RAGE expression in WM115_RAGE cells by transiently 

transfecting these cells with RAGE specific siRNA. The extent of RAGE suppression was 

assessed by Real Time PCR and ELISA. The effect of RAGE suppression on WM115_RAGE 

cells proliferation and migration was assessed using AlamarBlue® and the Boyden chamber 

assay. Our next goal was to determine the role of S100B, which is one of the ligand for RAGE, 

in RAGE mediated melanoma progression. For that purpose, we determined and compared the 

expression levels of S100B protein in WM115_MOCK, WM115_RAGE and WM266_MOCK 

cells at transcript and protein levels by Real Time PCR and ELISA. Furthermore, expression of 

S100B protein was suppressed in WM115_RAGE cells by transiently transfecting these cells 

with S100B specific siRNA. After confirming the suppression of S100B in the siRNA 

transfected WM115_RAGE cells by Real Time PCR and ELISA, we have performed the 

AlamarBlue® and Boyden chamber assays to assess their proliferation and migration potentials. 

Next, expression of the S100B binding partner and tumor suppressor p53 protein was determined 

in WM115_MOCK and WM115_RAGE cells by Real Time PCR and Western blot. We have 

also assessed cyclin E protein expression, which is another molecule involved in cancer 

progression, in the transfected WM115 cells by Western blot and flow cytometry. To investigate 

the downstream signaling pathways induced by RAGE in melanoma progression we have 
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assessed AKT, MAPK and JNK activities in WM115_MOCK and WM115_RAGE tumors by 

Western blot. NF-κB signaling activity in WM115_MOCK and WM115_RAGE was also 

determined by performing NF-κB luciferase assay. Furthermore, to determine the effect of 

RAGE over-expression on the expression of cancer associated genes we have performed a cancer 

pathway finder PCR array on the transfected WM115 cells. The PCR array we used in the study 

included 84 genes representative of six biological pathways involved in transformation and 

tumorigenesis. 

The major objective in Chapter 4 was to assess the role of RAGE in melanoma tumor 

growth and to decipher the downstream signaling involved. To meet this objective we have 

generated a xenograft mouse model of melanoma tumor using the WM115_MOCK and 

WM115_RAGE cells. The tumorigenic growth potential of these cells was assessed and 

compared. We have confirmed the expression of RAGE in WM115_MOCK and WM115_RAGE 

tumors by Real Time PCR, ELISA and immunohistochemistry. We aimed to determine how 

RAGE overexpression in WM115 melanoma tumors affected S100 proteins expression. For that 

purpose, expression of S100 proteins (S100B, S100A2S100A4, S100A6 and S100A10) relevant 

in melanoma pathogenesis were assessed in WM115_MOCK and WM115_RAGE tumors by 

Real Time PCR and Western blot. Furthermore, genotypic changes in WM115_MOCK and 

WM115_RAGE tumors were deciphered by performing the same cancer pathway finder PCR 

array that we used for the transfected WM115 cells.  

Next to test the therapeutic potential of anti-RAGE antibody in melanoma tumor growth 

we have treated WM115_RAGE tumor bearing mice with anti-RAGE antibody. We also 

assessed the distribution pattern of Cy5.5 conjugated anti-RAGE antibody in mice body by 

whole animal imaging. To test whether anti-RAGE antibody when given in combination with 
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chemotherapeutic drug, dacarbazine produce synergistic tumor suppressive effects on melanoma 

tumors, we have treated WM115_RAGE tumor bearing mice anti-RAGE antibody and 

dacarbazine.  
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CHAPTER 1. GENERATION AND CHARACTERIZATION OF RAGE OVER-

EXPRESSING MELANOMA CELL LINES 

Abstract 

The objective of this chapter was to generate melanoma cell lines overexpressing 

different levels of RAGE and characterize them for the presence of RAGE. For that purpose, we 

selected two different melanoma cell lines (WM115, WM266) originated from two different 

stages of tumors of a same melanoma patient. We have stably transfected the WM115 cells with 

FL_RAGE encoding pcDNA3 plasmid. We also transfected both WM115 and WM266 cells with 

noncoding pcDNA3 plasmid to generate the control cell lines WM115_MOCK and 

WM266_MOCK cells respectively. RAGE transcript levels were assessed and compared by Real 

Time PCR in the transfected cells. RAGE protein levels in the cells were quantified by ELISA. 

We obtained two clones of WM115_RAGE (WM115_RAGE-I and WM115_RAGE) cells with 

different expression levels of RAGE. Expression of RAGE was found to be ≈100 and ≈10 fold 

higher in WM115_RAGE and in WM115_RAGE-I cells respectively than in WM115_MOCK 

cells. Also, the expression of RAGE in WM266_MOCK cells was found to be ≈2.4 fold higher 

than in WM115_MOCK cells.  Using flow cytometry and immunofluorescence, we 

demonstrated that RAGE was expressed on the cell surface.  Furthermore, to demonstrate the 

influence of RAGE over-expression on WM115 cells morphologies, we stained the 

WM115_MOCK and WM115_RAGE cells with FITC conjugated CD44. We observed 

differences in the morphology of the WM115 cells after RAGE over-expression. The WM115 

cells, originally with polygonal morphology, acquired an elongated mesenchymal like 

morphology after RAGE over-expression. To test the effect of RAGE over-expression on the 

cytoskeleton organization, we stained the cells with rhodamine conjugated phalloidin that 
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specifically binds to filamentous actin. Our results demonstrated that WM115_MOCK cells with 

short thick actin filaments switched to elongated parallel bundles of actin filaments, after RAGE 

over-expression.  

We have successfully generated a model of melanoma cell line over-expressing RAGE. 

These cells were characterized in terms of expression and subcellular localization of RAGE. 

Furthermore, the influence of RAGE on the cell morphology and cytoskeleton assembly was also 

assessed.  

Introduction 

One of the biggest threats associated with any cancer is the metastatic dissemination of 

cancer cells throughout the body. Understanding the molecular switch between the proliferative 

and metastatic states of cancer cells is extremely challenging. A better elucidation of this 

mechanism could help the development of appropriate therapies against cancer. Transition of 

tumor cells from epithelial to mesenchymal phenotype, also known as EMT, is one of the crucial 

events in tumor metastasis [332, 333]. Multiple distinct molecular changes are associated with 

the EMT process such as activation of transcription factors, expression of specific cell-surface 

proteins, reorganization of cytoskeletal proteins and production of extracellular matrix degrading 

enzymes [333].  

RAGE is a cell surface receptor of the immunoglobin superfamily. Previous studies have 

shown an important role of RAGE in modulating cancer cells properties and therefore in cancer 

progression [78, 133, 135, 210]. RAGE and its ligands (S100B, AGEs, HMGB-1) have been 

reported to be expressed in significantly higher levels in melanoma tissues as compared to the 

normal skin tissues [89, 170, 331]. Moreover, AGEs have been shown to enhance melanoma cell 
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proliferation and migration through RAGE. However, the precise role of RAGE in melanoma 

pathophysiology is not well defined yet. 

Here, our goal was to assess the influence of RAGE over-expression on a primary 

melanoma cell line. To study the role of RAGE in melanoma progression, we have selected two 

sister melanoma cell lines (WM115 and WM266) originated from the same patient but from 

different stages of melanoma progression. The WM115 cell line was obtained from a primary 

melanoma tumor in vertical growth phase, whereas the WM266 cell line was obtained from a 

metastatic melanoma tumor of the same patient. We investigated the influence of RAGE on the 

cellular behavior of WM115 cells and compared it with that of WM266 cells. Understanding the 

influence of RAGE over-expression on the cellular properties of WM115 cells will help to 

determine the contribution of RAGE in melanoma progression. 

Material and Methods 
Cell lines and stable transfection 

Two different melanoma cell lines, WM115 and WM266 were obtained from ATCC 

(Manassas, VA). The cells were maintained in OPTIMEM media (Life Technologies, Grand 

Island, NY) with 4% FBS, 1% penicillin and streptomycin at 37 °C and 5% CO2. The cells were 

stably transfected with FL_RAGE using the pcDNA3 plasmid and Satisfection reagent (Agilent 

Technologies, Santa Clara, CA) as per manufacturer’s instruction. The pcDNA3 plasmid 

encoding RAGE was kindly provided by Prof. Heizmann, University of Zurich, Switzerland. The 

empty pcDNA3 plasmid was used to generate the control WM115_MOCK and WM266_MOCK 

cell lines. The plasmids were digested and linearized with Mfel (New England Biolabs, Ipswich, 

MA). The transfected clones were then selected with different concentration of G418 sulfate 

(CellGro). The WM115_RAGE cells were maintained in OPTIMEM with 4% FBS, 1% 
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Penicillin/Streptomycin and in the presence of 1 mg/ml G418 sulfate, whereas the 

WM115_MOCK and WM266_MOCK cells were maintained in the same media in the presence 

of 0.5 mg/ml of G418.  

Real Time PCR  

Total RNAs were extracted from all the transfected cell lines using the Ambion RNA 

extraction kit according to the manufacturer’s instructions. 200ng of each RNA was reverse 

transcribed using the Reverse Transcription System (Promega, WI) according to the 

manufacturer’s instructions. The cDNA products were run on a Mx3000 Stratagene RT_PCR 

system using Brilliant II Ultra fast SYBER Green QPCR Master mix (Agilent Technologies, CA) 

and appropriate primers (Table 7). The RT_PCR Thermal cycle program comprised an initial 

denaturation step at 95°C for 10 secs, followed by 40 cycles of denaturation at 95°C for 30 sec, 

then annealing at 58°C for 30 sec and extension at 72°C for 60 sec. The point at which the 

fluorescence signal crosses the set threshold is known as Ct value. Ct values of RAGE from 

WM115_MOCK and WM115_RAGE cells were compared to the corresponding Ct values of 

actin in both the cell lines. The fold of change of RAGE mRNA expression in WM115_RAGE 

cells compared to WM115_MOCK cells was calculated using the double delta Ct method [334]. 

Briefly, Ct values for RAGE gene from both WM115_RAGE and WM115_MOCK cells were 

normalized with their corresponding Ct values for β-actin gene. The obtained delta Ct value of 

WM115_RAGE cells was further normalized with the delta Ct value of WM115_MOCK cells.  

The fold of change was calculated from the double delta Ct value using the following equation.  

Fold change = 2∆∆Ct 

Where ∆∆Ct = [Ct (RAGE) – Ct (β-actin)]WM115_MOCK - [Ct (RAGE) – Ct (β-actin)]WM115_RAGE 
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We have also determined RAGE expression in the transfected WM115 cells by regular 

PCR using the same set of RAGE primers. The amplified PCR products obtained from the 

WM115_MOCK and the WM115_RAGE cells were run on a 1% agarose gel (0.01% ethidium 

bromide) with 100 bp DNA ladder (New England Biolabs, MA).    

Human RAGE immunoassay 

Protein extracts were prepared form the cells using the PARIS kit (Life Technologies). 

The concentration of RAGE protein in the cell lysates was quantified using the Quantikine 

Human RAGE Immunoassay sandwich ELISA system (R & D System, Minneapolis) as per 

manufacturer’s directions. The soluble form of RAGE in the cell condition media of the 

transfected cells was also quantified using the same immunoassay. 

Flow cytometry 

A Flow cytometric titration was performed to detect cell surface expression of RAGE on 

the transfected cells. In brief, both MOCK and RAGE transfected cells were grown to 70-80% 

confluence. Cells were harvested by scrapping using sterile cell scrappers and incubated with 

serial dilution of a mouse antibody against human RAGE (R & D System) in 1% FBS / PBS on 

ice for 1 hour. After washing with 1% FBS in PBS, the cells were further incubated with a FITC 

conjugated anti mouse IgG F(ab)’2 (Jackson Immunoresearch)  antibody (1/100 dilution) on ice 

for 20 minutes. After a final wash, the fluorescence intensity (Ex: 495nm; Em: 519 nm) was 

measured on a C6 Accuri Flow Cytometer (Core Biology Facility, NDSU). A total of 5000 

events were recorded. The results are shown as the mean fluorescence in arbitrary units. 
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Immunofluorescence 

 Cells were grown on sterile glass slides to 60-70% confluence. The attached cells were 

washed thrice with PBS and were incubated with 100nM of monoclonal human anti-RAGE 

antibody (R & D System) followed by a FITC conjugated anti-mouse IgG F(ab)2’ (Jackson 

Immunoresearch) (1/100 dilution) in 1% BSA/ PBS containing 0.01% NaN3 on ice for 30 mins. 

Using a similar procedure, the transfected WM115 cells were stained with a FITC conjugated 

anti-CD44 antibody (BioLegend, San Diego, CA). The nuclei were stained with the Hoechst dye 

(Life Technologies). After a final washing step, the cells were imaged using an Olympus 

Fluoview FV1000 fluorescence microscope at 20x magnification.  

To stain the actin filaments, WM115_MOCK and WM115_RAGE cells were first fixed 

with 4% paraformaldehyde and permeabilized with 0.5% triton X-100.  After blocking with 5% 

BSA/PBS for 1 hour, the cells were incubated with rhodamine conjugated phalloidin (Biotium 

Inc. Hayward, CA) for 20 mins. The cells were counter stained with the Hoechst dye as 

mentioned previously. The cells were then imaged using a Zeiss AxioObserver Z1 inverted 

microscope with LSM700 laser scanning head attachment at 60x magnification. 

To compare the cell morphologies of WM115_MOCK, WM115_RAGE-I, WM115_RAGE 

and WM266_MOCK cells, bright field images of these cells were taken using an Olympus 

Fluoview FV1000 fluorescence microscope at 20x magnification. The extent of cells’ ellipticity 

was determined by calculating the ratio of cell length over cell width using the CellSens software 

(Olympus, USA). An average length to width ratio of more than 30 cells from different fields 

were calculated for each cell type and compared. 
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Results 

Generation of the WM115 cell line model over-expressing RAGE 

WM115 cells were stably transfected with a plasmid encoding FL_RAGE. WM115 and 

WM266 cells were transfected with an empty (MOCK) plasmid and served as controls. We 

generated three transfected clones of WM115 cells: WM115_MOCK, WM115_RAGE-I and 

WM115_RAGE. RAGE protein was quantified in the transfected cells by using a commercial 

sandwich ELISA. WM115_MOCK, WM115_RAGE-I and WM115_RAGE cells expressed 11.5 

± 0.1, 81.0 ± 7.2 and 1081 ± 53 pg of RAGE protein per mg of total protein, respectively (Table 

4). WM266_MOCK cells expressed 24.5 ± 6.5 pg of RAGE per mg of total protein. Our results 

demonstrated 7 fold and 94 fold higher transcript levels of RAGE in WM115_RAGE-I and 

WM115_RAGE cells respectively than in WM115_MOCK cells. WM266_MOCK cells express 

2.4 fold higher RAGE than WM115_MOCK cells (Table 4). We also quantified the soluble form 

of RAGE released in the culture media of the WM115_MOCK and WM115_RAGE cell lines. 

We obtained 422 ± 50 pg of RAGE in per ml of culture media of WM115_RAGE cells. In our 

experimental conditions we couldn’t detect any soluble RAGE in WM115_MOCK cells culture 

media (Table 5).  
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Figure 5: Representative agarose gel demonstrating PCR products of transfected WM115 cells 
Lane 1. 100 bp DNA ladder, Lane 2. WM115_MOCK and Lane 3. WM115_RAGE. Real Time 
PCR experiment was performed in the transfected WM115 cells in triplicate on at least three 
independent sets of cDNAs using primer pairs specific for FL_RAGE. 

Table 4: Quantification of RAGE in WM115 cell lysates by ELISA. 

 

Table 5: Quantification of soluble form of RAGE in WM115 cell supernatants by ELISA.    
  

 

 

Cell lysates RAGE (pg/mg of total protein) 

WM115_MOCK 11.5 ± 0.1 

WM115_RAGE-I 81.0 ± 7.2 

WM115_RAGE 1081 ± 53 

WM266_MOCK 24.5 ± 6.5 

Cell supernatant RAGE (pg/ml of cell supernatant) 

WM115_MOCK ≤ 10 

WM115_RAGE 422 ± 50 
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RAGE was detected on the cell surface of WM115_RAGE and WM266_RAGE cells 

The flow cytometric experiment data showed a higher level of RAGE in the 

WM115_RAGE cells than in the MOCK control cells (Figure 6). In our experimental conditions, 

the cells were not permeabilized prior to the incubation with the antibody which restricted the 

antibody to binding to cell surface RAGE. Our results suggest that RAGE was accessible to the 

antibody and hence it is probably located on the cell surface. Flumax of WM115_RAGE cells was 

found to be 4.1 *105 A.U. whereas the mean fluorescence from WM115_MOCK cells remained 

in the baseline levels.  We also detected RAGE in the transfected cells by immunofluorescence 

(Figure 7). RAGE was found both on the cell surface and in the cytoplasm of WM115_RAGE 

cells (Figure 7B). RAGE could not be detected in WM115_MOCK cells in our experimental 

conditions (Figure 7A).  

 

Figure 6: Detection of RAGE protein on the cell surface of WM115 cells by flow cytometry. 
Expression of RAGE was assessed in WM115_RAGE (red circles) and WM115_MOCK (blue 
squares) cells by flow cytometry using increasing concentration of anti-RAGE antibody. The 
experiment was performed in triplicate for two independent times. (n = 3). 
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Figure 7: RAGE detection on the cell surface of WM115 cells by the immunofluorescence. 
Merged images of WM115_MOCK (A.) and WM115_RAGE (B.) cells stained with Hoechst dye 
(blue) and anti-RAGE antibody with FITC conjugated secondary antibody (green). 
Magnification 20X. 

RAGE over-expression triggers a phenotypic change and filamentous actin remodeling in 

WM115 cells 

  In order to assess the effect of RAGE over-expression on WM115 cell morphology, we 

stained the cells with FITC conjugated anti-CD44 antibody. CD44 is a cell surface glycoprotein 

expressed in most melanoma cells including WM115 cells [335]. The microscopic images 

demonstrated a morphological switch from a polygonal morphology in the WM115_MOCK cells 

to an elongated mesenchymal like morphology in the WM115_RAGE cells (Figure 8). We have 

also quantified the ellipticity of the transfected cells by calculating the ratio of the cell length 

over the cell width (Rcell). We found that the ratio was significantly higher in the WM115_RAGE 

cells (Rcell = 9.8 ± 3.8) than in the WM115_MOCK cells (Rcell = 1.8 ± 0.7). The ellipticity of the 

WM266_MOCK cells (Rcell = 10.8 ± 4.0) was equivalent to that of the WM115_RAGE cells.  

We have also calculated length to width ratio (Rnucleus) of transfected WM115 cells’ nuclei. Our 

results demonstrated a significant increase in Rnucleus in WM115_RAGE (1.8 ± 0.5) cells as 

compared to WM115_MOCK (1.3 ± 0.2) cells (p < 0.05).   

A. B. 
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To further assess the effect of RAGE over-expression on the filamentous actin 

arrangement in WM115 cells, we stained the cells with rhodamine conjugated phalloidin. 

Phalloidin is a fungal toxin that binds to and stabilizes filamentous actin by preventing its 

depolymerization. We observed short thick bundles of filamentous actin in WM115_MOCK 

cells which remodeled to long parallel bundles of actin after RAGE over-expression (Figure 9). 

WM115_RAGE-I (WM115_RAGE-10x) demonstrated intermediate level of filamentous actin 

remodeling (Figure 40). We also compared the cellular morphologies of the transfected WM115 

cells with that of WM266_MOCK cells by bright field microscopy. We showed that WM115 

cells acquired an elongated morphology after RAGE over-expression which is equivalent to the 

morphology of metastatic melanoma cell line WM266_MOCK (Figure 10). These data suggest a 

RAGE dependent modulation in cells morphology and cytoskeleton remodeling induced in 

WM115 cells upon RAGE over-expression. 

 

 

Figure 8: CD44 staining in the transfected WM115 cells. WM115_MOCK (A.) and 
WM115_RAGE (B.) cells were stained using a FITC conjugated CD44 antibody. Cells’ nuclei 
were stained with the Hoechst dye. Merged images with 20X magnification. 

A. B. 



 

 

Figure 9: Filamentous actin staining in 
stained in WM115_MOCK (A.) and WM115_RAGE (B.) 
phalloidin. Cells’ nuclei were stained with 
magnification.   

