
The Texas Medical Center Library The Texas Medical Center Library 

DigitalCommons@TMC DigitalCommons@TMC 

The University of Texas MD Anderson Cancer 
Center UTHealth Graduate School of 
Biomedical Sciences Dissertations and Theses 
(Open Access) 

The University of Texas MD Anderson Cancer 
Center UTHealth Graduate School of 

Biomedical Sciences 

5-2015 

NFAT1 CONTRIBUTES TO MELANOMA TUMOR GROWTH AND NFAT1 CONTRIBUTES TO MELANOMA TUMOR GROWTH AND 

METASTASIS BY REGULATING IL-8 AND MMP-3 METASTASIS BY REGULATING IL-8 AND MMP-3 

Einav Shoshan 

Follow this and additional works at: https://digitalcommons.library.tmc.edu/utgsbs_dissertations 

 Part of the Medicine and Health Sciences Commons 

Recommended Citation Recommended Citation 
Shoshan, Einav, "NFAT1 CONTRIBUTES TO MELANOMA TUMOR GROWTH AND METASTASIS BY 
REGULATING IL-8 AND MMP-3" (2015). The University of Texas MD Anderson Cancer Center UTHealth 
Graduate School of Biomedical Sciences Dissertations and Theses (Open Access). 552. 
https://digitalcommons.library.tmc.edu/utgsbs_dissertations/552 

This Dissertation (PhD) is brought to you for free and 
open access by the The University of Texas MD Anderson 
Cancer Center UTHealth Graduate School of Biomedical 
Sciences at DigitalCommons@TMC. It has been 
accepted for inclusion in The University of Texas MD 
Anderson Cancer Center UTHealth Graduate School of 
Biomedical Sciences Dissertations and Theses (Open 
Access) by an authorized administrator of 
DigitalCommons@TMC. For more information, please 
contact digitalcommons@library.tmc.edu. 

https://digitalcommons.library.tmc.edu/
https://digitalcommons.library.tmc.edu/utgsbs_dissertations
https://digitalcommons.library.tmc.edu/utgsbs_dissertations
https://digitalcommons.library.tmc.edu/utgsbs_dissertations
https://digitalcommons.library.tmc.edu/utgsbs_dissertations
https://digitalcommons.library.tmc.edu/uthgsbs
https://digitalcommons.library.tmc.edu/uthgsbs
https://digitalcommons.library.tmc.edu/uthgsbs
https://digitalcommons.library.tmc.edu/utgsbs_dissertations?utm_source=digitalcommons.library.tmc.edu%2Futgsbs_dissertations%2F552&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/648?utm_source=digitalcommons.library.tmc.edu%2Futgsbs_dissertations%2F552&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.library.tmc.edu/utgsbs_dissertations/552?utm_source=digitalcommons.library.tmc.edu%2Futgsbs_dissertations%2F552&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@library.tmc.edu


NFAT1 CONTRIBUTES TO MELANOMA TUMOR GROWTH AND METASTASIS 

BY REGULATING IL-8 AND MMP-3 

By 

Einav Shoshan, M.S 

 

APPROVED: 
 

 

______________________________ 

Menashe Bar-Eli, Ph.D., Supervisory Professor 

 

 

 

______________________________ 

Gary E. Gallick, Ph.D. 

 

 

 

______________________________ 

Jeffrey E. Gershenwald, M.D. 

 

 

 

______________________________ 

Douglas D. Boyd, PhD. 

 

 

 

______________________________ 

George A. Calin, PhD. 

 

APPROVED: 
 

 

__________________________ 

Dean, The University of Texas 

Graduate School of Biomedical Sciences at Houston



NFAT1 CONTRIBUTES TO MELANOMA TUMOR GROWTH AND METASTASIS 

BY REGULATING IL-8 AND MMP-3 

 

A 

DISSERTATION 

 

Presented to the Faculty of 

The University of Texas 

Health Science Center at Houston 

And 

The University of Texas 

M.D. Anderson Cancer Center 

Graduate School of Biomedical Sciences 

In Partial Fulfillment 

Of the Requirements 

For the Degree of  

 

DOCTOR OF PHILOSOPHY 

 

By 

Einav Shoshan, M.S. 