Figure 10: Bright field images of transfected WM115 and WM266 cells. Image showing 
morphologies of WM115_MOCK (A.), WM115_RAGE
WM266_MOCK (D.) cells. Magnification 20X.  

A. 

A. B.
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Filamentous actin staining in the transfected WM115 cells. Actin filaments were 
WM115_MOCK (A.) and WM115_RAGE (B.) cells using rhodamine 

were stained with the Hoechst dye. Merged images with 60X 

Bright field images of transfected WM115 and WM266 cells. Image showing 
of WM115_MOCK (A.), WM115_RAGE-I (B.), WM115_RAGE (C.) and 

. Magnification 20X.   

B. 

C. D.

 

Actin filaments were 
using rhodamine conjugated 

dye. Merged images with 60X 

 

Bright field images of transfected WM115 and WM266 cells. Image showing 
I (B.), WM115_RAGE (C.) and 
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Discussion 

We have successfully generated two new melanoma cell lines overexpressing ≈10 and 

≈100 fold higher RAGE compared to the MOCK control cells. We hypothesized that RAGE, 

when over-expressed in melanoma cells, plays a role in melanoma progression. To simulate the 

pathological conditions, we generated WM115 cells that over-expressed 10-100 fold higher 

RAGE as compared to their MOCK counterparts. Flow cytometry (Figure 6) and 

immunofluorescence (Figure 7) results show that RAGE was not only expressed on the cell 

surface but also present in the cytoplasm. Our data are in agreement with previous reports. 

Indeed several reports have demonstrated intracellular location of RAGE previously. RAGE has 

been shown to be present on the cell surface as well as in the cytoplasm of G361 malignant 

melanoma cells, which upon activation with AGE enhances cell proliferation and migration 

[133]. RAGE has also been reported to internalize from the cell membrane and be transported in 

the cytoplasm upon engagement with either its ligand (AGE and S100B) or anti-RAGE antibody 

[336]. Internalization of RAGE upon stimulation with Advanced Glycation End Products has 

been shown to be an important event for downstream signaling in CHO cells [128]. In Schwan 

cells, S100B stimulation led to internalization of RAGE, which was shown to recycle back to the 

cell surface by Src mediated signaling. Recycling of RAGE induced S100B secretion and 

morphological changes in the cells [129].  

We could also detect higher levels of soluble RAGE in WM115_RAGE cell supernatants 

as compared to MOCK cells supernatants. These data suggest a shedding of membrane bound 

RAGE into its soluble form via proteolytic cleavage. Shedding of membrane bound RAGE by 

metalloprotease ADAM10 has been reported previously [81]. Soluble form of RAGE has been 

suggested to act as a decoy receptor that can counteract RAGE mediated signaling [337]. At this 
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point, we don’t know the role of soluble RAGE on the cellular properties of WM115 cells. 

Soluble form of RAGE released from WM115_RAGE cells might counteract RAGE mediated 

signaling in WM115 cells by interacting with the RAGE ligands. However, it might just be a 

mechanism to shed the excess of RAGE proteins to maintain a constant number of RAGE 

molecules on the cell surface.  

Cells were stained with the cell surface biomarker CD44 in order to observe possible 

phenotypic changes induced in WM115 cells upon RAGE over-expression (Figure 8). CD44 is a 

cell surface receptor for hyaluronan, it is implicated in cell proliferation, cell migration, cell-cell 

adhesion and cell-matrix adhesion [338-341]. CD44 is expressed in many cancer cell types 

including melanoma [335]. We showed an enhanced ellipticity in the WM115_RAGE cells and 

their corresponding nuclei compared to the MOCK control cells. Induction of elongated 

mesenchymal like morphology is one of the mechanism by which cancer cells acquire migration 

potential. Elongated mesenchymal morphology is one of the characteristics of metastatic cells 

[342]. RAGE induced altered cell morphology might affect cells migration and invasion 

potentials. An altered nuclear structure is also one of the hallmark of cancer and is used in 

disease diagnosis [343].  

Next, in order to assess the effect of RAGE on cytoskeleton remodeling, we stained 

filamentous actin with rhodamine conjugated Phalloidin (Figure 9). The images showed a 

significant actin remodeling induced in WM115 cells upon RAGE over-expression. The short 

thick actin filaments in WM115_MOCK cells, remodeled into long thin parallel filaments after 

RAGE over-expression. The cytoskeleton plays a central role in modulating cell morphology. 

Polymerized actin constitutes a major part of the cell cytoskeleton and provides a mechanical 

support to the cells. Polymerization and depolymerization of actin filaments modulate the cells 
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morphology and provide propulsive forces for cell movement [344, 345]. RAGE has been 

previously shown to alter actin assembly in different cell types. Over-expression of RAGE in 

Human Umbilical Vein Endothelial Cells (HUVEC) has been shown to trigger actin filament 

remodeling [346].  

In summary, we have demonstrated that RAGE over-expression induced morphological 

changes to the WM115 cells from an epithelial like morphology to a mesenchymal like 

morphology. Our data suggest an enhanced WM115 cell motility upon RAGE over-expression. 

In the next chapter we will test the effect of RAGE over-expression on the cellular behavior of 

WM115 cells. 
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CHAPTER 2. EFFECT OF RAGE OVER-EXPRESSION ON MELANO MA CELL 

PROLIFERATION, MIGRATION AND INVASION 

Abstract 
 

In order to decipher the role of RAGE in melanoma progression, we have generated and 

characterized new melanoma cell lines over-expressing RAGE (described in Chapter 1). In this 

chapter, the effect of RAGE over-expression on cell proliferation, migration and invasion with 

and without ligand activation was assessed and compared. We found a reduced cell proliferation 

in the WM115_RAGE cells as compared to their MOCK counterparts in normal growth 

conditions. Contrary to this, we showed that the WM115_RAGE cells had increased their 

anchorage independent growth potential compared to the MOCK control cells as shown by soft 

agar colony formation assay. The WM115 cells appeared to have acquired a migratory like and 

invasive like phenotype after RAGE over-expression as shown by the wound healing and 

Boyden chamber assays. We showed that after transfection with RAGE, the WM115 melanoma 

cells exhibited similar migration potentials than those of the WM266 cells, the sister metastatic 

cell line of WM115. 

We next investigated the influence of RAGE ligand (S100B, ribose BSA) on the 

migration of the WM115_MOCK and WM115_RAGE cells. Treatment with 1mg/ml of 500nM 

ribose BSA led to two fold increase in WM115_MOCK cells’ migration but no effect was found 

on the WM115_RAGE cells. Recombinant S100B protein treatment didn’t alter the migration of 

either cell lines. Treatment with an anti-RAGE antibody could not suppress the migration of the 

WM115_RAGE cells nor the AGE induced migration of the WM115_MOCK cells.  
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Introduction 

Melanoma is the most lethal form of skin cancer [347]. Melanoma cells are highly 

heterogenous in terms of cell morphology, genetic pattern and sensitivity towards chemotherapy 

[348-350]. Melanoma cells undergo reversible changes in phenotypes and genotypes which 

provide diversity in the tumor cell population. The heterogeneous population of melanoma cells 

has the ability to respond differently to chemotherapy. For example, some cells acquire 

chemoresistance, that makes melanoma difficult to treat [20]. In the present study we used two 

melanoma cell lines WM115 and WM266. As mentioned previously the WM115 melanoma cell 

line was obtained from a primary melanoma tumor and WM266 was established from a 

metastatic melanoma tumor from the same patient. Both cells consist of phenotypically and 

genotypically diverse traits [351, 352]. Understanding the influence of a particular target in 

melanoma cells is necessary in order to develop an effective therapy against melanoma. Recent 

studies have suggested the involvement of RAGE and its ligands in cancer progression [110]. 

S100B protein, one of the best known ligand of RAGE, promotes melanoma progression by 

inhibiting tumor suppressor p53 protein [219]. Serum concentration of S100B protein correlates 

with melanoma progression, therefore its concentration is used as a prognostic biomarker for 

melanoma [353]. Advanced glycation end products (AGEs) form another group of RAGE 

ligands and have been shown to increase melanoma cell proliferation and migration in RAGE 

dependent manner [133]. The co-localization of RAGE and its different ligands in melanoma 

tumors suggest their important role in melanoma pathophysiology [133]. Understanding the role 

of RAGE in melanoma pathophysiology may lead to the discovery of new therapeutic 

approaches against melanoma. In this chapter we have investigated the influence of RAGE over-

expression on the cellular behavior of WM115 cells and compared it with those of WM266, a 
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metastatic melanoma cell line. We have also tested whether RAGE ligands (AGE and S100B) 

can further modulate cellular properties of the transfected WM115 cells.  

Materials and Methods 

Expression and purification of recombinant S100B protein 

 Bacterial cells were transformed with a pGEMEX® plasmid encoding for S100B gene. 

After transformation, the cells were grown over night and subcultured until the optical density 

(OD) reached 0.7. The expression of S100B was then induced with 0.8 mM of IPTG for the next 

three hours. Subsequently, the cells were pelleted and sonicated in the presence of 1/1000 

dilution of phenyl methyl sulfonyl fluoride (PMSF). The supernatant was treated with 85% of 

(NH4)2SO4 solution for 30 mins at 4°C which resulted in the precipitation of other proteins 

except S100B. After centrifugation the supernatant containing S100B was further processed by 

adjusting the pH to 4 using 10% phosphoric acid. In these conditions, S100B protein 

precipitated. After centrifugation the pellet was dissolved in 50mM Tris buffer containing 2mM 

of CaCl2 at pH 7.4. Further purification was performed by affinity chromatography using phenyl 

sepharose column on an AKTA Prime system (Amersham Biosciences). Bound S100B was 

eluted by the presence of 2mM of EDTA. Purified S100B was quantified by measuring its 

absorbance at 280nm (Extinction coefficient 1490 M-1 cm-1). To remove possible endotoxin 

contaminants, the S100B containing solution was passed on a polymyxin B column (Sigma 

Aldrich, USA) (Figure 11). 

 



 

 

Figure 11: Representative SDS PAGE gel image showing the purity of S100B protein after 
purification.  Recombinant S100B protein 
ladder, Lane 2. S100B protein before 
after phenyl sepharose chromatography.

Advanced Glycation End Products

 500mM of ribose BSA (bovine serum albumin) was prepared and characterized

lab by Venkata under the supervision of Dr. Stefan Vetter 

solubilized in sodium phosphate buffer with 1 mM EDTA and

mixed with 500mM of ribose and incubated at 37°C for 21 days. After the incubation period, the 

samples were dialyzed twice against 200 volumes of PBS at 4 °C. Upon characterization, we 

found 96% and 15% modification of BSA prot

Anti-RAGE antibody purification

Briefly, Balb/CByj mice were immunized with 

protein, which was expressed and purified in yeast cells. Mice with the highest titer of 

RAGE antibodies in their serum were euthanized and their spleens were isolated. B

from the spleens were subsequently fused with mouse myeloma cells in the presence of 50% 
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Representative SDS PAGE gel image showing the purity of S100B protein after 
Recombinant S100B protein was run on 15% SDS PAGE gel. Lane 1. Protein 

before phenyl sepharose chromatography. Lane 3. Purified S100B 
chromatography. 

Advanced Glycation End Products 

ibose BSA (bovine serum albumin) was prepared and characterized

under the supervision of Dr. Stefan Vetter [354]. Briefly, 20mg/ml of BSA 

solubilized in sodium phosphate buffer with 1 mM EDTA and 1mM sodium azide (pH 8) was 

mixed with 500mM of ribose and incubated at 37°C for 21 days. After the incubation period, the 

samples were dialyzed twice against 200 volumes of PBS at 4 °C. Upon characterization, we 

found 96% and 15% modification of BSA protein at lysine and arginine residues respectively.

RAGE antibody purification 

Briefly, Balb/CByj mice were immunized with the extracellular part of human RAGE 

protein, which was expressed and purified in yeast cells. Mice with the highest titer of 

in their serum were euthanized and their spleens were isolated. B

from the spleens were subsequently fused with mouse myeloma cells in the presence of 50% 

1                  2                     3 

 

Representative SDS PAGE gel image showing the purity of S100B protein after 
on 15% SDS PAGE gel. Lane 1. Protein 

y. Lane 3. Purified S100B 

ibose BSA (bovine serum albumin) was prepared and characterized in our 

. Briefly, 20mg/ml of BSA 

1mM sodium azide (pH 8) was 

mixed with 500mM of ribose and incubated at 37°C for 21 days. After the incubation period, the 

samples were dialyzed twice against 200 volumes of PBS at 4 °C. Upon characterization, we 

ein at lysine and arginine residues respectively. 

extracellular part of human RAGE 

protein, which was expressed and purified in yeast cells. Mice with the highest titer of anti-

in their serum were euthanized and their spleens were isolated. B-lymphocytes 

from the spleens were subsequently fused with mouse myeloma cells in the presence of 50% 
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polyethylene glycol (PEG). Hybridomas were then selected to remove any unfused or improperly 

fused cells. Antibodies secreted in the hybridoma culture supernatants were purified by affinity 

chromatography using a G-sepharose column. The bound antibodies were eluted with 20mM 

glycine (pH 2.2). The final pH of the antibody solution was neutralized to 7.4 using 200mM of 

dibasic sodium phosphate buffer.  The eluted antibody fractions were sterile filtered using 0.2 

micron pore sized filters. The purity of the antibody was determined by coomassie blue stained 

SDS PAGE and was estimated to be greater than 95%. 

Anti-RAGE antibody characterization 

 A particular anti-RAGE antibody producing clone of hybridoma (2A11), was used for all 

the studies. The affinity of this antibody towards different RAGE domains was determined by 

ELISA and surface plasmon resonance (SPR). The ability of this antibody to interact with cell 

surface RAGE was determined by flow cytometry and immunofluorescence. 

Proliferation assay 

The proliferations of MOCK and RAGE transfected WM115 cells were assessed and 

compared using the AlamarBlue® (AbD Serotek, Raleigh, NC) redox indicator dye. In this 

assay, an equal number of both MOCK and RAGE transfected cells were seeded in their 

corresponding growth media (described in Chapter 1) in the wells of 96 well plates. After 24 

hours, 10% v/v of AlamarBlue® (AB) was added to each well. The fluorescence intensities (Ex: 

540nm; Em: 590nm) of the wells were measured after 4 hours incubation. To assess ligand 

dependent effect on cell proliferation, the melanoma cells were seeded either with 1mg/ml of 

AGE or 100nM of S100B. After 24 hours of incubation the cell proliferation was assessed as 

mentioned above. 
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Soft agar assay 

In this assay, 1% agar (DIFCO BD, France) solution was prepared in OPTIMEM 

containing 4% FBS. This solution was plated in the wells of 6 well plates and allowed to 

solidify. A 0.7% agarose (Invitrogen, CA) solution in OPTIMEM/4%FBS was prepared by 

mixing equal volume of 1.4% of autoclaved agarose in OPTIMEM/8% FBS. The solution was 

allowed to cool down to 37°C. The soft agar assay was performed on four types of cells: 

WM115_MOCK, WM115_RAGE, Hek 293 and Hek_RAGE. Hek_RAGE cells were a generous 

gift from Prof. Heizmann (University of Zürich, Zurich, Switzerland). An equal number of 

WM115_MOCK, WM115_RAGE, Hek 293 and Hek_RAGE cells were mixed in the 0.7% 

agarose solution and 1*104 cells were seeded in each well on top of the solidified 1% agar 

solution layer. The plates were incubated at 37°C for 4 to 5 weeks. The media was replenished 

every 3-4 days. Colonies were stained with crystal violet and imaged with an Olympus Fluoview 

FV1000 microscope connected to a camera. Ten independent fields in each well were imaged 

and the experiment was repeated for three independent times.  

Wound healing assay 

 In order to determine the migration potential of the transfected cells we performed a 

wound healing assay. Both MOCK and RAGE transfected cells were grown to confluence in the 

wells of a 24 well plate. A uniform wound was created on the surface of the confluent cells using 

a sterile 10µl pipette tip. The wound healing was followed over the period of 24 hours. Cells 

were imaged immediately after the wound formation, 14 hours later and then 24 hours later using 

an Olympus Fluoview FV1000 microscope. Wound widths were measured at different time 
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points The percentage of wound closure after 14 hours and after 24 hours was calculated in both 

the types of cells as following:  

Percentage of wound closure = [(Wound width after 0 hour)-(Wound width after 14 or 24 hours) 

/ (Wound width after 0 hour)]*100 

Migration and Invasion assay  

The migration potential of the cells was also determined by using the Boyden chamber 

assay. In this assay 4 * 10 4 of both MOCK and RAGE transfected WM115 cells in serum free 

media were seeded on a 8 micron pore sized cell culture insert. Serum containing media (4% 

serum) was added to the bottom chamber and the cells were allowed to migrate across the filter 

for 24 hours. Equal numbers of cells were also seeded without filter directly to the bottom 

chamber as a control. At the end of the incubation period, non-migrated cells were gently 

removed from inside the filter using sterile cotton swab. After placing the filters back into their 

corresponding wells, 10% v/v of AlamarBlue® was added to the bottom chamber. The 

percentage of migrated cells was calculated as following:  

Percentage of migrated cells = (AB fluorescence with filter / AB fluorescence without filter)*100 

To assess the effect of RAGE ligands (S100B, AGE products) on cell migration, both 

WM115_MOCK and WM115_RAGE cells were seeded on the culture inserts in the presence of 

either 100nM of S100B or with 1mg/ml of AGE. After 24 hours of incubation, the cell migration 

potential was assessed as described above. 

To determine the invasion potential of the transfected cells, culture inserts were coated 

with bovine collagen I (Santa Cruz Biotechnology) prior to seed cells. Briefly, a 0.02 mg/ml 
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solution of bovine collagen I was prepared in 70% ethanol. Each filter was coated with 4µg of 

collagen I and air dried under the laminar flow hood. Transfected cells were seeded on to the 

coated filters as described previously. The percentage of cells that had invaded across the coated 

filter were determined using the same equation. 

Statistical Analysis 

 Data are shown either as Mean ± SD. Comparative analysis between two groups was 

made by one tail two sample (unpaired) Student’s t-test and p < 0.05 was considered as 

significant. 

Results 

RAGE over-expression leads to reduced proliferation but increased anchorage independent 

growth of WM115 cells 

We observed that WM115_RAGE cells were significantly (p < 0.05) less proliferative 

than WM115_MOCK cells in 2D cell culture conditions (Figure 12). The influence of RAGE 

over-expression on the anchorage independent growth potential of WM115 cells was assessed 

using the soft agar colony formation assay. Interestingly, the WM115_RAGE cells formed about 

4 times more colonies compared to the WM115_MOCK cells when grown in anchorage 

independent conditions. We observed that the colonies obtained from the WM115_RAGE cells 

were larger in size than those formed from the WM115_MOCK cells (Figure 13). On the 

contrary, the Hek 293 and Hek_RAGE cells were unable to develop colonies in anchorage 

independent conditions (Figure 14).  
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Figure 12: AlamarBlue® assay in transfected WM115 cells. Cell proliferation of 
WM115_MOCK and WM115_RAGE cells was assessed using the AlamarBlue® redox indicator 
reagent. Experiment was performed in triplicate three independent times. Data are shown as 
mean ± SD. (n=3; *p < 0.05) 

 

Figure 13: Soft agar colony formation assay with transfected WM115 cells. Anchorage 
independent growth of WM115_MOCK (A.) and WM115_RAGE (B.) cells was assessed by 
embedding the cells in agar and allowed them to grow for 4 weeks. Ten independent fields were 
imaged and only four are shown here. Experiments were performed in triplicates. Magnification 
20X. Graph shows average number of colonies formed in both cell types. Data are shown as 
mean ± SD. (n= 3; ***p < 0.001).   

A. B. 

*** 

* 
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Figure 14: Soft agar colony formation assay in transfected Hek cells. Anchorage independent 
growth potential of Hek293 (A.) and Hek_RAGE (B.) cells. Cells were embedded in agar and 
were grown in anchorage independent condition for 4 weeks. Non tumor cells were unable to 
from colonies in anchorage independent condition. 