Houston, Texas 

May 2015



  

iii 
 

Dedication 

 

I would like to dedicate this dissertation to my parents, Frida 

and Moshe Oron, for their endless support. 

 

To my brothers Haim and Gadi and my sister Merav, for their 

help, interest and friendship. 

 

To the Shoshan family for their support and faith   

 

To my friends in Houston and in Israel, for being there at all 

times, listening and helping.  

 

To my husband Roei and my two bountiful daughters Yael and 

Tamar, for their love and support over the duration of my 

graduate career 

 

 

 



  

iv 
 

Acknowledgements 

It is with great appreciation that I acknowledge and thank the people who have been involved 

in my research projects, as well as those who have made the time during my training and 

education a great experience.  

 

I would like to express my upmost gratitude to my mentor and Ph.D. advisor, Dr. Menashe 

Bar-Eli.  His patience, guidance, and encouragement allowed me to complete this 

dissertation.  The amount of information I learned about melanoma, cancer, and the 

metastatic process is by far the most precious knowledge I have gained throughout the my 

education and it’s all thanks to Dr. Bar-Eli.  

 

The members of my advisory, examining, and supervisory committees (Dr. Gary E. Gallick, 

Dr. Jeffrey E. Gershenwald, Dr. Douglas D. Boyd, Dr. George A. Calin, Dr. Dina Lev, Dr. 

Jessica Tyler and Dr. Rosemarie Schmandt) are greatly appreciated for their guidance, 

support, and criticism which allowed me to become a better scientist.   

 

The mental support, experimental help, and guidance received, along with the friendships 

that were gained from the past and current lab members cannot be underestimated (Dr. 

Russell R. Braeuer, Dr. Takafumi Kamiya , Dr. Aaron Mobley, Mayra Vasquez, Li Huang, 

and Dr. Guermarie Valazquez-Torres, and Dr. Maya Zigler,).  Their presence created a 

wonderful laboratory experience that will forever be cherished.  I would also like to thank 



  

v 
 

friends from the Smith Research Building (Dr. Mai Tran, Dr. Rajesha Rupaimoole and all lab 

members of Sood Lab) for the fun and memorable times shared.   

 

Finally, I would like to thank all faculty members, students, and staff at the University of 

Texas Health Science Center and M.D. Anderson Cancer Center, especially those of the 

MDACC Cancer Biology Department. 

 

 

 

 

 

 

 

 

 

 

 



  

vi 
 

NFAT1 CONTRIBUTES TO MELANOMA TUMOR GROWTH AND METASTASIS 

BY REGULATING IL-8 AND MMP-3 

 

 

Einav Shoshan, M.S. 

Supervisory Professor: Menashe Bar-Eli, Ph.D. 

 

Studies from our laboratory have recently demonstrated that Gal-3 regulates autotaxin 

through NFAT1 and support melanoma progression. These findings prompted us to further 

study the role of NFAT1 in melanoma progression and metastasis. NFAT1 is a transcription 

factor that was first identified in immune cells, acting as a positive regulator of interleukin-2 

by binding to its promoter during T cell activation. NFAT1 has an important role in the 

innate and adaptive immune response. In this dissertation I studied the mechanisms by which 

NFAT1 contributes to the acquisition of the melanoma metastatic phenotype. 

To identify the role of NFAT1 in melanoma progression we stably silenced NFAT1 

expression in the highly metastatic cell line, A375SM, and subjected the cells to gene 

expression microarray analysis. We identified and validated two downstream targets of 

NFAT1, i.e; IL-8 and MMP-3 to be downregulated following silencing NFAT1. While 

silencing of NFAT1 reduced IL-8 and MMP-3 in highly metastatic cell lines, A375SM and 

WM902B, overexpression of NFAT1 in the low metastatic cell line, SB2 induced the 

expression of both IL-8 and MMP-3.  We further demonstrated that silencing NFAT1 
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significantly reduced the promoter activity of IL-8 and MMP-3 and mutations of the NFAT1 

binding sites at either promoter reduced the promoter activity.  Rescue of NFAT1 increased 

both IL-8 and MMP-3 expression back to their initial levels, indicating that they are directed 

targets of NFAT1. Importantly, we demonstrated in melanoma patient specimens and cell 

lines that overexpression of NFAT1 is correlated with disease progression and 

staging.   Moreover, our in vivo studies demonstrated that NFAT1 is a major contributor of 

tumor growth and lung metastasis. The role of MMP-3 in melanoma progression has not 

been previously described. Therefore, we next decided to elucidate the role of MMP-3 in 

melanoma. Our in vivo studies demonstrated that MMP-3 contributes to melanoma tumor 

growth and metastasis. 

Collectively, our data assign a previously undescribed role for NFAT1in melanoma 

progression through the regulation of IL-8 and MMP-3. 
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Chapter 1: Introduction and Background 

 

Melanoma Occurrence 

Melanoma is considered to be the deadliest and most aggressive form of skin cancer.  

The annual death incidence of this disease is higher than any other skin cancer [1].  The 

current statistics are evidence that malignant melanoma presents a major clinical challenge 

due to limited treatment options.  In the United States, melanoma is documented as the fifth 

and seventh most common form of cancer in men and women respectively [2].  For 2014, 

there are 76,100 (43,890 in men, 32,210 in women) expected new cases of melanoma with 

9,710 of those cases resulting in death [2]. Although melanoma cases represent less than 5% 

of all skin cancers, it is responsible for more than 80% of deaths from skin cancer [3].  It 

seems that cutaneous melanoma is relevant for all major ethnic groups and races in the USA, 

however there are variations by race and ethnicity. In the USA non-hispanic white 

individuals are the most likely to develop melanoma in their life period [4].   To identify 

novel therapeutic molecular targets and successfully cure this disease, it is critical to 

understand the molecular events that lead to melanoma metastasis.  

 

Melanoma Development 

The onset of melanoma is largely due to a cohort of cellular, tissue, and/or 

environmental factors that lead to genetic and epigenetic alterations influencing the 

proliferation of normal melanocytes [5].  Melanocytes are cells of the skin that are 

responsible for producing the pigment melanin which in turn helps protect against the 

harmful effects of ultraviolet light.  Human melanocytes arise from neural crest (ectoderm) 
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cells that are only present during embryonic development and migrate in a coordinated 

fashion to be effectively incorporated into every follicle of hair and every unit of the human 

epidermis [6].  Over three decades ago, a study focused on the progression of tumor 

development led Clark et al. to propose that melanoma develops in a stepwise manner of five 

steps [7].  The first step to the model, Benign Nevus, involves the formation of a benign 

nevus due to an abnormal increase in proliferation of normal melanocytes.  In standard 

clinical observation, these nevi will appear as either flat or slightly raised lesions on the 

surface of the skin.  The pigmentation of these lesions can be either completely uniform or 

with a dot-like pattern [3].  In step two, Dysplastic Nevus, due to uncontrolled growth, the 

development of cytologic atypia arise from these newly formed benign nevi or in an entirely 

new location.  Clinically, these lesions lack uniformity, such that they are typically seen with 

irregularities in the borders and may contain multiple pigments [3].  Primary melanoma 

develops in the third stage termed the Radial Growth Phase (RGP).  In this step, cells now 

have the limited ability to only penetrate the epidermis and proliferate to form tumors [3].  

With progression of the tumor comes the ability of cells to fully invade the dermis to form 

lesions beyond the basement membrane. This is the fourth step and it is termed the Vertical 

Growth Phase (VGP).  At this step, cells gain the ability to form tumors when implanted in 

nude mice [3].  The fifth and final stage of the primary tumor is to form distant metastasis by 

dissociating from the primary tumor, entering the lymphatic system, and transporting into 

outlying organ sites to proliferate and form new tumors [3].  Among the most common sites 

for melanoma metastasis are bone, lung, liver and brain.  There is a second model for the 

development of melanoma that suggests that melanoma does not arise from molecular 

disturbances of a preexisting Dysplastic Nevus but rather as completely de novo [8].  The 
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transformation of melanocytes to melanoma is promoted through the activation of different 

cellular pathways that induce the genetic and epigenetic changes necessary for the 

development of melanoma [9].  Although both models are plausible for occurring in humans, 

the model that includes the five defined sequential steps is most widely accepted (Figure 1). 