RAGE over-expression in WM115 cells increases the cell motility to a level that is comparable 

to that of WM266_MOCK cells 

The effect of RAGE over-expression on the migration potential of the WM115 melanoma 

cells was assessed by the wound healing assay. The results showed a faster wound healing in the 

WM115 cells after RAGE over-expression. After 24 hours, the WM115_RAGE cells could close 

100% of the wound whereas the WM115_MOCK cells could close less than 50% of the wound 

(Figure 15). We next compared the migration levels of the WM115_MOCK cells with those of 

WM115_RAGE-I (10x higher RAGE), WM115_RAGE (100x higher RAGE) and 

WM266_MOCK cells. Both RAGE transfected WM115 cell lines expressed different levels of 

RAGE (described in Chapter 1). We observed a ≈2 fold increase in the percentage of cells 

migrated in the WM115_RAGE-I cells as compared to the WM115_MOCK cells. The migration 

potential of the WM115_RAGE cells was found to be ≈3 fold higher than that of 

WM115_MOCK cells (Figure 16A). Moreover, WM266_MOCK cells migrated to a level that 

was similar to that of the WM115_RAGE cells (Figure 16A). We have also assessed the invasion 

A.                                                           B. 
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potential of the WM115 cells on collagen I coated filters. We found a 6 fold higher invasion of 

the WM115_RAGE cells compared to the MOCK control cells (Figure 16B). 

 

Figure 15: Migration potentials of the transfected WM115 cells by wound healing assay. After 
formation of a uniform wound on the confluent cell surface, WM115_MOCK (A.) and 
WM115_RAGE (B.) cells were imaged at 0 hour and after 14 and 24 hours. The graph represents 
the percentage of estimated surface covered by WM115_MOCK (light grey) and 
WM115_RAGE (dark grey) cells at different times. The experiments were performed three 
independent times in triplicate. Data are shown as mean ± SD. (n=3; *p < 0.05; **p < 0.01). 

A. 

 

 

B. 

** * 



 

 64 
 

 

 

Figure 16: Migration and invasion potentials of the transfected WM115 cells. A. Migration 
potential of WM115_MOCK, WM115_RAGE-I, WM115_RAGE and WM266_MOCK cells as 
measured by Boyden chamber assay. B. Invasion potential of WM115_MOCK, WM115_RAGE-
I and WM115_RAGE cells by Boyden chamber assay. Experiments were performed in triplicate 
three independent times. Data are shown as mean ± SD. (n = 3; *p < 0.05; **p < 0.01). 

IgG 2A11 could interact with V domain, VC1C2 domain and sRAGE 

 Our lab has shown previously that IgG 2A11 could interact with RAGE V domain. The 

experimental details and the data obtained will not be shown here but the results of the 

experiments are summarized below. ELISA results showed a nanomolar affinity of IgG 2A11 

towards RAGE V domain (KD = 7.0 ± 0.4 nM) and VC1C2 domain (KD = 3.6 ± 0.1 nM) of 

RAGE respectively. Our results from SPR experiments demonstrated a KD value of 3.8 * 10-10 M 

of IgG 2A11 for V domain of RAGE. IgG 2A11 can also interact with RAGE expressed on the 

cell surface of Hek 293 cells as determined by flow cytometry and immunofluorescence. We 

A.                                                                                           B. 

* 

** 

** 
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have also tested the ability of IgG 2A11 to displace S100B from RAGE binding sites by 

performing a competition ELISA (data not shown).  

Ribose BSA but not S100B induces WM115 cell proliferation and migration in the 

WM115_MOCK cells 

  The stimulation of the WM115_MOCK cells with 500nM ribose BSA resulted in a dose 

dependent increase in the cell migration. On the contrary, the WM115_RAGE cells didn’t 

respond to ribose BSA activation. Treatment with recombinant S100B had no effect on the 

migration potential of either cell type (Figure 17A). Furthermore, blocking RAGE with anti-

RAGE antibodies could not suppress WM115_RAGE cells migration. Ribose BSA induced cell 

proliferation and migration was also not affected by anti-RAGE antibody treatment (Figure 

17B). 

  

Figure 17: Percentage migration of transfected WM115 cells after ligand (A.) and IgG2A11 (B.) 
treatment. PBS and BSA were used as controls. Experiment was performed in triplicate three 
independent times. Data are shown as average percent migration ±SD.  (n = 3; p < 0.05). 

A.                                                                           B. 
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Discussion 

In Chapter 1 we demonstrated the induction of a phenotypic change in WM115 cells 

upon RAGE over-expression. WM115 cells acquired a mesenchymal like morphology after 

RAGE over-expression, which was analogous to the morphology of the WM266_MOCK cells. 

The epithelial to mesenchymal transition in cells leads to a loss of contact inhibition between the 

cells and hence enhances anchorage independent growth and motility of the cells [355, 356]. We 

proposed that the WM115 cells attained migratory features like those of WM266 cells after 

RAGE over-expression. The WM266 cell line was established from the same patient than the 

WM115 cell line, but derived from a metastatic tumor. Our results suggest a RAGE dependent 

increase in cell migration in the WM115 cells (Figure 16). The enhanced motility of the 

WM115_RAGE cells was demonstrated by both the wound healing assay (Figure 15) and the 

Boyden chamber assay (Figure 16). The presentations of the cells in the wound healing assay and 

in the Boyden chamber assay are quite different. In the wound healing assay, the cells crawl on 

the surface whereas in the Boyden chamber assay, the cells have to migrate through the pores of 

the filter in order to get access to the other side of the filter [357]. These two assays represent 

different mechanisms of cell migration in tumors. In primary tumors, cancer cells migrate 

linearly while still associated with basement membrane but in order for cancer cells to reach the 

blood vessels, they need to squeeze through the endothelial cell barrier and enter into the blood 

stream in order to metastasize to the distant organs [358]. Our results demonstrate that RAGE 

can not only enhance the crawling movement of WM115 cells but also enhance their motility 

across the barriers.  

Our results also demonstrate a significant reduction in cell proliferation in the 

WM115_RAGE cells as compared to their MOCK counterparts in cell culture conditions (Figure 
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12). These data suggest that RAGE might act as a metastatic switch in melanoma cells. WM115, 

a primary melanoma cell line from vertical growth phase can switch to a less proliferative and 

more migratory phenotype upon RAGE over-expression. This switch might assist in metastatic 

spread of the cells. A state switching model for melanoma progression has been reported recently 

[20]. According to this model, melanoma cells can switch to a metastatic program and hence lose 

their proliferative features. After migration to a different location these cells switch back to their 

proliferative traits allowing the growth of the metastatic tumor. Back and forth switching of cells 

leads to a large heterogeneity in the melanoma cell population [20]. Here, RAGE seems to be 

one of the players in metastatic switching of melanoma cells. We have also shown an enhanced 

anchorage independent growth in the WM115 cells after RAGE over-expression suggesting a 

role of RAGE in melanoma tumor growth (Figure 13). The ability of cells to grow in a non-

adherent environment correlates with their tumorigenic potential. Normal (non-cancerous) cells 

need a substrate to adhere, spread and grow. These cells are required to be attached to the tissue 

through cytoskeleton and extracellular matrix anchoring. These cells cannot survive in non-

adherent conditions and undergo cell detachment induced apoptosis. This apoptotic phenomenon 

is a self-defense mechanism called anoikis. As shown in Figure 14 non-cancerous Hek 293 cells 

and their RAGE over-expressing counterparts could not develop colonies in anchorage 

independent conditions and eventually died. Tumor cells use different strategies to acquire 

anchorage independent proliferation potential [359, 360]. Epithelial–Mesenchymal transition 

(EMT) is one of the strategies for the cells to circumvent anoikis process [361, 362].  Our data 

show that RAGE enhances anchorage independent growth potential of WM115 cells which 

might translate into enhanced tumor growth potential of these cells.  



 

 68 
 

In the next set of study, we demonstrated the effect of RAGE and its ligands (S100B and 

ribose-BSA AGE products) in melanoma cells migration. Our data from the migration assay 

show a dose dependent increase in the migration of WM115_MOCK cells after stimulation with 

AGE products. However, WM115_RAGE cells didn’t respond to AGE stimulation. Our data 

suggest that RAGE has already been activated to its full capacity in the WM115_RAGE cells 

therefore, AGEs have no possibility to further activate these cells. AGE induced melanoma cell 

migration are in the agreement with previous study from another research group [133]. Contrary 

to this, stimulation with recombinant S100B had produced no effect on cell migration in both 

types of cells (Figure 17A). We suggest that S100B released from the transfected WM115 cells 

can activate RAGE, hence addition of recombinant S100B cannot further stimulate the cells. 

Another possibility is that extracellular S100B does not activate RAGE in melanoma cells. 

Moreover, IgG 2A11 could not suppress cell migration of either WM115_RAGE cells or AGE 

induced WM115_MOCK cells (Figure 17B). At this point, we do not know the precise 

mechanism of RAGE activation in WM115 cells. 

Our results from this chapter suggest that RAGE, when over-expressed, triggers a 

metastatic like switch in the WM115 melanoma cell line. Furthermore, WM115_MOCK cells, 

with baseline levels of RAGE could be activated upon AGEs activation. However, 

WM115_RAGE cells with 100 fold higher levels of RAGE were constitutively activated and 

were insensitive towards AGEs activation. In the next chapter, we will decipher the RAGE 

induced mechanisms that are involved in melanoma progression. 
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CHAPTER 3.  RAGE INDUCED MOLECULAR MECHANISMS INVOL VED IN 

MELANOMA CELL PROLIFERATION AND MIGRATION 

Abstract 

In Chapter 2 we showed an increase in WM115 cell migration/invasion and simultaneous 

decrease in WM115 cell proliferation after RAGE over-expression. In this chapter we have 

assessed RAGE mediated downstream signaling mechanisms involved in the switching process. 

Expression of RAGE ligands (S100A2, S100A4, S100A6, S100A10 and S100B) that are 

relevant in melanoma pathophysiology were assessed in the transfected melanoma cells. S100B 

was found to be upregulated in WM115 cells after RAGE over-expression. Also, higher levels of 

S100B protein were found in WM115_RAGE cells supernatant compared to its MOCK 

counterpart. S100A6 and S100A10 proteins were found unchanged in the WM115 cells after 

RAGE over-expression. S100A2 and S100A4 proteins were detected neither in WM115_MOCK 

cells nor in WM115_RAGE cells. Furthermore, we observed the downregulation of one of the 

S100B target protein (p53) in the WM115_RAGE cells compared to the WM115_MOCK cells. 

We used a gene array to identify genes that were up- or down regulated in WM115 cells upon 

RAGE over-expression. We observed a downregulation in cyclin E transcripts in 

WM115_RAGE cells. Downregulation of cyclin E protein in the transfected WM115 cells was 

confirmed by Western blot and flow cytometry. We assessed the expression of cyclin E in 

different phases of the cell cycle. Cyclin E expression was significantly reduced in all the cell 

cycle stages of WM115_RAGE cells compared to MOCK control cells. However, no difference 

in the percentage of cells in each cell cycle stage was found between WM115_MOCK and 

WM115_RAGE cells. To decipher the downstream mechanisms of RAGE involved in melanoma 

progression we have studied three major signaling pathways that were previously shown to be 
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activated by RAGE. We assessed AKT, ERK and NF-�B signaling activities in the 

WM115_MOCK and WM115_RAGE cells. We found a reduced NF-�B activity in the 

WM115_RAGE cells compared to MOCK cells. Also, a reduced phosphorylated level of ERK 

was also found in the WM115_RAGE cells as compared to their MOCK counterparts. 

Phosphorylated AKT was not affected by RAGE over-expression.  

Introduction 

RAGE triggers a wide range of signaling pathways depending upon the type of cell and 

the ligands involved. RAGE interacts with different structurally and functionally diverse ligands, 

which is one of the unique features of RAGE [79]. S100B is one of the best characterized ligands 

of RAGE, and has been suggested to be an important player in melanoma pathogenesis. S100B is 

small Ca+2 binding protein of the EF hand superfamily that resides in the cytoplasm and can also 

be released in the extracellular milieu [109]. Within the cell, S100B protein interacts with 

multiple target proteins and can regulate cell morphology, motility, proliferation, metabolism and 

certain signaling cascades [109]. The tumor suppressor p53 protein is one of the intracellular 

target proteins of S100B protein in melanoma cells. Interaction of S100B with p53 inhibits 

oligomerization and phosphorylation of p53 which is important for its transcriptional and tumor 

suppressive activities. S100B can also downregulate p53 protein in melanoma cells [217-219]. 

Inhibitors for S100B–p53 interaction have shown their therapeutic potentials in melanoma 

treatment in several murine models of melanoma [220]. S100B protein is also released from 

melanoma cells and tumors. Serum concentration of S100B increases during melanoma 

progression and is used as a prognostic biomarker for melanoma [6]. Upon release S100B 

protein could interact with extracellular domain of RAGE and initiate downstream signaling 

cascades [109]. Engagement of RAGE with its ligands has been shown to activate several 
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signaling pathways such as the JNK/SAPK [87], MAPK [121], cdc42/rac, P21ras [144] and NF-

�B [121] pathways and to modulate diverse cellular functions. RAGE induced signaling can be 

suppressed by blocking RAGE-ligand interaction with anti-RAGE antibody [133]. In this 

chapter, we have investigated RAGE induced signaling mechanisms involved in melanoma 

progression.  

Materials and Methods 

Ligand gene array 

RNAs from transfected WM115 and WM266 cells were extracted using the 

commercially available PARIS kit (Ambion Life Sciences, USA). Extracted RNAs were 

quantified by measuring their absorbance at 260nm. Furthermore, RNA quality was assessed by 

running them on 1% agarose gel. RNAs with two intact bands corresponding to 28S and 18S of 

ribosomal RNA, were used for further studies. The RNAs were reverse transcribed (200ng of 

RNA) using the reverse transcription system (Promega, WI) as per manufacturer’s instructions. 

The cDNAs were run on a Mx3000 Stratagene thermocycler using Brilliant II Ultra fast SYBER 

Green QPCR Master mix and the appropriate primer pairs for each gene. The list of primers used 

is given in Table 6. We used four housekeeping genes (β actin, Glyceraldehyde 3-phosphate 

dehydrogenase, Phospho glycerate kinase and S18) in the array. Proteins encoded by these genes 

are relatively stable and are constitutively expressed in high levels in most cells and tissues. 

These are the most important characteristics of housekeeping genes. Glyceraldehyde 3-phosphate 

dehydrogenase and Phospho glycerate kinase are the enzymes involved in the glycolysis process 

within the cell. The β actin is a cell structural protein and is one of the major constituents of the 

contractile apparatus and cytoskeleton. S18 is a ribosomal protein and one of the core 

components of the small subunit of eukaryotic RNA. Each RT_PCR experiment was repeated 
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with three independent sets of RNAs. In order to study the molecular mechanisms of RAGE in 

melanoma progression we have assessed the transcript levels of 84 genes involved in 

tumorigenesis in WM115_MOCK and WM115_RAGE cells.  

Table 6: Primers used in all the RT_PCR experiments. 

  

Gene Primer sequence Gene Bank accession number 

Rev_β-Actin 
Fwd_ β-Actin 

CTCCTTAATGTCACGCACGAT 
CATGTACGTTGCTATCCAGGC 

NM_001101 
NM_001101 

Fwd_S100A1 
Rev_S100A1 

GACCCTCATCAACGTGTTCCA 
CCACAAGCACCACATACTCCT 

NM_006271 
NM_006271 

Fwd_S100A2 
Rev_S100A2 

CACTACCTTCCACAAGTACT 
GAAGTCATTGCACATGAC 

NM_005978 
NM_005978 

Fwd_S100A3 
Rev_S100A3 

GCAGGCGGTAGCTGCCATC 
TTGAAGTACTCGTGGCAGTAG 

NM_002960 
NM_002960 

Fwd_S100A4 
Rev_S100A4 

CAAGTACTCGGGCAAAGAGG 
CTTCCTGGGCTGCTTATCTG 

NM_002961 
NM_002961 

Fwd_S100A5 
Rev_S100A5 

CACTATGGTGACCACGTTTCA 
TCCCCAAGACACAGCTCTTTC 

NM_014624 
NM_014624 

Fwd_S100A6 
Rev_S100A6 

GGACCGCTATAAGGCCAGTC 
GGTCCAAGTCTTCCATCAGC 

NM_014624 
NM_014624 

Fwd_S100A7 
Rev_S100A7 

ACGTGATGACAAGATTGACAAGC 
GCGAGGTAATTTGTGCCCTTT 

NM_002963 
NM_002963 

Fwd_S100A8 
Rev_S100A8 

TGATAAAGGGGAATTTCCATGCC 
ACACTCGGTCTCTAGCAATTTCT 

NM_002964 
NM_002964 

Fwd_S100A9 
Rev_S100A9 

GGTCATAGAACACATCATGGAGG 
GGCCTGGGCTTATGGTGGTG 

NM_002965 
NM_002965 

Fwd_S100A10 
Rev_S100A10 

AAAGACCCTCTGGCTGTGG 
AATCCTTCTATGGGGGAAGC 

NM_002966 
NM_002966 

Fwd_S100A11 
Rev_S100A11 

CTGAGCGGTGCATCGAGTC 
TGTGAAGGCAGCTAGTTCTGTA 

NM_005620 
NM_005620 

Fwd_S100A12 
Rev_S100A12 

AGCATCTGGAGGGAATTGTCA 
GCAATGGCTACCAGGGATATGAA 

NM_005621 
NM_005621 

Fwd_S100A13 
Rev_S100A13 

ACCACCTTCTTCACCTTTGC 
AGGCGGCTTTACTTCTTCCT 

NM_005979 
NM_005979 

Fwd_S100A14 
Rev_S100A14 

CATGAGCCATCAGCTCCTCT 
TTCTCTTCCAGGCCACAGTT 

NM_020672 
NM_020672 

Fwd_S100A16 
Rev_S100A16 

ATGTCAGACTGCTACACGGAG 
TTCTGGATGAGCTTATCCGCA 

NM_080388 
NM_080388 
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Table 6: Primers used in all the RT_PCR experiments (continued).  

Fwd_S100B 
Rev_S100B 

TGGCCCTCATCGACGTTTTG 
CAGTGTTTCCATGACTTTGTCCA 

NM_006272 
NM_006272 

Fwd_S100P 
Rev_S100P 

ATGACGGAACTAGAGACAGCC 
AGGAAGCCTGGTAGCTCCTT 

NM_005980 
NM_005980 

Fwd_S100Z 
Rev_S100Z 

TGGAGTGGTCAGTTCTGCTG 
CATCCAGGTCCTGCACTATCTTA 

NM_130772 
NM_130772 

Fwd_S100G 
Rev_S100G 

CTATTGGGCAACCAGACACC 
TCTCCATCTCCATTCTTGTCC 

NM_004057 
NM_004057 

Fwd_HMGB-1 
Rev_HMGB-1 

GGTGCATTGGGATCCTTGAA 
GCTCAGAGAGGTGGAAGACCA 

NM_002128.4 
NM_002128.4 

Rev_RAGE 
Fwd_RAGE 

TGTGTGGCCACCCATTCCAG 
GCCCTCCAGTACTACTCTCG 

NM_001136 
NM_001136 

Rev_TNF 
Fwd_TNF 

GAGGACCTGGGAGTAGATGAG 
CCTCTCTCTAATCAGCCCTCTG 

NM_000594 
NM_000594 

Rev_VEGFa 
Fwd_VEGFa 

AGGGTCTCGATTGGATGGCA 
AGGGCAGAATCATCACGAAGT 

NM001204384 
NM001204384 

Rev_TSP-1 
Fwd_TSP-1 

TCACCACGTTGTTGTCAAGGG 
AGACTCCGCATCGCAAAGG 

NM_0032446 
NM_0032446 

Rev_TGF-β 
Fwd_TGF-β 

GCACATACAAACGGCCTATCTC 
ACGGCGTTACAGTGTTTCTG 

NM_004612 
NM_004612 

Rev_Tek 
Fwd_Tek 

GGGGCACTGAATGGATGAAG 
CAGGATACGAACCATGAAGATGC 

NM_000549 
NM_000549 

Rev_PDGF-β 
Fwd_ PDGF-β 

CGTTGGTGCGGTCTATGAG 
CTCGATCCGCTCCTTTGATGA 

NM_002608 
NM_002608 

Rev_PDGF-α 
Fwd_PDGF-α 

GGCACTTGACACTGCTCGT 
GCAAGACCAGGACGGTCATTT 

NM_002607 
NM_002607 

Rev_IL-8 
Fwd_IL-8 

AACCCTCTGCACCCAGTTTTC 
TTTTGCCAAGGAGTGCTAAAGA 

NM_000584 
NM_000584 

Rev_IGFR 
Fwd_IGFR 

GAACTGAAGAGCATCCACCA 
ATGTCCTCCTCGCATCTCTT 

NM_000618 
NM_000618 

Rev_INF-α 
Fwd_INF-α 

CTGTGGGTCTCAGGGAGATCA 
GCCTCGCCCTTTGCTTTACT 

NM_024013 
NM_024013 

Rev_INF-β 
Fwd_INF-β 

ATAGATGGTCAATGCGGCGTC 
GCTTGGATTCCTACAAAGAAGCA 

NM_002176 
NM_002176 

Rev_FGFR 
Fwd_FGFR 

AGATGGGACCACACTTTCCATA 
GGTGGCTGAAAAACGGGATG 

NM_023029 
NM_023029 

Rev_Cola 
Fwd_Cola 

CCCATCTGAGTCATCGCCTT 
GTTCCAGAGAATGCCGCTTG 

NM_009929 
NM_009929 

Rev_Angp1 
Fwd_Angp1 

TCTCCGACTTCATGTTTTCCAC 
TCGTGAGAGTACGACAGACCA 

NM_001146 
NM_001146 

Rev_Angp2 
Fwd_Angp2 

CGAGTCATCGTATTCGAGCGG 
AACTTTCGGAAGAGCATGGAC 

NM_001147 
NM_001147 
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A commercially available gene array including 84 genes representative of the six 

biological pathways of tumorigenesis, five housekeeping genes (Beta-2-microglobulin, 

Hypoxanthine phosphoribosyltransferase 1, Ribosomal protein L13a, Glyceraldehyde-3-

phosphate dehydrogenase, beta Actin) and negative/positive controls were used in the study. The 

expression of the genes were assessed using Brilliant II Ultra-fast SYBER Green QPCR Master 

mix (Agilent Technologies) on a Mx3000 Stratagene RT_PCR system as described in Chapter 1. 

Since we did not observe any differences in the different housekeeping genes’ expression levels, 

the data obtained were analyzed with respect to β actin only. The melting curves were recorded 

for each gene in order to determine the quality of the amplified product and the specificity of the 

amplification. The cancer pathway array was performed with only one set of WM115_MOCK 

and WM115_RAGE cells cDNAs. Later, we have repeated the array with 15 genes associated 

with angiogenesis process using primers specific for those genes, obtained from the primer bank. 

Western blot analysis 

 Cell Protein lysates were prepared using the PARIS kit (Ambion Life Sciences, USA) as 

per manufacturer’s instructions. 40µg to 100µg of proteins were resolved on 12% to 15% SDS 

gels and blotted onto nitrocellulose membranes. After overnight blocking with 4% BSA/TBS at 

4°C, the blotted membranes were incubated with specific antibodies (Table 7) diluted in 1% 

BSA/TBS/0.1% tween for 1 hour at room temperature. The blots were developed using a 

chemoluminescent substrate (ThermoScientific, IL, USA). The data obtained were analyzed by 

densiometric analysis using the Image-J software. The Western blot experiments were performed 

three independent times. 
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Table 7: Specifications of all antibodies used in the study. 

 

 

 

 

 

Antibodies Source Catalog No. Concentration 

Mouse monoclonal anti β actin Sigma A2228 1:1000 

Rabbit polyclonal anti S100B Dako N1573 1:1000 

Mouse monoclonal anti-S100B R & D Sys MAB1820 1:100 

Rabbit serum anti S100A1 Dako - 1:1000 

Rabbit serum anti S100A2 Dako - 1:1000 

Rabbit serum anti S100A4 Dako - 1:1000 

Rabbit serum anti S100A6 Dako - 1:1000 

Mouse monoclonal anti S100A10 Cell Signaling Technologies 4E7E10 1:1000 

Mouse monoclonal anti S100A11 Abcam H00006282-M01 1:1000 

Mouse monoclonal anti S100A8 Abnova H00006279-AP51 1:250 

Mouse monoclonal anti S100A9 Abnova H00006280-AP11 1:250 

Mouse monoclonal anti S100A13 Abnova H00006284-M01 1:250 

Mouse monoclonal anti S100A16 Abnova ab130419 1:250 

Mouse monoclonal anti HMGB-1 Abnova H00003146-M01 1:250 

Rabbit monoclonal anti-AKT Cell Signaling Technologies C67E7 1:1000 

Rabbit monoclonal anti-p-AKT Cell Signaling Technologies C31E5E 1:1000 

Rabbit monoclonal anti-JNK/SAPK Cell Signaling Technologies 56G8 1:1000 

Rabbit monoclonal anti-p-

JNK/SAPK 

Cell Signaling Technologies 81E11 1:1000 
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Table 7: Specifications of all antibodies used in the study (continued). 

 

Table 8: Cancer pathway gene array in WM115_MOCK and WM115_RAGE cells. Data were 
analyzed using β-actin as housekeeping gene. (n=1). 

No. Genes Fold 

change 

Functional role 

1. Integrin, alpha 1 -2.4 
C

el
l A

d
h

es
io

n
 

2. Integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 receptor) 1.6 

3. Integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3 receptor) 3.1 

  

Rabbit monoclonal anti-MAPK Cell Signaling Technologies 137F5 1:1000 

Rabbit monoclonal anti-p-MAPK Cell Signaling Technologies  1:1000 

Goat polyclonal anti p53 Santa Cruz Sc-7997 1: 200 

Mouse monoclonal anti cyclin E Santa Cruz Sc-247 1: 200 

Alkaline phosphatase conjugated goat 

anti mouse F (ab)2
’ 

Jackson ImmunoResearch 115-055-072 1:1000 

HRP conjugated donkey anti rabbit 

IgG 

Jackson ImmunoResearch 711-035-152 1:1000 

HRP conjugated goat anti mouse IgG Jackson ImmunoResearch 115-035-174 1:1000 

HRP conjugated horse anti goat  IgG Vector labs PI-9500 1:500 
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Table 8: Cancer pathway gene array in WM115_MOCK and WM115_RAGE cells. Data were 
analyzed using β-actin as housekeeping gene. (n=1) (continued).  

4. Integrin, alpha 4 (antigen CD49D, alpha 4 subunit of VLA-4 receptor) -2.5  

5. Integrin, alpha V (vitronectin receptor, alpha polypeptide, antigen 

CD51) 

2.9 

6. Integrin, beta 1 (fibronectin receptor, beta polypeptide, antigen CD29 

includes MDF2, MSK12 

1.4 

7. Integrin, beta 3 (platelet glycoprotein IIIa, antigen CD61) 1.2 

8. Integrin, beta 5 -2 

9. Melanoma cell adhesion molecule -1.9 

10. Metastasis suppressor 1 -2.1 

11. Pinin, desmosome associated protein 1.2 

12. Synuclein, gamma (breast cancer-specific protein 1)  

    

13. Angiopoietin 1 1.6 

A
n

g
io

g
en
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is

 
14. Angiopoietin 2 1.3 

15. Collagen, type XVIII, alpha 1 1.8 

16. Fibroblast growth factor receptor 2 -4.3 

17. Interferon, alpha 1 -1.3 

18. Interferon, beta 1, fibroblast 1.1 

19. Insulin-like growth factor 1 (somatomedin C) 1.1 

20. Interleukin 8 -2.1 

21. Platelet-derived growth factor alpha polypeptide 1.4 
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Table 8: Cancer pathway gene array in WM115_MOCK and WM115_RAGE cells. Data were 
analyzed using β-actin as housekeeping gene. (n=1) (continued).  

22. Platelet-derived growth factor beta polypeptide 8.4  

23. TEK tyrosine kinase, endothelial 1.5 

24. Transforming growth factor, beta 1 1.1 

25. Transforming growth factor, beta receptor 1 -1.5 

26. Thrombospondin 1 -1.3 

27. Tumor necrosis factor -2.8 

28. Vascular endothelial growth factor A -1.1 

    

29. Met proto-oncogene (hepatocyte growth factor receptor) -2.4 

In
va

si
o

n
 a

nd
 M

et
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ta
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30. Matrix metallopeptidase 1 (interstitial collagenase) 1.3 

31. Matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa 

type IV collagenase) 

1.4 

32. Matrix metallopeptidase 9 (gelatinase B, 92kDa gelatinase, 92kDa 

type IV collagenase) 

1.1 

33. Metastasis associated 1 -2.4 

34. Metastasis associated 1 family, member 2 -1.2 

35. Non-metastatic cells 1, protein (NM23A) expressed in 1.2  

36. Non-metastatic cells 4, protein expressed in 1.1 

37. Plasminogen activator, urokinase 1.2 

38. Plasminogen activator, urokinase receptor -1.3 

39. S100 calcium binding protein A4 1.6 
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Table 8: Cancer pathway gene array in WM115_MOCK and WM115_RAGE cells. Data were 
analyzed using β-actin as housekeeping gene. (n=1) (continued).  

40. Serpin peptidase inhibitor, clade B (ovalbumin), member 5 -1.1  

41. Serpin peptidase inhibitor, clade E (nexin, plasminogen activator 

inhibitor type 1), member 1 

-3.4 

42. TIMP metallopeptidase inhibitor 1 -1.1 

43. TIMP metallopeptidase inhibitor 3 1.1 

44. Twist homolog 1 (Drosophila) -1.1 

    

45. Apoptotic peptidase activating factor 1 -1.3 

A
p

o
p
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46. BCL2-associated agonist of cell death 1.3 

47. BCL2-associated X protein -1.3 

48. B-cell CLL/lymphoma 2 -4.2 

49. BCL2-like 1 -1.1 

50. Caspase 8, apoptosis-related cysteine peptidase 1.5 

51. CASP8 and FADD-like apoptosis regulator 1.1 

52. Fas (TNF receptor superfamily, member 6) 1.5 

53. Granzyme A (granzyme 1, cytotoxic T-lymphocyte-associated serine 

esterase 3 

-1.5 

54. HIV-1 Tat interactive protein 2, 30kDa -1.5 

55. Telomerase reverse transcriptase -1.6 

56. Tumor necrosis factor receptor superfamily, member 1A 1.3 

57. Tumor necrosis factor receptor superfamily, member 25 -1.4 

58. Tumor necrosis factor receptor superfamily, member 10b -1.3 
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Table 8: Cancer pathway gene array in WM115_MOCK and WM115_RAGE cells. Data were 
analyzed using β-actin as housekeeping gene. (n=1) (continued). 

  

    

59. Ataxia telangiectasia mutated -2.2 

C
el

l C
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le
 C

o
n

tr
o

l &
 D

N
A

 D
am

ag
e 

R
ep

ai
r 

60. Breast cancer 1, early onset -1.4 

61. Cyclin E1 2.1 

62. Cell division cycle 25 homolog A (S. pombe) -1.4 

63. Cyclin-dependent kinase 2 1.2 

64. Cyclin-dependent kinase 4 -1.4 

65. Cyclin-dependent kinase inhibitor 1A (p21, Cip1) -1.0 

66. Cyclin-dependent kinase inhibitor 2A (melanoma, p16, inhibits 

CDK4) 

1.7 

67. CHK2 checkpoint homolog (S. pombe) -1.1 

68. E2F transcription factor 1 -1.3 

69. Mdm2 p53 binding protein homolog (mouse) -1.8 

70. Retinoblastoma 1 -1.1 

71. S100 calcium binding protein A4 1.6 

72. Tumor protein p53 -2.4 

    

73. V-AKT murine thymoma viral oncogene homolog 1 -2.6 

S
ig
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74. V-erb-b2 erythroblastic leukemia viral oncogene homolog 2, 

neuro/glioblastoma derived oncogene homolog (avian) 

-1.2 

75. V-Ets erythroblastosis virus E26 oncogene homolog 2 (avian) -3.8 
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Table 8: Cancer pathway gene array in WM115_MOCK and WM115_RAGE cells. Data were 
analyzed using β-actin as housekeeping gene. (n=1) (continued).  

76. FBJ murine osteosarcoma viral oncogene homolog -1.4  

77. Jun proto-oncogene -1.2 

78. Mitogen-activated protein kinase kinase 1 -1.8 

79. V-myc myelocytomatosis viral oncogene homolog (avian) -1.3 

80. Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 0 

81. Nuclear factor of kappa light polypeptide gene enhancer in B-cells 

inhibitor, alpha 

-3.8 

82. Phosphoinositide-3-kinase, regulatory subunit 1 (alpha) 1.9 

83. V-raf-1 murine leukemia viral oncogene homolog 1 1.4 

84. Synuclein, gamma (breast cancer-specific protein 1) -1.2 
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Table 9: PCR gene array with angiogenesis associated genes in the transfected WM115 cells. 
Expression of fifteen selective genes associated with angiogenesis were assessed using 
appropriate primer pairs and WM115_MOCK and WM115_RAGE cells’ cDNAs as templates. 
Experiment was performed at least three times with three independent sets of cDNAs. Data are 
shown as Mean ± SD (n = 3; **p < 0.01; *p < 0.05). 

Number Genes Average fold change ± SD 

1. Angiopoietin 1 2.0 ± 0.3 

2. Angiopoietin 2 2.6 ± 0.4 

3. Collagen, type XVIII, alpha 1 0.4 ± 2.1 

4. Fibroblast growth factor receptor 2 0 

5. Interferon, alpha 1 -0.2 ± 2.5 

6. Interferon, beta 1, fibroblast 1.3 ± 2.9 

7. Insulin-like growth factor 1 (somatomedin C) -2.3 ± 0.7 

8. Interleukin 8 -2.5 ± 0.5 

9. Platelet-derived growth factor alpha polypeptide 1.3 ± 0.1 

10. Platelet-derived growth factor beta polypeptide 4.2 ± 0.4* 

11. TEK tyrosine kinase, endothelial -2.2 ± 0.9 

12. Transforming growth factor, beta 1 0.7 ± 2.0 

13. Vascular endothelial growth factor A 0.8 ± 1.7 

14. Tumor necrosis factor -2.1 ± 0.7 

15. Thrombospondin 1 1.1 ± 0.1 

 

Detection of S100B by ELISA 

Equal numbers of both MOCK and RAGE transfected WM115 cells were seeded into the 

wells of six well plates with constant volume of media. After 3 days of incubation, the cell 

supernatants were collected and concentrated to 1/10th of their initial volumes using Nanosep 

centrifugal devices with 3000 molecular weight cutoff filter (Pall Corporation, Washington, NY). 

The corresponding cells were lysed as described in the Western blot analysis section. For the 
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ELISA, 1/1000 dilution of polyclonal anti-S100B antibody (Dako, Agilent Technologies) was 

coated on ELISA plates overnight at 4°C. Subsequently, the plates were blocked with 3% 

BSA/TBS for 1 hour at room temperature. As a standard, a serial dilution of recombinant S100B 

was prepared in TBS. In the next step, 50µl of standard S100B dilutions, cell lysates and cell 

supernatants were added in their respective wells and incubated for 1 hour. Next, the wells were 

incubated with 1/100 dilution of monoclonal anti-S100B (R& D system) antibody for 1 hour. 

After three times washing with TBS-tween, the wells were incubated with AP conjugated 

secondary antibody (Jackson ImmunoReserach) for 30 mins.  In the final step, 1 mg/ml of the AP 

substrate (4-Nitrophenyl Phosphate) (Gold Biotechnologies) was added in each well and the 

absorbance was measured at 405nm. 

NF-�B Luciferase assay 

 In this assay, we transiently transfected WM115_MOCK and WM115_RAGE cells with 

a NF-�B responsive luciferase construct that encoded the firefly luciferase reporter gene under 

the control of a NF-κB transcriptional response element. MAP kinase kinase kinase (MEKK), an 

upstream signaling molecule of NF-�B that hyperactivates NF-�B signaling [363] was co-

transfected and used as a positive control.  Transfection of the plasmid encoding the Green 

Fluorescence Protein (GFP) was used to determine the transfection efficiency. Ten different 

fields of GFP transfected cells were imaged and manually counted in order to estimate the 

percentage of transfection. Following the transfection, the cells were lysed with a reporter lysis 

buffer (Promega, WI, USA).  The luciferase activity in the cell lysates was quantified by mixing 

100µl Luciferin substrate (Promega, USA) with 10µl of cell lysates and the generated 

luminescence was measured immediately on a Quick Pak luminometer.  
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siRNA transfection 

siRNA against RAGE and S100B were obtained from Santa Cruz, USA. WM115_RAGE 

cells were seeded in the wells of 6 well plates and incubated until they reached 60-70% 

confluency. The cells were transiently transfected with siRNA against either S100B or RAGE as 

per manufacturer’s instructions. As a control, cells were transfected with scramble siRNA. After 

72 hours incubation, both RNAs and proteins were extracted from the transfected cells using 

methods described previously. Suppression of the target proteins were assessed both at the 

transcript and protein levels by Real Time PCR and ELISA as described in their respective 

sections. 

Cell Cycle analysis 

In brief, both MOCK and RAGE transfected WM115 cells were harvested using a sterile 

scrapper after they reached 70-80% confluence. The cells were fixed with 70% ice cold ethanol 

for 30 mins. After washing with PBS, the cells were permeabilized with 0.25% triton X-100 for 

5 mins. After another washing step, the cells were blocked with 3% goat serum for 1 hour. After 

blocking, the cells were incubated with 5 µg/ml of mouse anti-cyclin E antibody in 1% goat 

serum in PBS for 45 mins. After another washing step, the cells were incubated with 1/200 of 

FITC conjugated goat anti-mouse IgG for 30 mins and subsequently washed three times. Prior to 

PI staining, the cells were treated with 10µl of 10 mg/ml of ribonuclease for 5 mins to avoid 

double-stranded RNAs staining. After ribonuclease treatment the cells were immediately treated 

with 50µg/ml of PI. The DNA content and cyclin E expression levels were assessed 

simultaneously using the FL-1 and FL-2 filters on an Accuri C6 flow cytometer. The data was 

analyzed using the Flowjo software (TreeStar Inc.)  
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Statistical Analysis 

 Data are shown either as Mean ± SEM or Mean ± SD. Comparative analysis between 

two groups was made by one tail two sample (unpaired) Student’s t- test and p < 0.05 was 

considered as significant. 

Results 

Over-expression of RAGE leads to upregulation of S100B protein 

The major goal of this study was to investigate the influence of RAGE over-expression 

on S100 protein expression in WM115 cells. We found a 3 fold upregulation of S100B in 

WM115_RAGE (301.2 ± 30.0 nM) cells compared to the MOCK (109.7 ± 11.4 nM) 

counterparts.  S100B protein was also detected in higher levels in the cell supernatants of RAGE 

cells (27.52 ± 6.0 nM) than in MOCK cells (5.9 ± 3.6 nM) (Table 10). The expression of S100B 

in WM115_RAGE cells was equivalent to that of WM266_MOCK cells (Figure 18B). The 

expression of the S100A6 and S100A10 proteins did not change upon RAGE over-expression 

(Figure 19). Moreover, the S100A2 and S100A4 proteins were not detectable in our 

experimental conditions in either WM115_MOCK or in WM15_RAGE cells (data not shown). 

 



 

 86 
 

 

Figure 18: S100 mRNA expression in the transfected WM115 cells by RT_PCR. (A.)  Average 
fold change above the dotted line (cut off value 2) were discussed. (n =3; *p < 0.05). 

S100B mRNA expression in WM115_MOCK, WM115_RAGE and WM266_MOCK cells by 
RT_ PCR (B.). Experiment was performed with at least three independent sets of cDNAs. (n  > 
3; *p < 0.05). 

 

Table 10:  S100B protein concentration in WM115_MOCK, WM115_RAGE cell lysate and cell 
supernatant by ELISA. ELISA experiments were performed in triplicates with three independent 
sets of protein lysates. Data represented as Mean ± SD. (n=3; p < 0.05). 