 

Melanoma Staging and Survival 

Currently there are four distinct clinical classifications for melanoma.  The factors for 

prognosis are:  the thickness and presence or absence of ulceration of the primary tumor, the 

expression of lymph node metastasis, and the presence of distant metastatic disease [10].  

Those patients who are diagnosed within the first two stages have primary tumors with no 

identifiable metastasis.  Specifically, stage I melanoma is identified by the presence of 

primary tumors with a thickness of less than 2mm.  Furthermore, a sub-classification of stage 

I, stage IA and IB, distinguishes between tumors that are less than 1mm thick with no visible 

ulcerations (IA) and tumors that are also less than 1mm thick but are either ulcerated or have 

greater than one mitotic cell per mm
2
 (IB).  A tumor with thickness of up to 2mm with no 

ulceration (termed T2a melanoma) is also classified as stage IB [11].  Patients with stage II 

melanoma are sub-classified into either IIA or IIB depending on the tumor thickness which 

ranges from 1mm to greater than 4mm, and the presence or absence of ulcerations [10].  The 

stage of the disease is a critical factor in determining a patient’s prognosis, since the five year 

rate of survival in patients presenting an early stage of melanoma is 90% but those in stage 

IV of the disease (wide spread metastasis) only have a 10-20%  chance of survival [12-16].  

Crucial independent predictors for patient outcome and those that also contribute to the 

variation in survival are tumor thickness, mitotic rate, and presence of ulcerations [10, 17, 
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18].  Results from a 2011 study found a correlation between mitotic rate and the development 

of ulcerations and concluded that at ten years, there is a 33% chance of survival for patients 

with ulcerated tumors greater than 5mm as opposed to patients with ulcerations less than 

5mm in diameter who have a 69% chance of survival [17, 19].  At stage III melanoma, 

regional lymph node metastasis is present.  Three additional subcategories to stage III 

melanoma are IIIA, IIIB, and IIIC respectively.  The classification criteria depends on the 

number of regional lymph nodes present, the size of the lesion within the node (micro vs, 

macrometastasis), and if in transit metastasis is seen.  There is a 25-35% 10 year survival rate 

for patients with multiple affected lymph nodes (macrometastasis) opposed to 45-65% 

survival for patients with micrometastasis, one or two lymph nodes affected [11].  Stage IV 

melanoma involves patients with distant organ metastasis such as, but not limited, to the 

bones, brain, and lungs.  The ten year survival rate for patients in stage IV melanoma is less 

than 20% [11]. Recently it was published that age is a prognostic factor in melanoma patients 

and it can also be used as a predictor of sentinel node metastasis [20, 21]. These reports show 

that older patients with stage I and II had lower survival rates and higher incidence of nodal 

metastasis. 

Current Treatments for Metastatic Melanoma 

Historically, systemic therapy for metastatic melanoma was in the form of a DNA 

damaging compound named decarbazine (DTIC) and it was approved by the FDA in 1975 

[22].  The response rate for the alkylating agent DTIC is low, only 5-12%, with long term 

response in less than 2% of patients [23], it remains as the standard treatment for many years 

while new therapies were tested [24].  An oral analogue to decarbazine is temozolemide, 

another alkylating agent that has a broad spectrum of anti-tumor effect and is much less toxic 
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than decarbazine [25].  Currently, temozolemide is routinely utilized in place of decarbazine 

for therapeutic purposes [24]. The first nonspecific immunotherapeutic drug approved before 

2011 for the treatment of malignant melanoma was a high dose of Interleukin-2 (IL-2), but it 

demonstrated only a 15% response rate, and it remains nonspecific whereby treatment 

requires high dosages leading to intolerability and other side effects [26].   Adjuvant therapy 

is the term for a treatment that is given after surgical removal of the melanoma tumor. The 

cytokine, Interferon-alpha (IFN-α) was approved for use as adjuvant therapy for patients with 

early stage melanoma in order to reduce the risk for disease progression.  After primary 

tumors are resected, and when there is no involvement of the lymph nodes, patients can be 

treated with high or low doses of IFN-α [27]. Furthermore, because of the significant dose-

dependent side effects linked to adjuvant therapies, careful consideration must be taken when 

deciding whether or not to undergo such treatment. 