 

 

  

Samples S100B concentration (nM) 

WM115_MOCK cell supernatant 6.0 ± 3.7 

WM115_RAGE cell supernatant 27.5 ± 6.1 

WM115_MOCK cell lysate 109.8 ± 11.4 

WM115_RAGE cell lysate 301.2 ± 93.8 

A.                                                                        B. *** 
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Figure 19: S100B, S100A6 and S100A10 proteins expression in WM115_MOCK and 
WM115_RAGE cell lysates by Western blot. The graphs represent densitometric analysis of the 
blots by Image J software. Experiment was performed three independent times (n= 3; *p < 0.05).  

p53 and cyclin E are downregulated whereas PDGF-β is upregulated in WM115_RAGE cells 

 From the Cancer pathway PCR array we found a 2.1 and a 2.4 fold downregulation in 

p53 and cyclin E respectively at the transcript levels in WM115_RAGE cells as compared to 

MOCK cells. We also observed an 8.4 fold upregulation in the transcript levels of PDGF-β in the 

WM115 cells after RAGE over-expression. Following the initial analysis of the cancer pathway 

PCR array, we chose 15 genes that are involved in the angiogenesis for further investigation. 

Since genes associated with angiogenesis were highly affected with RAGE over-expression in 

WM115 cells, we repeated the analysis of the expression of these genes by RT_PCR using sets 

of primers specific for these genes. Upon repetition, we demonstrated a 4 fold upregulation of 

PDGF-β in WM115_RAGE cells compared to MOCK cells. To further confirm the expression of 

p53 and cyclin E at protein levels, Western blots were performed in the cells lysates of 

WM115_MOCK and the WM115_RAGE cells. The expression of p53 and cyclin E proteins 

* 
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were found to be significantly reduced in the WM115_RAGE cells compared to MOCK cells 

(Figure 20). The changes in the expression of cyclin E were further confirmed by flow 

cytometry. The flow cytometry data showed a significant downregulation in cyclin E protein in 

all the phases of the cell cycle in WM115_RAGE cells compared to WM115_MOCK cells 

(Figure 21 & 22). 

 

Figure 20: Cyclin E and p53 protein expression in WM115_MOCK and WM115_RAGE cell 
lysates as determined by Western blot. (A). Cyclin E protein expression in three sets of cell 
lysates from WM115_MOCK and WM115_RAGE (B).p53 protein expression in 
WM115_MOCK and WM115_RAGE cell lysates. Each Western blot experiment was performed 
in triplicate with three independent sets of cell lysates. The graphs represent the densitometric 
analysis of the corresponding blots. Mean ± SD (n= 3; *p < 0.05). 

 

 

 

A.                                                           B. 

* * 
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Figure 21:  Expression of Cyclin E protein in different cell cycle phases of the WM115_MOCK 
(A,B) and WM115_RAGE cells (C,D). WM115_MOCK (A.) and WM115_RAGE (C.) cells 
stained with PI and FITC conjugated secondary antibody. WM115_MOCK (B.) and 
WM115_RAGE (D.) cells stained with antibody against Cyclin E, FITC conjugated secondary 
antibody and PI. Background fluorescence was gated in the lower chamber of the graph. The 
upper chamber of the graph shows Cyclin E expression in the cells in different phases of cell 
cycle. Experiment was performed three times in triplicate.  (n= 3). 

 

Table 11: Percentage of WM115_MOCK and WM115_RAGE cells in different phases of the 
cell cycle. 

 

 

 

 

siRNA transfection G1 Phase S Phase G2/M phase 

WM115_MOCK 78.0 % 13.7 % 9.6 % 

WM115_RAGE 72.5 % 16.0 % 9.0 % 

A.                                                     B.                                                                  C.                                             D.                                                                  

    Background signal                                      

    Cyclin positive signal     Cyclin positive signal 
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Figure 22: Cyclin E protein expression in different phases of the cell cycle. Experiments were 
performed three times in triplicate. (n = 3; ***p < 0.001, **p < 0.01). 

NF-�B and ERK activities were suppressed whereas AKT activity was unchanged after RAGE 

over-expression in WM115 cells 

RAGE mediated signaling cascades were analyzed by Western blot and NF-�B 

luciferase assay. The NF-�B luciferase assay results showed a reduced luciferase activity in the 

WM115_RAGE cell lysates compared to the MOCK cells. Since the gene encoding luciferase in 

the transfected cells was under the control of NF-�B transcription elements, therefore, the 

activities of the luciferase enzyme directly reflected the extent of NF-�B activation in these 

cells.  Our results showed a reduced NF-�B activities in the WM115 cells over-expressing 

RAGE (Figure 23). AKT and ERK activities were assessed by determining the extent of AKT 

and ERK phosphorylation in the WM115_MOCK and WM115_RAGE cells by Western blot. 

** 

*** ** 
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We found reduced levels of phosphorylation of ERK in the WM115_RAGE cells as compared to 

MOCK control cells whereas AKT phosphorylation was found to be unaltered (Figure 24).  

 

Figure 23:  NF-�B activity in WM115_MOCK and WM115_RAGE cells by NF-�B luciferase 
assay. Figure shows WM115_MOCK (A.) and WM115_RAGE (B.) cells transfected with GFP 
as transfection control. Graph shows percentage of NF-�B activities in both cells with respect to 
MEKK positive control. Experiment was performed twice in triplicate (n= 2; *p < 0.05). 

A. B. 

* 
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Figure 24: Phosphorylated levels of AKT (A.) and ERK (B.) in the WM115_MOCK and 
WM115_RAGE cells as determined by Western blot. The graphs represent the densitometric 
analysis of the corresponding blots. The experiment was performed with three independent sets 
of protein lysates three independent times (n = 3; *p < 0.05). 

Reduced migration of WM115_RAGE cells upon suppression of RAGE using RAGE specific 

siRNA 

WM115_RAGE cells were transiently transfected with RAGE specific siRNA to 

suppress the expression of RAGE in these cells. As controls, the set of WM115_RAGE cells 

were transfected with scramble siRNA. RAGE siRNA transfection in WM115_RAGE cells led 

to 2.5 fold suppression of RAGE at the protein level compared to the cells transfected with the 

scramble siRNA (Table 12). Suppression of RAGE resulted in significant increase in 

proliferation of the WM115_RAGE cells. Moreover, RAGE suppression in the WM115_RAGE 

cells resulted in a significant reduction in cell migration (Figure 25). 

 

 

A.                                                          B. 

* 
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Figure 25: Suppression of RAGE in WM115_RAGE cells by transient transfection with RAGE 
specific siRNA. (A) RAGE mRNA expression in WM115_RAGE cells after transient 
transfection with control and RAGE siRNA. (B) Proliferation of WM115_RAGE cells after 
RAGE siRNA transfection. (C) Percentage of migrated WM115_RAGE cells after RAGE 
siRNA transfection. Each experiment was performed thrice. (n= 3 ; *p < 0.05). Data shown as 
Mean ± SD. 

 

Table 12: RAGE concentration in RAGE siRNA transfected WM115_RAGE cells by ELISA. 
ELISA experiment was performed in triplicate with three indpendent sets of cell lysates. (n= 3 ; 
P < 0.05). Data shown as Mean ±SD. 

 

No change in cell migration after S100B siRNA transfection in WM115_RAGE cells 

We have shown a 4 fold upregulation of S100B protein in WM115_RAGE cells 

compared to their MOCK counterparts (Figure 18). To assess the contribution of S100B in 

RAGE induced cell migration, we have transiently transfected WM115_RAGE cells with a 

S100B specific siRNA. Transfection with S100B siRNA resulted in a 4 fold suppression of 

siRNA transfection RAGE concentration (ng/mg total protein) ± SD 

Control siRNA 54.4 ± 8.7 

RAGE siRNA 22.5 ± 8.7 

A.                                                          B.                                                                   C. 

* 

* 

* 



 

 94 
 

S100B at protein levels in WM115_RAGE cells. However, suppression of S100B didn’t produce 

any effect on the WM115_RAGE cells migration (Figure 26).  

 

 

Figure 26:  Transient transfection of WM115_RAGE cells with S100B specific siRNA. (A.) 
S100B mRNA expression in WM115_RAGE cells after transient transfection with control and 
S100B siRNA. (B.) The percentage of migrated WM115_RAGE cells after S100B siRNA 
transfection. Experiment was performed three independent times. (n= 3; **p < 0.05). Data shown 
as Mean ± SD. 

 

Table 13: S100B concentration in S100B siRNA transfected WM115_RAGE cells as determined 
by ELISA. The experiment was performed in triplicate with three independent sets of cell 
lysates. (n= 3 ; P < 0.05). Data shown as Mean ± SD. 

 

 

 

 

siRNA transfection S100B concentration (nM) ± SD 

Control siRNA 4.03 ± 1.04 

S100B siRNA 0.91 ± 0.14 

A.                                                            B.                                                                  

** 
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Discussion 

Our results have demonstrated the upregulation of S100B in the WM115_RAGE cells 

compared to the WM115_MOCK cells (Figure 18 & 19). We have also shown an enhanced 

release of S100B protein in the supernatant of WM115_RAGE cells compared to the MOCK 

cells (Table 10). Our data suggest that RAGE over-expression leads to enhance S100B 

expression, which could initiate and amplify RAGE/S100B mediated signaling. In Chapter 1 & 2 

our data suggested that RAGE over-expression triggered a proliferative to migratory switching in 

WM115 cells. RAGE is the only well characterized binding partner for extracellular S100B 

protein [109]. The contribution of RAGE/S100B mediated signaling in melanoma progression 

has not been studied yet. To investigate this mechanism we have treated WM115_RAGE cells 

with an anti-RAGE antibody to block any ligand interaction, including RAGE/S100B 

interaction. Blocking with anti-RAGE antibody showed no effect on WM115_RAGE cell 

migration suggesting that either S100B protein acts through a receptor other than RAGE or it 

does not play any role in RAGE induced melanoma progression. To further investigate S100B’s 

role in RAGE mediated enhanced melanoma cell migration, we transiently suppressed S100B 

expression in WM115_RAGE cells. Suppression of S100B had no effect on WM115_RAGE cell 

migration (Figure 26). Our data suggest that in our experimental conditions, S100B might not 

contribute to enhanced WM115_RAGE cells migration. Our data from Chapter 2 also 

demonstrated an absence of effect on WM115 cells proliferation and migration upon S100B 

treatment. These data seem to be in agreement with the results from Chapter 3.  

To confirm the role of RAGE in modulating WM115 cells’ properties, we transiently 

transfected WM115_RAGE cells with RAGE specific siRNA. Suppression of RAGE in 

WM115_RAGE cells led to a reduction in their cell migration and to an increase in cell 



 

 

proliferation (Figure 24). These data 

following RAGE over-expression 

mechanism by which RAGE can beco

We propose that the activation of RAGE in WM115 cells 

receptor on the cell surface. We hypothesized that a l

on the surface of the WM115 cells te

activation of these cells (Figure 2

Figure 27: Proposed mechanism of RAGE activation in WM115_MOCK and WM115_RAGE 
cells. The WM115_MOCK cells with low expression of RAGE upon AGE activation, 
multimerization of RAGE proteins on the cell surface which leads to increase in cell migration. 
However, WM115_RAGE cells possess large number of RAGE molecules on the cell surface 
that leads to its multimerization and hence constitutive activation 
activated with AGE activation. 

Oligomerization is a key 

on the cell surface either upon ligand stimulation or independent of any ligand

the cell type [126]. The mechanism by which cell surface 

activation is not clear. It has been suggested that 

affect the interaction of RAGE cytosolic domain with its intracellular binding partner Dia

which is a crucial step in RAGE activation. 
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. These data suggest that the changes observed in WM115 cell

expression (Chapter 2), are mediated through RAGE. The precise 

can become activated without any ligand is not well 

activation of RAGE in WM115 cells occurs through multimerization

. We hypothesized that a large number of RAGE molecules expressed 

WM115 cells tend to oligomerize, which in turn leads to constitutive 

(Figure 27). 

: Proposed mechanism of RAGE activation in WM115_MOCK and WM115_RAGE 
The WM115_MOCK cells with low expression of RAGE upon AGE activation, 

multimerization of RAGE proteins on the cell surface which leads to increase in cell migration. 
However, WM115_RAGE cells possess large number of RAGE molecules on the cell surface 
that leads to its multimerization and hence constitutive activation which could not be further 

 mechanism for RAGE activation [125]. RAGE can oligomerize 

upon ligand stimulation or independent of any ligand, depending

The mechanism by which cell surface oligomerization of RAGE 

activation is not clear. It has been suggested that cell surface oligomerization of RAGE

interaction of RAGE cytosolic domain with its intracellular binding partner Dia

step in RAGE activation. The anti-RAGE antibody used in our study 

that the changes observed in WM115 cells 

The precise 

well understood. 

through multimerization of the 

number of RAGE molecules expressed 

constitutive 

 

: Proposed mechanism of RAGE activation in WM115_MOCK and WM115_RAGE 
The WM115_MOCK cells with low expression of RAGE upon AGE activation, induce 

multimerization of RAGE proteins on the cell surface which leads to increase in cell migration. 
However, WM115_RAGE cells possess large number of RAGE molecules on the cell surface 

which could not be further 

. RAGE can oligomerize 

depending upon 

oligomerization of RAGE leads to its 

of RAGE might 

interaction of RAGE cytosolic domain with its intracellular binding partner Dia-1, 

used in our study might not 
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inhibit the oligomerization process because it couldn’t inhibit RAGE induced WM115 cell 

migration. However, the suppression of RAGE by siRNA transfection decreased the total 

number of RAGE molecules expressed on the cell surface which might reduce the probability of 

two RAGE molecules to contact each other for the oligomerization process to take place. Our 

results from Chapter 2 showed an increase in cell migration of WM115_MOCK cells upon AGE 

treatment. However, WM115_RAGE cells were shown to be insensitive towards AGE 

activation. We propose that low levels of cell surface RAGE molecules in WM115_MOCK cells, 

might oligomerize in the presence of AGEs and thereby enhance cell migration. However, 

RAGE molecules are already in an oligomerization state in the WM115_RAGE cells, and are 

therefore constitutively activated and thus cannot be further activated with AGEs treatment. 

S100B interacts with multiple targets and regulates many cellular properties such as cell 

cycle, cell morphology, proliferation, motility and metabolism [109]. The tumor suppressor p53 

protein is one of the target proteins for S100B in melanoma cells. S100B has been shown to 

downregulate p53 and to inhibit its tumor suppressive activities in melanoma cells [219]. We 

have also shown a downregulation in p53 protein in WM115_RAGE cells as compared to 

WM115_MOCK cells (Figure 20). Suppression of p53 protein found in the WM115_RAGE cells 

was in agreement with previously published reports and could be mediated via enhanced S100B 

protein in these cells. As a transcription factor, p53 regulates the expression of different genes 

associated with tumor progression [364]. Mutation or inactivation of p53 protein is one of the 

hallmarks of cancer [365]. Although the downregulation of p53 protein in WM115_RAGE cells 

suggested an increased proliferation in these cells, we observed a decrease in WM115_RAGE 

cell proliferation compared to control cells (Chapter 2). Apart from regulating cell proliferation, 

p53 also modulates other cellular functions. Loss of p53 protein has been associated with 



 

 

enhanced cell migration via Rho GTPase mediated signaling

WM115_RAGE cells might be associated wit

Figure 28: Summary of the results from chapter 2 and 3.
results in increased expression of S100B which leads to suppression of p53 protein. RAGE over
expression also leads to suppression in cyclin E expression in WM115 cells. Furthermore, 
reduced activities of NF-κB and ERK signaling molecules in RAGE over
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Therefore, our data appear to be 

Using a commercial cancer pathway gene array
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enhanced cell migration via Rho GTPase mediated signaling [366-368]. Enhanced motility of 

WM115_RAGE cells might be associated with loss of p53 protein in these cells.

: Summary of the results from chapter 2 and 3.RAGE over-expression in WM115 cells 
expression of S100B which leads to suppression of p53 protein. RAGE over

expression also leads to suppression in cyclin E expression in WM115 cells. Furthermore, 
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essential for G1/S transition during the mammalian cell cycle
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tumorigenesis (Cell adhesion, angiogenesis, metastasis, apoptosis, cell cycle control and signal 

transduction) (Table 8). Several genes associated with angiogenesis processes were found to be 

highly affected by RAGE over-expression in the WM115 cells. We therefore decided to further 

investigate the changes in transcript levels of 15 selected angiogenesis related genes by 

RT_PCR. Our data from cancer pathway gene array were found to be reproducible. However, 

several variations were observed between the two sets of data and these variations might be due 

to slight variations in the primer sequences. Two different sets of primer pairs specific for a 

single gene can have different abilities to anneal with the template and therefore can produce 

different levels of gene amplification. Our results showed a significant upregulation in PDGF-β 

gene in WM115_RAGE cells compared to MOCK cells. PDGF-β is a platelet derived growth 

factor known to activate cancer cell survival and motility. Therefore it plays an active role in 

cancer progression and metastasis [372, 373]. RAGE has been demonstrated to induce the 

production of a variety of growth factors and cytokines including PDGF-β. AGE-RAGE 

interaction has been shown to promote pancreatic cancer cells growth through PDGF-β mediated 

signaling [374]. Upregulation of PDGF-β in WM115_RAGE cells suggest their possible 

contribution in RAGE mediated WM115 cell motility. However, we have only assessed the 

transcript levels of PDGF-β but not the protein levels therefore more studies are required to 

establish its role in RAGE mediated melanoma progression. 
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CHAPTER 4.  EFFECT OF RAGE OVER-EXPRESSION ON MELANOMA TUMOR 

GROWTH IN VIVO 

Abstract 

As shown in Chapter 2, RAGE stimulates the anchorage independent growth and 

migration of the WM115 melanoma cell line. To assess the involvement of RAGE in melanoma 

tumor growth, we have developed a xenograft mouse model of melanoma by grafting 

WM115_MOCK and WM115_RAGE cells subcutaneously into SCID mice. WM115_RAGE 

cells showed a larger tumorigenic potential than the WM115_MOCK cells. Tumors generated 

from WM115_RAGE cells express 194 fold higher RAGE protein than the tumors generated 

from MOCK cells. We also observed higher levels of sRAGE in WM115_RAGE tumor bearing 

mice plasma than in MOCK control mice plasma. Several RAGE binding partners were found to 

be upregulated (S100B: 2.9 ± 0.7 fold, S100A4: 1.4 ± 0.1 fold, S100A6: 1.3 ± 0.1 fold, 

S100A10: 3.3 ± 1.2 fold) at the protein levels in RAGE over-expressing melanoma tumors 

compared to their MOCK counterparts. To further investigate the tumorigenic pathway induced 

by RAGE in WM115 tumors, we have assessed the expression levels of 84 cancer related genes. 

Our results showed an upregulation in angiogenesis and metastasis inducing factors (interleukin-

8, fibroblast growth factor, vascular endothelial growth factor) in RAGE over-expressing 

melanoma tumors compared to MOCK tumors. Enhanced AKT and ERK activities were found 

in WM115_RAGE tumors as compared to control tumors. Our data demonstrate a series of 

signaling events activated by RAGE in melanoma tumors. Furthermore, we could reduce 

melanoma tumor growth by treating WM115_RAGE tumor bearing mice with anti-RAGE 

antibodies. In addition, the combination therapy of an anti-RAGE antibody with a well-
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established melanoma drug, dacarbazine showed a synergistic tumor suppressive effect in 

WM115_RAGE tumors bearing mice.  

Introduction 

Malignant melanoma is the most aggressive form of skin cancer [375]. Unlike primary 

melanoma tumors, metastatic melanoma tumors are much more challenging to treat. Due to the 

increasing number of melanoma associated deaths and the lack of treatment options, the FDA 

has accelerated the approval process of two new anti-melanoma drugs in 2011 [66]. Before that, 

dacarbazine was the only FDA approved drug for melanoma treatment [376]. Dacarbazine is a 

chemotherapeutic drug used in various cancer treatments such as malignant melanoma [376], 

lymphoma [377] and various sarcoma [378]. It acts by alkylating DNA and inhibiting DNA 

synthesis which leads to cell death [379]. Nonspecific cytotoxicity of dacarbazine leads to 

several adverse effects [54]. In 2011, the  FDA approved Ipilimumab, an antibody based drug 

against cytotoxic T-lymphocyte antigen 4 and Vemurafenib, a BRAF enzyme inhibitor, for the 

treatment of metastatic melanoma patients [380, 381]. Despite of major progresses in melanoma 

therapy, there are still some limitations that need to be addressed. For example, Vemurafenib can 

only be used in melanoma patients with BRAF V600E mutation but not in patients with wild 

type BRAF [381, 382]. Acquired resistance is another major disadvantage of Vemurafenib 

treatment [383]. The T-cell inhibitor Ipilimumab, can also produce life threatening adverse 

effects [384, 385]. Thus, there is still a critical need to develop safer modes of therapies against 

melanoma. New target molecules need to be identified to develop therapies against them and to 

widen treatment options for different populations of melanoma patients. To establish a new 

molecule as a therapeutic target, the role of this target molecule in the disease progression needs 

to be identified first and its mechanisms of action need to be understood. RAGE is a multi-ligand 
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and multi-functional cell surface receptor of the immunoglobin superfamily and is involved in 

many cancer types. RAGE fuels inflammatory reactions within the tumor microenvironment and 

initiates several cancer promoting signaling cascades [386]. These inflammatory reactions have 

been suggested to play important roles in carcinogenesis [387]. Depending upon the activating 

ligand and the cancer type, RAGE can initiate a diverse array of downstream signaling pathways 

involved in cancer progression that include AKT [388], ERK [388], JNK [87], p21ras [144], 

MAP kinases [121], NF-�B [121, 388] and cdc42/rac [80]. RAGE and its ligands such as AGEs, 

S100 proteins or HMGB-1 are associated with the pathogenesis of different cancer types. 

Previously, we have shown higher expression levels of RAGE and S100B in certain population 

of late stage melanoma patients [89]. These data suggested an active contribution of RAGE and 

its ligands in melanoma progression which needed to be deciphered. Blocking RAGE ligand 

interaction has been shown to suppress downstream signaling and cancer progression [78]. Anti-

RAGE antibodies [78], small molecule inhibitors [135], RAGE blocking peptides [134] are some 

of the different strategies used to inhibit RAGE ligand interaction. Monoclonal antibodies are 

currently the most popular strategies for cancer treatment due to their high specificity towards 

their targets and their moderate side effects [389]. There are two major mechanisms by which 

antibodies produce anti-cancer effects. Antibodies can either block or stimulate physiological 

functions of a target protein and thereby suppress tumor growth. Complement dependent 

cytotoxicity (CDC) and antibody dependent cell mediated cytotoxicity (ADCC) are the other 

mechanisms by which antibodies produce anti-tumor actions [389]. Antibodies against RAGE 

have previously been shown to suppress cancer progression by inhibiting the interaction of 

RAGE with their corresponding ligands. Anti-RAGE antibodies could suppress tumor growth in 
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murine models of different cancer types including melanoma [133]. That suggest their 

therapeutic potential in the treatment of melanoma.  

However, monotherapy designed against a specific target protein is usually not efficient 

enough for complete remission of cancer. Combination therapy directing against multiple targets 

is more efficient in treating cancers that can be considered as multifaceted diseases [390]. 

Antibodies conjugated with or in combination with chemotherapeutic drugs are being used to 

improve their overall efficiency and to reduce their possible adverse effects [54]. Several clinical 

trials are currently ongoing to test the combination of dacarbazine with other drugs for the 

treatment of metastatic melanoma. The goal of the present study was to decipher the role of 

RAGE in melanoma tumor growth in mechanistic details and to develop RAGE targeting 

therapies against melanoma.  

Materials and Methods 

Cells 

The generation and characterization of the WM115_MOCK and WM115_RAGE cells 

have been described in Chapter 1. The cells were maintained in OPTIMEM containing 4% FBS, 

1% penicillin/streptomycin, 0.5 mg/ml (WM115_MOCK cells) or 1mg/ml (WM115_RAGE) of 

G418 sulfate. The antibiotic G418 sulfate was used to specifically select the transfected WM115 

cells. Before injecting the cells into the animals, cells were tested for any mycoplasma 

contamination. 

Xenograft mouse model 

Female Severe Combined Immunodeficiency (SCID) mice were purchased from Charles 

River Laboratories (Wilmington, MA). The animals were maintained in pathogen free conditions 



 

 104 
 

and nourished with sterile food and water. All the animal experiments were conducted according 

to the guidelines of the Institutional Animal Care and Use Committees (IACUC) at North Dakota 

State University under an approved protocol. Before starting the experiments, the animals were 

maintained for 3-4 weeks for allowing them to get adapted to the laboratory environment. All the 

surgical procedures were in compliance with the NIH’s Principles of Laboratory Animal Care. 

For the experiments, five to six week old mice (20-25 g) were anaesthetized and subcutaneously 

injected with either WM115_RAGE or WM115_MOCK cells (1 x 106 /50 µl) (8 animals per 

group). Tumor growth was quantified every three days over a period of 30 days. Tumor volumes 

were measured using a digital caliper. The following equation was used to calculate tumor 

volumes: 0.52x L x W2, where W2 is the square width and L is the length of the tumor. After 

one month of treatment the animals were euthanized and the tumors were excised from both 

groups of animals and were snap frozen in liquid nitrogen for further studies. 

Real Time PCR  

RNAs from WM115_MOCK and WM115_RAGE tumors were extracted using the 

commercially available PARIS kit (Ambion Life Sciences, USA). After quantification and 

quality assessment, the RNAs were reverse transcribed using the Reverse Transcription System 

(Promega, WI) according to the manufacturer’s instructions (Chapter 1 and 3). The cDNAs were 

run on a Mx3000 Stratagene RT_PCR system using Brilliant II Ultra fast SYBER Green QPCR 

Master mix and appropriate primers pairs specific for each gene (Table 7). In order to decipher 

the downstream mechanisms of RAGE induced melanoma tumor growth a Human Cancer 

pathwayFinder™ RT² Profiler™ PCR Array (Qiagen, USA) was performed on the cDNAs 

obtained from WM115_MOCK and WM115_RAGE tumors as described in Chapter 3. 
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Western blot 

Tumor protein lysates were prepared using the PARIS kit (Ambion Life Sciences, USA) 

as per manufacturer’s instructions. 40µg to 100µg of total protein was resolved on 12% to 15% 

SDS gels and blotted on nitrocellulose membrane. After overnight blocking with 4% BSA/TBS 

at 4°C, the blotted membrane was incubated with specific antibodies in 1% BSA/TBS/0.1% 

tween for 1 hour at room temperature. After washing three times with TBS/0.1% tween, the blots 

were incubated with appropriate secondary antibodies. After a final wash, the blots were 

developed with ECL substrate (ThermoScientific, IL, USA). The data obtained were analyzed by 

densiometric analysis using Image-J software. 

ELISA 

Protein lysates were prepared form the tumors using the PARIS kit (Ambion Life 

Sciences, USA). The RAGE protein was quantified in the tumor lysates and in the animal plasma 

using the Quantikine Human RAGE Immunoassay ELISA system according to the 

manufacturer’s instructions. The concentration of S100B protein in the plasma of 

WM115_MOCK and WM115_RAGE tumor bearing mice was determined with the help of a 

calibration curve obtained by ELISA. Briefly, rabbit polyclonal anti-S100B antibody was coated 

in the wells of an ELISA plate over-night at 4 °C. After 3 hours of blocking with 3% BSA/TBS, 

50µl of S100B standard and plasma samples were added to the wells and further incubated for 1 

hour at room temperature. After washing with TBS-T, 50µl of mouse monoclonal anti-S100B 

was added to the wells and incubated for 1 hour at room temperature. The wells were washed 3 

times with TBS-T and then incubated with alkaline phosphatase conjugated secondary antibody 
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for 45 mins. After three final washes, 50µl of 1mg/ml of p-NPP substrate (Gold Biotechnology, 

USA) was added to the wells and the absorption was measured at 405nm. 

Immunohistochemistry 

Tumors embedded in OCT were sectioned into 7 µm thick slices. The sections were 

treated with H2O2 in water (3% v/v) to neutralize the endogenous peroxidase activity, blocked 

by 10% (v/v) normal goat serum to avoid non-specific binding and stained with IgG 2A11. 

Horseradish peroxidase-conjugated goat anti-mouse antibody was then used as a secondary 

antibody and the peroxidase activity was detected using 3,3'-diaminobenzidine (DAB) substrate 

(Vector Laboratories, Burlingame, CA). As a control, parallel tumor sections of WM115_MOCK 

and WM115_RAGE tumors were stained with hematoxylin/eosin. The hematoxylin solution 

(Harris Modified), and eosin Y were obtained from Sigma-Aldrich Corporation (St. Louis, MO). 

The sections were imaged using an Olympus IX-81 microscope (Melville, NY). The images 

were recorded on a camera that interfaced with a computer and were processed by the HCImage 

software (Hirakuchi, Hamamatsu, Japan). 

IgG 2A11 antibody treatment 

WM115_RAGE tumor bearing mice were treated with anti-RAGE antibody. The animals 

were divided in two groups (n = 8). WM115_RAGE cells were implanted subcutaneously in the 

animals and tumors developed in both groups as described previously. Group I was treated with 

PBS (control) and Group II was treated with anti-RAGE antibody (0.5 mg/mice) by intra 

peritoneal injection every 5 days for two cycles of 21 days each. The animal body weights were 

measured over the treatment period. Tumor volumes were calculated as per the formula 

described in the materials and methods of chapter 4. 
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Cy5.5 labeling of IgG 2A11 

Cy5.5 monofunctional hydroxysuccinamide ester (Cy5.5-NHS) was purchased from GE 

Healthcare Biosciences (Piscataway, NJ). The conjugation of IgG 2A11 with Cy5.5-NHS was 

carried out as described. Briefly, 1 mg IgG 2A11 was dissolved in 1 ml 10mM Phosphate buffer 

pH 7.4 containing 150mM of NaCl and was reacted with one molar excess of Cy5.5 NHS at 

room temperature for 15 mins. The labeled IgG was then purified from non-reacted Cy5.5 by 

size exclusion chromatography on Sephadex G-50 column (GE Helathcare). The protein 

concentration of the labeled IgG was determined by the BCA kit (Thermo Scientific, Walthman, 

Ma) according to manufacturer’s instructions. The number of Cy5.5 fluorophores per antibody 

was determined by absorbance on a Spectraman Spectrofluorimeter (Molecular Devices, 

Sunnyvale, Ca), using the extinction coefficient of Cy5.5 of (� = 250,000M-1 cm-1 at 675nm). 

The labeling resulted in about 1.3-1.5 fluorophore per molecule of antibody. As negative control, 

Cy5.5-labeled polygonal mouse IgG was prepared under similar condition. Mouse serum IgG 

was purchased from Sigma-Aldrich Corporation (St. Louis, MO). 

Imaging with Cy5.5 labeled IgG 2A11 

 The in vivo imaging studies were carried out in real time NIRF reflectance imaging 

(Kodak Fx Pro, Carestream Health Incorporation, Rochester, NY). In brief, WM115_RAGE 

tumor bearing mice were divided in three groups (4 animals each group) once the tumor volume 

reached ≈ 80 mm3. Animals were intravenously injected with Cy5.5-labeled RAGE antibody, or 

Cy5.5-labeled mouse IgG or PBS only (100µg, 125µL). A group of WM115_MOCK tumor 

bearing mice (n=4) was used a control and treated with Cy5.5-labeled RAGE antibody in the 

similar way. Mice were imaged after 0, 4, 24, 48 hours with 1 min image acquisition time. The 
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images were analyzed using the Kodak Digital Science 1D software (Carestream Health 

Incorporation, Rochester, NY). The average fluorescence intensities at the region of interest 

(ROI) were corrected for the background at the adjacent skin. 

Combination therapy 

WM115_RAGE tumor bearing mice were divided in 6 groups. Group I was treated with 

PBS as control (8 animals), Group II, III and IV were treated with 50 mg/kg, 25 mg/kg and 12.5 

mg/kg of dacarbazine respectively (8 animals each). Group V was treated with a combination of 

25 mg/kg dacarbazine + anti-RAGE antibody (4 animals) and Group VI was treated with a 

combination of 12.5 mg/kg dacarbazine + anti-RAGE antibody (4 animals). Dose regimen of 

dacarbazine (every 5 days of treatment for two cycles of 21 days each) was followed. At the end 

of the treatment or if the tumor size exceeded 1200 mm3, the mice were euthanized and the 

tumors were excised. These tumors were immediately snap frozen for further studies. 

Statistical Analysis 

Data are shown either as Mean ± SEM or Mean ± SD. Comparative analysis between two 

groups was made by one tail two sample (unpaired) Student’s t- test and p < 0.05 was considered 

as significant.  

Results 

RAGE over-expressing WM115 cells are more tumorigenic that WM115_MOCK cells  

As described in Chapter 1, we have generated and characterized RAGE over-expressing 

WM115 cells and used WM115_MOCK cells for control cells. The transfected cells were 

injected in SCID mice and tumor volumes were followed over the period of 30 days. We 
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observed that both MOCK and RAGE transfected WM115 cells formed tumors with different 

growth rates (Figure 29). Ten days after the implantation, the WM115_RAGE cells started to 

form a tumor whereas WM115_MOCK cells took more than 15 days to initiate tumor formation. 

At the end of the study, WM115_RAGE were two times larger than the WM115_MOCK cells. 

Upon characterization of the tumors we found a higher expression of RAGE in the tumors 

established from the WM115_RAGE cells as shown by ELISA, Real Time PCR and 

Immunohistochemistry (Figure 30 and Table 14). We found 194 fold higher RAGE (13693 ± 

137 pg/mg in WM115_RAGE tumors and 70.0 ± 2.8 pg/mg WM115_MOCK tumors) in 

WM115_RAGE tumors as compared to MOCK tumors. We could also detect the soluble form of 

RAGE (213.1 ± 66.0 pg/ml) in the plasma of WM115_RAGE tumor bearing mice (Table 14). 

The levels of soluble RAGE in the plasma from WM115_MOCK tumor bearing mice were 

undetectable in our experimental conditions. 

 

Figure 29: RAGE over-expression enhances melanoma tumor growth in vivo in a xenograft 
mouse model.1*106 cells were injected subcutaneously in the mammary tissue of SCID mice. 
Tumor growth was followed over the period of 30 days. Tumors RAGE expressions at transcript 
and protein levels are shown in the table 14. Data are represented as Mean ± SEM. (n = 8; **p < 
0.01, *p < 0.05). 

* 
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Figure 30: RAGE expression in WM115_MOCK and WM115_RAGE tumors as determined by 
immunohistochemistry. Tumors sections were stained with anti
conjugated secondary antibody (Figure B. and D.). Figure A. and C.
WM115_MOCK and WM115_RAGE tumors respectively.

 

Table 14: RAGE protein in tumor lysates and 
performed with three different sets 
different animals. Data shown as Mean ± SD. (n = 3). 

 

RAGE ligands are upregulated in RAGE over

 We found significant upregulation 

S100A10, S100A11 and S100A16

transcript levels (Figure 31). However, we decided to further study S100A4, S100A6, S100A10 

and S100B at protein levels because these S100 p
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: RAGE expression in WM115_MOCK and WM115_RAGE tumors as determined by 
Tumors sections were stained with anti-RAGE antibody and HRP 

ody (Figure B. and D.). Figure A. and C. are H & E stained images of 
WM115_MOCK and WM115_RAGE tumors respectively. 

RAGE protein in tumor lysates and blood plasma samples by ELISA. 
performed with three different sets of tumors and blood plasma samples obtained from three 
different animals. Data shown as Mean ± SD. (n = 3).  

RAGE ligands are upregulated in RAGE over-expressing melanoma tumors 
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). However, we decided to further study S100A4, S100A6, S100A10 

because these S100 proteins have been previously described to 

RAGE expression pg/mg of total protein 

70.0 ± 2.8 

13693 ± 137 

RAGE pg /ml of plasma 

≤ 10 

213.1 ± 66 

                                     B. 

                                       D. 

: RAGE expression in WM115_MOCK and WM115_RAGE tumors as determined by 
RAGE antibody and HRP 

are H & E stained images of 

The assay was 
tumors and blood plasma samples obtained from three 

(S100B, S100A4, S100A6, 

) in WM115_RAGE tumors as compared to MOCK tumors at 

). However, we decided to further study S100A4, S100A6, S100A10 

roteins have been previously described to 

Fold change 

- 

194 fold 

Fold change 

 

≥ 21 fold 



 

 111 
 

contribute to melanoma pathogenesis. S100B, S100A4, S100A6 and S100A10 proteins were 

significantly upregulated 2.9 ± 0.7 fold, 1.4 ± 0.1 fold, 1.3 ± 0.1 fold and 3.3 ± 1.2 fold 

respectively (Figure 33 and 34). We also detected ≈ 10 nM of S100B in the plasma from 

WM115_RAGE tumor bearing mice whereas in WM115_MOCK tumor bearing mice, the 

S100B levels were too low in the blood plasma to be detected in our experimental conditions.  

We also compared the expression levels of S100 proteins in RAGE over-expressing cells 

with the corresponding RAGE over-expressing tumors (Figure 32 and Table 15). We found an 

18 and 3 fold increase in S100B mRNA expression in WM115_RAGE tumors and 

WM115_RAGE cells respectively compared to their MOCK counterparts. At transcript level, we 

found suppression in S100A2 gene in WM115_RAGE cells compared to the MOCK cells. 

However, in the corresponding WM115_RAGE tumors we found an upregulation in S100A2 

mRNA expression compared to the MOCK tumors (Figure 32 and Table 15). S100A2 protein 

was not detected in the cells as well as in the corresponding tumors by western blot in our 

experimental conditions. The transcript levels of S100A4 genes were low in both types of 

WM115 cells and were not affected with RAGE over-expression.  The tumors formed from these 

cells expressed significant higher levels of S100A4. RAGE over-expressing WM115 tumors 

expressed 5 fold higher S100A4 mRNAs than the MOCK tumors. The Western blot data shows 2 

fold upregulation in S100A4 protein in WM115_RAGE tumors compared to the MOCK tumors.  

Similar to S100A4, S100A6 transcripts were also low in the cells and were unaffected by 

RAGE over-expression. However, the tumors generated from the WM115_RAGE cells showed a 

2 fold up regulation in S100A6 transcripts by RT_PCR and about a 1.4 fold upregulation in 

S100A6 proteins by Western blot as compared to control tumors (Figure 32 and Table 15).  
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At transcript levels, S100A10 was found to be downregulated in WM115_RAGE cells 

compared to MOCK cells. By Western blot we could not observe any change in the S100A10 

protein between WM115_MOCK and WM115_RAGE cells. However, we found a 8 fold 

upregulation in S100A10 at transcript levels and 4 fold upregulation at protein levels in 

WM115_RAGE tumors as compared to MOCK tumors (Figures 32 and 34).  

 

Figure 31: S100 mRNA expressions in WM115_MOCK and WM115_RAGE tumors. cDNAs 
(10ng/well) obtained from WM115_MOCK and WM115_RAGE tumors were used as templates 
in RT_PCR. Data obtained are shown as the average fold change in S100 mRNA expression in 
WM115_RAGE tumors compared to MOCK tumors. Experiment was performed at least three 
times on three different sets of tumor cDNAs obtained from different animals. Data are 
represented as Mean ± SD. (n=3; *p < 0.05, **p < 0.01). 

** 

* 

* 

** 
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Figure 32: Comparison of S100 mRNA expressions in WM115_MOCK and WM115_RAGE 
cells and in their corresponding tumors. (n = 3; **p <0.01, *p < 0.05). 

Table 15: Comparative analysis of S100 mRNA expression in WM115_MOCK and 
WM115_RAGE cells and the corresponding tumors. 

 

S100 genes Cells ∆ Ct Fold Change Tumors ∆Ct Fold Change 

MOCK RAGE MOCK RAGE 

S100A2 9.7 ± 0.9 10.5 ± 0.8 -1.6 ± 1.6 9.4 ± 0.7 8.3 ± 0.8 1.9 ± 2.6 

S100A4 7.5 ± 0.7 7.3 ± 0.7 0.7 ± 0.9 1.9 ± 0.8 -0.3 ± 0.7 5.5 ± 3.4 

S100A6 6.9 ± 1.2 6.5 ± 1.2 1.1 ± 0.9 5.6 ± 0.8 4.2 ± 0.9 2.7 ± 0.8 

S100A10 4.1 ± 0.3 5.0 ± 0.6 -1.8 ± 0.5 4.2 ± 0.9 1.6 ± 1.0 7.9 ± 5.8 

S100B 3.9 ± 1.0 1.9 ± 0.7 4.3 ± 1.5 3.9 ± 0.8 0.1 ± 1.1 18.67 ± 14.3 

 

** 

** 

** 

* 
* 
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Figure 33: S100B and S100A4 protein expression in WM115_MOCK and WM115_RAGE 
tumor lysates by Western blot. Western blot was performed two times on three sets of tumor 
lysates from different animals. The graph represents the densitometric analysis of the blots. (n= 
3; ***p < 0.001; **p < 0.01). 

 

 

*** 

** 
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Figure 34: S100A6 and S100A10 protein expression in WM115_MOCK and WM115_RAGE 
tumor lysates by Western blot. The experiment was performed two times on three sets of tumor 
lysates from different animals. The graph represents the densitometric analysis of the blots. (n= 
3; *p < 0.05).  

RAGE over-expression alters gene expression of IL-8, p53, Collagen XVIII, VEGF, PDGF- 

apha and integrin proteins in melanoma tumors 

In order to decipher RAGE induced mechanisms in melanoma tumors we performed a 

RT_PCR gene array of 84 genes involved in cancer progression. We arbitrarily used a 2.5 fold 

cut off value for the analysis of the array. The results from the cancer pathway gene array 

demonstrated significant changes in the expression of genes involved in tumorigenesis (Table 

16). We found a significant upregulation in IL-8 (5.2 ± 1.6 fold), Collagen XVIII (4.1 ± 2.1 

fold), VEGF (3.9 ± 3.3 fold), Thrombospondin 1 (3.9 ± 0.8) and PDGF-alpha (2.5 ± 1.7 fold) 

and the downregulation in p53 (2.4 ± 1.7 fold), integrin alpha-4 (2.5 ± 1.2 fold) and integrin 

* * 
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alpha-1 (2.4 ± 1.5 fold) at the gene level. We next chose to further study 15 selective genes 

associated with angiogenesis pathway using primers pairs specific for the genes obtained from 

the primer bank. Our results from the second set of experiment showed upregulation of IL-8 (9.8 

± 5.2 fold), Collagen XVIII (3.5 ± 2.0 fold), VEGF (2.1 ± 0.88 fold) and PDGF-alpha (3.4 ± 1.9 

fold) genes in WM115_RAGE tumors compared to MOCK tumors (Table 17). Our data from 

both the experiments were reproducible.  

Table 16: Cancer pathway gene array in WM115_MOCK and WM115_RAGE tumors. Data are 
shown as fold changes in WM115_RAGE compared to WM115_MOCK tumors. The array was 
performed three times with three different tumor cDNAs (n=3, p < 0.05). 

No. Genes Average fold 

change 

SD Functional 

role 

1. Integrin, alpha 1 -2.4 0.5 

C
el

l A
d

h
es

io
n

 

2. Integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 receptor) 1.6 0.6 

3. Integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3 

receptor) 

3.1 0.5 

 

4. Integrin, alpha 4 (antigen CD49D, alpha 4 subunit of VLA-4 

receptor) 

-2.5 0.3 

5. Integrin, alpha V (vitronectin receptor, alpha polypeptide, 

antigen CD51) 

2.9 0.9 

6. Integrin, beta 1 (fibronectin receptor, beta polypeptide, 

antigen CD29 includes MDF2, MSK12 

1.4 0.4 

 

7. Integrin, beta 3 (platelet glycoprotein IIIa, antigen CD61) 1.2 0.3 

8. Integrin, beta 5 -2 0.3 

9.    
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Table 16: Cancer pathway gene array in WM115_MOCK and WM115_RAGE tumors 
(continued). 

10. Metastasis suppressor 1 -2.1 1.1  

11. Pinin, desmosome associated protein 1.2 0.4 

 

12. Synuclein, gamma (breast cancer-specific protein 1)   

     

13. Angiopoietin 1 -1.6 1.9 

A
n

g
io

g
en

es
is

 

14. Angiopoietin 2 2.7 1.5 

15. Collagen, type XVIII, alpha 1 4.1 1.1 

16. Fibroblast growth factor receptor 2 1.8 1.1 

 

17. Interferon, alpha 1 1.2 0.4 

 

18. Interferon, beta 1, fibroblast 1.1 1.0 

19. Insulin-like growth factor 1 (somatomedin C) 2.2 0.8 

 

20. Interleukin 8 5.3 0.7 

 

21. Platelet-derived growth factor alpha polypeptide 2.5 0.7 

 

22. Platelet-derived growth factor beta polypeptide 1.6 1.5 

 

23. TEK tyrosine kinase, endothelial -1.4 0.3 

24. Transforming growth factor, beta 1 -1.8 1.1 

25. Transforming growth factor, beta receptor 1 -1.0 0.7 
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Table 16: Cancer pathway gene array in WM115_MOCK and WM115_RAGE tumors 
(continued). 

 

26. Thrombospondin 1 3.9 0.8  

27. Tumor necrosis factor 1.3 0.9 

28. Vascular endothelial growth factor A 3.9 1.7 

     

29. Met proto-oncogene (hepatocyte growth factor receptor) -1.1 1.1 

In
va

si
o

n
 a

nd
 M

et
as

ta
si

s 

30. Matrix metallopeptidase 1 (interstitial collagenase) -1.4 1.2 

31. Matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 

72kDa type IV collagenase) 

-1.0 0.8 

32. Matrix metallopeptidase 9 (gelatinase B, 92kDa gelatinase, 

92kDa type IV collagenase) 

1.1 0.7 

33. Metastasis associated 1 -2.8 1.8 

 

34. Metastasis associated 1 family, member 2 1.1 1.2 

35. Non-metastatic cells 1, protein (NM23A) expressed in -1.3 0.3 

 

 

36. Non-metastatic cells 4, protein expressed in -1.6 0.6 

 

37. Plasminogen activator, urokinase 1.0 0.2 

38. Plasminogen activator, urokinase receptor 1.5 0.4 

39. S100 calcium binding protein A4 2.8 0.9 

40. Serpin peptidase inhibitor, clade B (ovalbumin), member 5 1.5 0.6 

41. Serpin peptidase inhibitor, clade E (nexin, plasminogen 

activator inhibitor type 1), member 1 

2.6 0.9 
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Table 16: Cancer pathway gene array in WM115_MOCK and WM115_RAGE tumors 
(continued). 

42. TIMP metallopeptidase inhibitor 1 2.5 1.0  

43. TIMP metallopeptidase inhibitor 3 1.4 0.8 

44. Twist homolog 1 (Drosophila) -1.1 1.9 

     

45. Apoptotic peptidase activating factor 1 1.1 0.6 

A
p

o
p

to
si

s 
an

d
 C
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l S
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n
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46. BCL2-associated agonist of cell death 1.0 1.2 

47. BCL2-associated X protein -1.6 1.0 

48. B-cell CLL/lymphoma 2 -1.1 1.0 

49. BCL2-like 1 1.4 0.4 

50. Caspase 8, apoptosis-related cysteine peptidase 1.5 0.5 

51. CASP8 and FADD-like apoptosis regulator 1.2 0.7 

52. Fas (TNF receptor superfamily, member 6) 1.1 0.5 

53. Granzyme A (granzyme 1, cytotoxic T-lymphocyte-

associated serine esterase 3 

1.9 0.7 

54. HIV-1 Tat interactive protein 2, 30kDa 1.2 0.3 

55. Telomerase reverse transcriptase 1.2 0.4 

56. Tumor necrosis factor receptor superfamily, member 1A 2.0 0.9 

57. Tumor necrosis factor receptor superfamily, member 25 1.5 0.6 

58. Tumor necrosis factor receptor superfamily, member 10b 1.5 0.8 

     

59. Ataxia telangiectasia mutated -1.3 0.9 

C
el

l C
yc

le
 

C
o

n
tr

o
l &

 

D
N

A
 D

am
ag

e 

60. Breast cancer 1, early onset -1.2 0.3 

61. Cyclin E1 -1.8 0.2 
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Table 16: Cancer pathway gene array in WM115_MOCK and WM115_RAGE tumors 
(continued). 

62. Cell division cycle 25 homolog A (S. pombe) -1.3 0.2  

63. Cyclin-dependent kinase 2 1.0 0.4 

64. Cyclin-dependent kinase 4 -1.8 0.7 

65. Cyclin-dependent kinase inhibitor 1A (p21, Cip1) 2.3 0.9 

66. Cyclin-dependent kinase inhibitor 2A (melanoma, p16, 

inhibits CDK4) 

2.3 0.9 

67. CHK2 checkpoint homolog (S. pombe) -1.2 0.6 

68. E2F transcription factor 1 -1.3 0.1 

69. Mdm2 p53 binding protein homolog (mouse) -1.5 1.6 

70. Retinoblastoma 1 -3.1 1.2 

71. S100 calcium binding protein A4 2.2 0.9 

72. Tumor protein p53 -2.4 0.7 

     

73. V-AKT murine thymoma viral oncogene homolog 1 -1.8 0.5 

S
ig

n
al
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n
sd
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n
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o
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F
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74. V-erb-b2 erythroblastic leukemia viral oncogene homolog 2, 

neuro/glioblastoma derived oncogene homolog (avian) 

1.6 0.7 

75. V-Ets erythroblastosis virus E26 oncogene homolog 2 (avian) -2.8 1.1 

76. FBJ murine osteosarcoma viral oncogene homolog 1.3 1.9 

77. Jun proto-oncogene -1.3 2.4 

78. Mitogen-activated protein kinase kinase 1 -1.8 0.1 

79. V-myc myelocytomatosis viral oncogene homolog (avian) -1.5 2.4 
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Table 16: Cancer pathway gene array in WM115_MOCK and WM115_RAGE tumors 
(continued). 

80. Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 1.0 0.5  

81. Nuclear factor of kappa light polypeptide gene enhancer in B-cells 

inhibitor, alpha 

2.3 1.0 

82. Phosphoinositide-3-kinase, regulatory subunit 1 (alpha) -1.4 0.7 

83. V-raf-1 murine leukemia viral oncogene homolog 1 1.3 0.4 

84. Synuclein, gamma (breast cancer-specific protein 1) 1.7 0.6 

 

Table 17: PCR gene array with angiogenesis associated genes in the WM115 tumors. Expression 
of selective genes associated with angiogenesis processes were assessed using appropriate primer 
pairs and tumors cDNAs as templates. Experiment was performed more than three times with 
three independent sets of cDNAs. Data are shown as Mean ± SD (n = 3; **p < 0.01; *p < 0.05)  

Number Genes Average fold change ± SD 

1. Angiopoietin 1 2.8 ± 2.9 

2. Angiopoietin 2 1.9 ± 2.6 

3. Collagen, type XVIII, alpha 1 3.6 ± 2.0* 

4. Fibroblast growth factor receptor 2 No Ct 

5. Interferon, alpha 1 3.9 ± 2.4* 

6. Interferon, beta 1, fibroblast 3.1 ± 4.2 

7. Insulin-like growth factor 1 (somatomedin C) 5.9 ± 7.6 

8. Interleukin 8 9.8 ± 5.2** 

9. Platelet-derived growth factor alpha polypeptide 3.4 ± 1.9* 

10. Platelet-derived growth factor beta polypeptide 0.1 ± 1.4 

11. TEK tyrosine kinase, endothelial -1.8 ± 0.6 

12. Transforming growth factor, beta 1 1.4 ± 0.4 

13. Vascular endothelial growth factor A 2.1 ± 0.9* 

14. Tumor necrosis factor 4.3 ± 6.8 

15. Thrombospondin-1 1.2 ± 0.1 
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Enhanced AKT, ERK signaling activities in WM115_RAGE tumors 

AKT, JNK and ERK signaling cascades are important signaling events activated by 

RAGE in cancer [87]. We assessed the activities of AKT, JNK and ERK in the tumor lysates by 

Western blot and we found significant increases in the phosphorylated forms of AKT (1.4 ± 0.3 

fold) and ERK (2.0 ± 0.4 fold) in WM115_RAGE tumors as compared to MOCK counterparts 

(Figure 35 & 36) whereas JNK activity was found to be unchanged (data not shown).  

 

 

Figure 35: Phosphorylated levels of ERK (A.) and AKT (B.) in WM115_MOCK and 
WM115_RAGE tumors by Western blot. The graphs represent the densitometric analysis of the 
corresponding blots. The experiment was performed twice on three different tumors. Data 
represented as Mean ± SD (n = 3, *p <0.05). 

 

 

A.                                                                             B. 

* 
* 
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Treatment with IgG 2A11 suppresses melanoma tumor growth 

We demonstrate that RAGE over-expression enhances melanoma tumor growth and 

enhanced RAGE ligand expression. From the results we hypothesized that RAGE-ligand 

interaction activates signaling cascades and leads to faster tumor growth. To substantiate our 

statement, we have treated WM115_RAGE tumor bearing mice with an anti-RAGE antibody 

(IgG 2A11) and PBS as control. IgG 2A11 is a monoclonal antibody generated in mouse 

immunized with human RAGE protein. IgG 2A11 interacts with human RAGE with nano molar 

affinity. Blocking RAGE with IgG 2A11 led to significant suppression of tumor growth. On the 

last day of treatment, we found ≈1.6 fold reduction in tumor volume with IgG 2A11 treatment as 

compared to control (Figure 36). Also, the animal body weights were unaffected during the 

antibody treatment suggesting no severe side effects of the antibody (Table 18). 

 

 

Figure 36: Tumor growth rate upon IgG 2A11 treatment in WM115_RAGE tumor bearing mice. 
WM115_RAGE tumor bearing mice were treated with 0.5 mg/mice of IgG 2A11 every 5 days 
for two cycles of 21 days each. A group of mice was treated with PBS as control. Tumor 
volumes were calculated as mentioned previously (n= 8: *p < 0.05). 

** 
** 

* 

** 

* 

** 
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Table 18: Body weights of WM115_RAGE tumors bearing mice during the treatment with IgG 
2A11 and DITC. The mice were treated with PBS, 2A11, 50 mg/kg of DITC, 25 mg/kg of DITC, 
12.5 mg/kg of DITC and two combinations of 2A11 with DITC. The body weights were 
monitored over the period of the treatment. Data are shown as Mean ± SEM. 

 

 

 

 

 

Day PBS 2A11 2A11 + 25 mg/kg 

DITC 

2A11 + 12.5 

mg/kg DITC 

50 mg/kg 

DITC 

25 mg/kg 

DITC 

12.5 mg/kg 

DITC 

0 25.6 ± 0.3 25.1 ± 0.3 24.4 ± 0.9 24.3 ± 0.9 22.9 ± 0.3 22.3 ± 0.5 23.8 ± 0 .7 

3 24.6 ± 0.1 25.5 ± 0.3 23.3 ± 0.8 23.4 ± 0.7 22.8 ± 0.2 21.4 ± 0.5 23.9 ± 0.7 

6 24.7 ± 0.5 24.4 ± 0.5 23.2 ± 0.7 23.4 ± 0.6 22.8 ± 0.4 21.8 ± 0.6 23.7 ± 0.8 

9 26.3 ± 0.3 25.8 ± 0.3 24.1 ± 0.8 23.4 ± 0.6 23.1 ± 0.5 21.7 ± 0.5 24.1 ± 0.8 

12 21.9 ± 0.3 25.7 ± 0.1 23.8 ± 0.7 23.6 ± 0.3 23.2 ± 0.2 22.1 ± 0.3 23.6 ± 0.6 

15 21.9 ± 0.4 25.8 ± 0.2 23.9 ± 0.7 24.2 ± 0.3 23.1 ± 0.3 22.4 ± 0.6 23.9 ± 0.6 

18 22.0 ± 0.4 25.5 ± 0.2 23.8 ± 0.8 24.4 ± 0.5 23.4 ± 0.3 22.6 ± 0.6 23.8 ± 0.6 

21 21.8 ± 0.4 26.0 ± 0.5 24.2 ± 0.9 23.9 ± 0.4 23.7 ± 0.2 22.3 ± 0.6 23.6 ± 0.5 

24 22.0 ± 0.3 25.4 ± 0.3 24.0 ± 0.7 24.3 ± 0.2 23.5 ± 0.2 22.0 ± 0.7 23.7 ± 0.5 

27 21.9 ± 0.2 25.9 ± 0.2 24.4 ± 0.8 24.4 ± 0.6 23.4 ± 0.2 22.4 ± 0.6 23.9 ± 0.5 

30   24.3 ± 0.6 24.7 ± 0.6 23.9 ± 0.3 22.6 ± 0.6 23.9 ± 0.6 

33   24.4 ± 0.6 24.7 ± 0.8 23.9 ± 0.3 22.4 ± 0.7 23.8 ± 0.6 

36   24.8 ± 0.6 24.4 ± 0.5 23.9 ± 0.2 22.5 ± 0.4 24.3 ± 0.6 

39   24.6 ± 0.8 24.9 ± 0.5 23.8 ± 0.2 22.8 ± 0.5 24.4 ± 0.6 

42   24.5 ± 0.9 25.4 ± 0.6 23.6 ± 0.2 22.6 ± 0.6 24.1 ± 0.5 
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Table 19: Tumor volumes (mm3) from WM115_RAGE tumors bearing mice during the 
treatment of IgG 2A11 and DITC. Mice were treated with PBS, 2A11, 50 mg/kg of DITC, 25 
mg/kg of DITC, 12.5 mg/kg of DITC and combination of 2A11 with DITC. Tumor volumes 
were measured over the period of treatment. Data are shown as Mean ± SEM. 

 

 

 

 

Day PBS 2A11 2A11 + 25 

mg/kg DITC 

2A11 + 12.5 

mg/kg DITC 

50 mg/kg 

DITC 

25 mg/kg 

DITC 

12.5 mg/kg 

DITC 

0 66.4 ± 6.0 81.7 ± 9.0 76.4 ± 5.0 74.8 ± 6.0 72.5 ± 7.0 72.7 ± 6.0 72.3 ± 13 

3 108.0 ± 7.0 97.9 ± 15 82.4 ± 7.0 87.4 ± 3.0 90.6 ± 11 102.4 ± 9.0 85.3 ± 14 

6 162.0 ± 16 99.9 ± 12 80.8 ± 8.0 99.5 ± 7.0 100.0 ± 13 113.2 ± 17 121.3 ± 21 

9 250.6 ± 29 118.7 ± 17 57.3 ± 4.0 96.1 ± 13 89.1 ± 12 141.7 ± 20 150.4 ± 24 

12 378.1 ± 30 206.9 ± 26 59.4 ± 7.0 85.6 ± 13 77.7 ± 13 125.3 ± 15 152.6 ± 26 

15 484.0 ± 33 268.1 ± 32 53.5 ± 7.0 78.0 ± 10 71.7 ± 13 103.4 ± 13 176.6 ± 29 

18 528.2 ± 47 319.8 ± 38 45.3 ± 6.0 75.8 ± 9.0 59.7 ± 10 93.5 ± 11 134.4 ± 23 

21 573.0 ± 64 374.9 ± 46 40.3 ± 8.0 80.5 ± 11 46.0 ± 7.0 88.5 ± 10 100.3 ± 22 

24 892.2 ± 43 521.6 ± 74 40.3 ± 8.0 79.9 ± 7.0 71.1 ± 14 89.1 ± 16 120.4 ± 23 

27 1259.6 ± 88 779.1 ± 130 40.3 ± 8.0 73.6 ± 9.0 73.1 ± 15 89.6 ± 18 128.0 ± 22 

30 0 0 34.8 ± 4 71.5 ± 6.0 71.3 ± 23 64.6 ± 12 115.6 ± 20 

33 0 0 34.8 ± 4 64.5 ± 0.4 78.2 ± 32 64.6 ± 12 109.9 ± 19 

36 0 0 34.8 ± 4 58.3 ± 3.0 78.2 ± 32 63.8 ± 11 100.2 ± 17 

39 0 0 34.8 ± 4 61.4 ± 2.0 88.2 ± 42 63.8 ± 11 100.2 ± 17 

42 0 0 20.4 ± 5 67.1 ± 2.0 151.8 ± 

107 

85.6 ± 18 160.1 ± 35 
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Cy5.5 conjugated IgG 2A11 is localized within the tumor with minimal distribution in other 

organs 

To assess the biodistribution of IgG 2A11 we have conjugated the IgG 2A11 antibody 

with Cy5.5 as described in materials and methods. As control, we have conjugated a non specific 

mouse IgG with Cy5.5 using a similar method. WM115_MOCK and WM115_RAGE tumors 

bearing mice were intravenously injected with Cy5.5 conjugated antibodies. PBS was injected in 

the control group. Whole animal body imaging clearly demonstrated a higher accumulation of 

IgG 2A11 in WM115_RAGE tumors as compared to WM115_MOCK tumors (Figure 37). 

Fluorescence images of tumor sections after Cy5.5 conjugated antibodies injection also 

demonstrated a significant higher fluorescence in WM115_RAGE tumors as compared to 

MOCK tumors.  

 

Figure 37: Distribution of Cy5.5 conjugated IgG 2A11 in WM115_MOCK and WM115_RAGE 
tumor bearing mice. Figure (A.) shows whole animal images of WM115_MOCK and 
WM115_RAGE tumors bearing mice after Cy5.5 conjugated IgG2A11 injection.  Figure (B.) 
shows fluorescence images of WM115_MOCK and WM115_RAGE tumor sections after 
injection with Cy5.5 conjugated IgG2A11 and saline. 
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Combination of IgG 2A11 with Dacarbazine produce synergistic tumor suppressive activities 

We could achieve 1.6 fold suppression in tumor growth with IgG 2A11 treatment alone. 

In an attempt to improve the therapeutic potential of IgG 2A11, we have treated WM115_RAGE 

tumor bearing mice with three different doses of dacarbazine (50mg/mg, 25 mg/kg and 12.5 

mg/kg) and two combinations of dacarbazine (25 mg/kg and 12.5 mg/kg) with IgG 2A11.  Our 

results demonstrate that the combination therapy of IgG 2A11 with dacarbazine synergistically 

enhance the therapeutic potential of IgG 2A11. The combination of IgG 2A11 with 12.5 mg/kg 

and 25 mg/kg of dacarbazine led to significant reduction in tumor growth compared to the 

treatment with dacarbazine alone. A combination therapy of IgG 2A11 with 25 mg/kg of 

dacarbazine produced significantly improved tumor suppressive activities than the treatment with 

50 mg/kg of dacarbazine alone. Similarly, the tumor suppressive effect of the combination of 

IgG 2A11 with 12.5 mg/kg of dacarbazine was equivalent to that of 25 mg/kg of dacarbazine 

alone. On the 42th day of treatment regimen, the average tumor volumes of the mice receiving a 

combination of IgG 2A11 with 25 mg/kg of dacarbazine (20.47 mm3) was ≈7 fold smaller than 

those of the group receiving 50 mg/kg of dacarbazine (151.8 mm3) alone. Similarly, the average 

tumor volumes of mice receiving a combination of IgG 2A11 with 12.5 mg/kg of dacarbazine 

(67.1 mm3) was ≈1.3 fold smaller than those in the group receiving 25 mg/kg of dacarbazine 

alone (Figure 38).  



 

 

Figure 38: Combined therapy of IgG 2A11 with dacarbazine (DITC) in WM115_RAGE tumor 
bearing mice. Graph demonstrates tumor volumes of the groups treated with 50 mg/kg DITC 
alone (red), 25 mg/kg DITC alone (
mg/kg DITC with IgG 2A11 (green) and combination of 25 mg/kg DITC with IgG 2A11 (blue). 
Data are shown as Mean ± SEM. (n = 4 or 8, *p < 0.05)
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: Combined therapy of IgG 2A11 with dacarbazine (DITC) in WM115_RAGE tumor 
Graph demonstrates tumor volumes of the groups treated with 50 mg/kg DITC 

alone (red), 25 mg/kg DITC alone (orange), 12.5 mg/kg DITC alone (pink), combination of 12.5 
mg/kg DITC with IgG 2A11 (green) and combination of 25 mg/kg DITC with IgG 2A11 (blue). 
Data are shown as Mean ± SEM. (n = 4 or 8, *p < 0.05). 
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anchorage independent growth, migration and invasion of WM115 cells, which are critical 

features for tumor formation and growth. However, we have also shown less proliferative traits 

of WM115_RAGE cells than their MOCK counterparts. Contrary to this, we have found 

increased growth of RAGE over-expressing WM115 tumors compared to MOCK tumors. These 

data suggests that the tumor microenvironment might switch the WM115_RAGE cells to a more 

proliferative state once injected under the mouse skin. Apart from cancer cells, the tumor also 

consists of non-cancer stromal cells which are acquired from the host body [393]. These cells 

which are embedded in extracellular matrix create a tumor microenvironment which is a major 

influencing factor on cancer growth [394, 395]. We propose that the enhanced tumorigenic 

growth of WM115_RAGE cells might be the result of a crosstalk between cancer cells and the 

surrounding activated stromal cells. RAGE and its various ligands have been previously reported 

to trigger an inflammatory tumor microenvironment and contribute in cancer pathogenesis [396]. 

Furthermore, we have also assessed the expression of five S100 proteins (S100B, S100A2, 

S100A4, S100A6, S100A10) which are known to be associated with melanoma. We found the 

upregulation in these S100 proteins in RAGE over-expressing melanoma tumors at both the 

transcript and protein levels. These data suggest a feedback regulation of these S100 proteins 

through RAGE to enhance, sustain and prolong signal activation to promote melanoma tumor 

growth. Previous reports have demonstrated that RAGE expression can be induced in its ligand 

rich tissue microenvironment [397]. We have presented a novel functional role of RAGE in 

regulating S100 proteins in melanoma tumor. S100 proteins are Ca+2 binding protein of the EF 

hand superfamily involved in melanoma pathogenesis [224]. Expression of S100B protein 

correlates with melanoma progression and serum concentration of S100B is used as a biomarker 

for melanoma [6]. S100B promotes melanoma progression by downregulating tumor suppressive 
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protein p53 [219]. Upregulation of S100B in WM115_RAGE tumors is significantly higher than 

that in WM115_RAGE cells as compared to their respective counterparts (Figure 35). Our data 

suggest that over-expression of RAGE in WM115 cells trigger S100B expression not only from 

cancer cells but also from surrounding stromal cells.  

S100A2 has been previously shown to be down regulated in many cancer types as 

compared to their corresponding normal tissues and therefore it can be considered as a tumor 

suppressor protein [300, 398]. In squamous cell carcinoma, S100A2 has been shown to inhibit 

cell migration which supports its role as a tumor suppressor protein [259]. However, its precise 

role as a tumor suppressor has not been established yet. Our lab has also shown a significant 

down regulation of S100A2 transcripts levels in stage III and stage IV melanoma patients as 

compared to the normal skin [89]. Our results from chapter 3 showed a down regulation of 

S100A2 mRNA levels in WM115_RAGE cells as compared to MOCK control cells. However, 

in the corresponding WM115_RAGE tumors a significant upregulation of S100A2 mRNA levels 

was found compared to MOCK control tumors. However, the expression of S100A2 protein in 

the WM115 cells and their corresponding tumors was too low and could not be detected by 

Western blot in our experimental conditions.  

S100A4 is another member of S100 protein superfamily also known as “Metastasin” due 

to its association with cancer metastasis [399].  RAGE/S100A4 interaction is rather complex and 

not very clear. We could not detect S100A4 protein in neither of the WM115 cell types 

(WM115_MOCK and WM115_RAGE cells) but we found enhanced S100A4 in WM115_RAGE 

tumors compared to MOCK tumors (Figure 33). This suggests that either the host stromal cells 

are the source of S100A4 protein or it has been induced in tumor cells by surrounding stromal 

cells. The induction of S100A4 protein by the tumor microenvironment in xenograft tumors of 
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human cancer cell lines has been reported previously [393]. S100A4 was not detected in either 

cell types, but in tumors, S100A4 was not only expressed but also significantly increased in 

response to RAGE over-expression. 

S100A6 protein also referred as “Calcyclin” has been reported to interact with RAGE and 

to induce apoptosis via JNK signaling in neuroblastoma [108]. A positive correlation between 

S100A6 expression and melanoma metastasis has been reported [89]. Here, we showed a 

significant upregulation in S100A6 protein in WM115_RAGE tumors compared to MOCK 

tumors (Figure 34). RAGE mediated upregulation of S100A6 in WM115_RAGE tumors 

suggests an important role of S100A6 in melanoma progression. 

S100A10, also referred as “Plasminogen Receptor” is another member of the S100 

superfamily. It interacts with plasminogen and facilities its conversion to plasmin. Plasmin leads 

to the proteolytic cleavage of the extracellular matrix and in turn enhanced cell migration and 

invasion [321]. However S100A10 is unable to interact with RAGE but it has been implicated to 

play a role in cancer progression and metastasis. S100A10 has also been detected in melanoma 

cells but its role in melanoma progression is not clear. We showed an upregulation of S100A10 

in WM115_RAGE tumors compared to MOCK tumors (Figure 34). S100A6 and S100A10 were 

unchanged in WM115 cells due to RAGE over-expression but found to be significantly 

upregulated in RAGE over-expressing WM115 tumors. These data suggest that the tumor 

microenvironment might contribute to the induction of these S100 proteins. The upregulation of 

S100A4, S100A6, S100A10 and S100B proteins in RAGE over-expressing melanoma tumors 

suggests their direct or indirect contribution in RAGE mediated enhanced melanoma tumor 

growth.  
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The cancer pathway array results demonstrate an upregulation of IL-8, Collagen XVIII, 

VEGF, PDGF-alpha and downregulation of p53 in WM115_RAGE tumors as compared to 

MOCK control (Table 16 & 17). Apart from the cancer cells RAGE is also expressed in other 

tumor associated cells such as macrophages, mast cells and endothelial cells [400]. Upon 

interaction with different ligands, RAGE triggers inflammatory responses within the tumor 

microenvironment. Activated inflammatory cells release various cytokines/chemokines, growth 

factors, adhesion molecules and certain RAGE ligands at the tumor site [103]. IL-8 is a growth 

factor important for melanoma cell proliferation and migration via CXC receptor [401, 402]. IL-

8 also promotes cancer angiogenesis by enhancing endothelial cells proliferation and survival 

[403]. VEGF as its name implies, is a vascular endothelial growth factor which promotes 

angiogenesis via VEGF receptor [404]. PDGF-alpha is a potent mitogen and chemo attractant for 

fibroblasts and plays important roles in cancer progression and angiogenesis [405, 406]. 

Collagen XVIII is also known as Endostatin and is a component of basement membrane and 

known to be anti-angiogenic [407, 408]. Upregulation of IL-8, VEGF, PDGF-alpha in RAGE 

over-expressing melanoma tumors suggest that RAGE creates a growth factor rich tumor 

microenvironment that collectively contributes to enhanced melanoma tumor growth. The 

downregulation of p53 protein in WM115_RAGE tumors is in agreement with previous reports 

demonstrating negative correlation between S100B and p53 proteins in melanoma cells [219]. 

The increase expression of S100B protein in WM115_RAGE tumors might suppress p53 protein 

expression. However, the results from the cancer pathway gene array in WM115_MOCK and 

WM115_RAGE cells do not correlate with the results from their corresponding tumors (Table 8 

& 9). We did not find any upregulation in IL-8, VEGF, PDGF-alpha genes in WM115_RAGE 

cells that were upregulated in the corresponding tumors as compared to their MOCK 
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counterparts. Contrary to this our results demonstrate the upregulation in PDGF-β gene in RAGE 

over-expressing WM115 cells compared to the MOCK cells. These data further emphasize the 

contribution of tumor microenvironment in modulating RAGE induced signaling involved in 

melanoma progression. 

Upon analysis of further downstream signaling mediated by RAGE we found enhanced 

activities of AKT and ERK in WM115_RAGE tumors. ERK signaling was shown to be 

suppressed in WM115 cells due to RAGE over-expression. Moreover, AKT activities were not 

altered in WM115 cells after RAGE over-expression (Figure 23). The tumorigenic 

microenvironment might be responsible for inducing this functional and signaling switching in 

the WM115 cells inside the tumors. 

Furthermore blocking of RAGE by anti-RAGE antibody (IgG 2A11) could significantly 

suppress melanoma tumor growth. IgG 2A11 used in this study was previously characterized for 

RAGE binding and its potential to compete with S100B for binding to RAGE was also 

determined (data not shown). Blocking RAGE binding sites could inhibit ligand interaction and 

thus inhibit RAGE induced downstream signaling. Our data suggest that the interaction of S100 

proteins with RAGE might be involved in RAGE mediated enhanced melanoma tumor growth. 

Another possible mechanism of IgG 2A11 in suppressing melanoma tumor growth could be via 

antibody mediated receptor internalization. Antibody mediated internalization of RAGE might 

reduce the availability of RAGE on cell surface for RAGE ligands. 

Animal’s weights were monitored throughout the treatment period in order to assess any 

possible adverse effect of IgG 2A11. Most of the cytotoxic anticancer drugs non specifically kill 

healthy cells which directly affects animal’s body weights. We found no change in animal’s 
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weight in IgG 2A11 treated animals compared to control group. Also, the imaging studies of 

Cy5.5 conjugated IgG 2A11 showed a significantly higher accumulation in WM115_RAGE 

tumors compared to the other tissues. A higher Cy5.5 fluorescence observed in WM115_RAGE 

tumors compared to MOCK control suggests an enhanced localization of IgG 2A11 in 

WM115_RAGE tumors.  

In the next set of study we have treated WM115_RAGE tumor bearing mice with a 

combination of IgG 2A11 and varied concentration of dacarbazine. Combination therapy 

produce synergistic tumor suppressive activities. Dacarbazine is a chemotherapeutic drug, 

extensively used for the treatment of melanoma. However, repetitive treatment with dacarbazine 

triggers an escape mechanism by increasing expression of IL-8 and VEGF in melanoma cells and 

therefore leads to enhanced melanoma tumor growth and metastasis [53, 409]. IgG 2A11 is 

believed to inhibit melanoma tumor growth by blocking RAGE mediated signaling in the tumor. 

Our results from cancer pathway gene array showed an upregulation of IL-8 and VEGF mRNAs 

in the RAGE over-expressing WM115 tumors compared to the MOCK control (Tables 16 and 

17). We believe that the ability of IgG 2A11 in inhibiting RAGE mediated signaling, might 

overcome possible escape mechanism induced in the WM115 tumors upon dacarbazine 

treatment. Therefore combination therapy of dacarbazine with IgG 2A11 produced synergistic 

tumor suppressive effects as compared to dacarbazine alone. Melanoma has complex 

pathophysiology with multiple genetic and molecular aberrations [410]. Multi-targeted therapy 

for melanoma therefore presents the advantage of enhancing the overall efficiency of the therapy.  

In summary we have demonstrated the role of RAGE in melanoma tumor growth and 

deciphered the downstream signal mechanisms. We have shown that RAGE over-expression 

modulates WM115 tumor microenvironment by increasing the expression of S100 proteins, 
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cytokines and growth factors inside the tumor. Furthermore, we have demonstrated that blocking 

RAGE with an anti-RAGE antibody could suppress RAGE induced melanoma tumor growth 

which could be further improved by a combination therapy of anti-RAGE antibody with 

dacarbazine. 
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Figure 39: Filamentous actin staining with rhodamine conjugated phalloidin in WM115_MOCK
(top), WM115_RAGE-I (middle)
nuclei staining with Hoechst dye. Images B, E and H show actin staining
and I are the merged images.  
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SUPPLEMENTARY FIGURE 

: Filamentous actin staining with rhodamine conjugated phalloidin in WM115_MOCK
(middle) and WM115_RAGE (bottom) cells. Images A, D and G show 

nuclei staining with Hoechst dye. Images B, E and H show actin staining with phalloidin

C. B. 

F. E. 

I. H. 

 

: Filamentous actin staining with rhodamine conjugated phalloidin in WM115_MOCK 
A, D and G show 

with phalloidin. C, F 



 

 137 
 

CONCLUSIONS AND FUTURE DIRECTIONS 

The present study suggests that RAGE plays a significant role in melanoma progression 

by triggering a metastatic like phenotype in the WM115 melanoma cells and by promoting tumor 

growth in the xenograft mouse model generated from the same cells.  

RAGE over-expression led to phenotypic changes in WM115 cells from a epithelial like 

polyglonal morphology to a mesenchymal like elongated morphology. Phenotypic changes 

induced by RAGE in WM115 cells might translate into proliferative to migratory switch in these 

cells. Our results demonstrated an enhanced migration but reduced proliferation of the WM115 

cells upon RAGE over-expression. Moreover, we showed that RAGE induced its own ligand 

(S100B protein) expression in WM115 cells. However, S100B protein did not appear to 

contribute to RAGE mediated enhanced WM115 cells motility. RAGE mediated enhanced 

motilities in the WM115_RAGE cells seems to be independent of any ligand stimulation and 

might be through cell surface oligomerization of RAGE molecules in the WM115_RAGE cells 

Furthermore, we showed a downregulation in tumor suppressor p53 that is one of the 

binding targets of S100B, in WM115_RAGE cells compared to MOCK cells. Interestingly, we 

didn’t observe any change in cell cycle due to reduced p53 protein levels in WM115_RAGE 

cells. Apart from cell cycle regulation, p53 protein is also associated with cell migration, 

therefore, we suggest that enhanced cell migration of the WM115_RAGE cells is mediated 

through p53 protein. Furthermore, we also showed a downregulation in cyclin E protein in 

RAGE over-expressing WM115 cells. RAGE over-expression resulted in decreased ERK and 

NF-kB signaling activities in WM115 cells. Decreased cyclin E, ERK and NF-kB signaling 

activities might be involved in reduced cell proliferation obtained in WM115_RAGE cells.  
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Upon subcutaneous implantation of the transfected WM115 cells in mice, 

WM115_RAGE cells showed a stronger tumorigenic potential compared to the MOCK control 

cells. Furthermore, the tumors generated from WM115_RAGE cells showed upregulation of 

S100B, S100A4, S100A6 and S100A10 proteins compared to MOCK tumors suggesting an 

active participation of the host derived tumor microenvironment in modulating the RAGE 

mediated signaling pathways. Moreover, enhanced expression of several cytokines, growth 

factors and angiogenic factors (IL-8, VEGF-A, Angiopoitin-2) in WM115_RAGE tumors further 

emphasize the influence of the tumorigenic microenvironment in RAGE induced signaling in 

melanoma tumors. We showed a reduced ERK signaling in RAGE over-expressing WM115 

cells, however, an enhanced ERK signaling activation was observed in the corresponding 

WM115 tumors. Likewise, AKT signaling was not found to be activated in RAGE over-

expressing WM115 cells but in the corresponding tumors we found a significant higher 

activation of AKT signaling compared to MOCK tumors. We have shown that RAGE over-

expressing WM115 cells were less proliferative compared to MOCK cells, but the tumors 

generated from these cells were shown to grow faster than their MOCK counterparts. The 

mechanism that alters the cellular behavior of the cancer cells inside the tumors is not understood 

yet. We propose an interplay between RAGE over-expressing WM115 cells and the surrounding 

host cells of the tumors that modulates the cellular properties of cancer cells at molecular levels 

inside the tumors.  

Furthermore, treatment with anti-RAGE antibody could significantly suppress the 

melanoma tumor growth compared to PBS controls. Moreover, combination therapy of anti-

RAGE antibody together with dacarbazine resulted in synergistic tumor suppressive effects. 
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These data suggest that RAGE blocking antibody could be an efficient strategy to inhibit RAGE 

mediated melanoma progression. 

 

Figure 40: Schematic representation of RAGE mediated melanoma progression. Over-expression 
of RAGE in the melanoma cells resulted in upregulation of RAGE ligands (S100B, S100A4, 
S100A6 and S100A10) and cytokines inside the tumor. Modified from [386].  

In the present study we have demonstrated the role of RAGE in melanoma progression 

and also introduced anti-RAGE antibody as a therapeutic strategy for melanoma treatment. 

However, there are few questions that still need to be answered. 

 What is the mechanism behind RAGE mediated switching of melanoma cells between 

proliferative to migratory states? What is the role of actin remodeling in enhanced 

WM115_RAGE cells migration and invasion potential?  

What is the mechanism underlying RAGE mediated modulation of S100B protein in 

melanoma cells? What is the molecular mechanism involved in behavioral switch induced in the 
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transfected WM115 cells after their implantation under the mouse skin? How host derived tumor 

microenvironment affects the cellular properties of cancer cells? 

 The above mentioned questions would be answered in the future in order to better 

understand the role of RAGE in melanoma progression.  
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