 Within the past years, rigorous research studies focused on understanding the 

complex interaction between tumors and their microenvironment have led to the 

development of some newly FDA approved anti-tumor drugs with increased immune 

specificity [24]. Ipilimumab, a safer T-cell activating agent, is the first among the four most 

recent drugs approved by the FDA.  In 2011, ipilimumab was approved as a therapy for 

advanced melanoma.  Ipilimumab is a monoclonal antibody against cytotoxic T lymphocyte 

associated antigen 4 (CTLA-4). CTLA-4 is responsible for inhibiting T cells to prevent 

autoimmune response. Ipilimumab allowed stronger T cell activation against malignant 

melanocytes, allowing prolonged immune responses to tumor antigens by preventing the 

down regulation of T-cell activation [28].  A clinical study performed on cases of stage IIIC 

and IV melanoma with no previous treatment found that the overall two year survival rate 
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increased by 10% when patients were treated with a combination of ipilimumab and DTIC as 

compared to DTIC alone [29].  In the clinical setting, the FDA recommends the ipilimumab 

regimen to consist of a concentration of 3 mg/kg per dose administered 3 weeks apart in 4 

cycles [30].  However, a number of auto-immune related adverse effects including adrenal 

insufficiency, rash, diarrhea/colitis, and hypothyroidism appear in patients several weeks 

after being treated with ipilimumab [31].   Programmed cell death protein 1 (PD-1) is a 

protein expressed on T cells and plays a role in tumor cells escaping the immune response. 

When PD-1 interacts with the ligand PD-L1, it inhibits T cell proliferation and induces 

apoptosis of T cells [32]. In recent years it was demonstrated that PD-1/PD-L1 plays a role in 

immunosuppression of tumor cells. Using antibodies against PD-1 exhibited good results in a 

phase 1 clinical trial that included melanoma [33]. Only patients expressing the PD-L1 ligand 

on tumor cells were found to be suitable for the trial.  Anti PD-1 and anti-PD-L1 are still 

being tested [33].  

The other FDA approved drugs within the last years are therapies designed to target 

gene mutations of the RAS/RAF/MEK/ERK pathway.  Since the most mutated protein in 

cancer is BRAF, the development of vemurafenib was pivotal as a potent and specific BRAF 

inhibitor [34, 35].  Currently, 40-60% of metastatic melanomas contain BRAF mutations, 

where a substitution for valine at the 600th amino acid position (V600E) is the most 

common, BRAF
V600E

 mutation. To analyze vemurafenib response rate, a randomized phase 3 

clinical trial that included 675 patients with stage IIIC or IV melanoma that also was both 

untreated and resectable demonstrated that after treatment with an oral dosage of 960 mg 

twice daily, a decrease of ~50% in tumor size was demonstrated  with an improvement in 

progression free survival of ~5 months and an overall 6 month survival of ~85% 
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[36].  Resistance to vemurafenib is typically seen in all patients.  Either the activation of 

alternative pathways or the reactivation of the mitogen-activated protein kinase creates this 

resistance thereby creating a need for combination treatments that include downstream and 

alternative pathway blocking agents [37, 38].  Current insights propose that a more effective 

therapeutic approach involves the use of individual inhibitors to simultaneously target RAF 

and MEK rather than targeting either kinase alone [39-41].  Dabrafenib was approved in May 

2013 for the treatment of metastatic melanoma.  This agent actively works against 

BRAF
V600E 

mutations and when compared to decarbazine, established a 3 months increase of 

the progression free survival rate.  Interestingly, even though dabrafenib has a reduced blood 

brain barrier capability, a phase 2 study with cases involving brain metastasis with tumors 

harboring the V600E mutation had an overall intracranial response rate of ~40% (previously 

untreated cases) and ~30% (previously treated cases) when administering a dosage of 150 mg 

dabrafenib 2 times a day [42]. Trametinib is a pharmacological MEK inhibitor that was 

approved in May 2013 by the FDA, for melanoma patients with BRAF
V600E

 mutations. 

Patients treated with trametinib showed an increase of ~3 months progression free survival 

compared to chemotherapy alone [43]. Two notable combination therapies are 

dabrafenib/trametinib and vemurafenib/cobimetinib.  In January 2014 the combination drug 

dabrafenib/trametinib was FDA approved for use in treating metastatic melanoma cases with 

unresectable tumors or containing BRAF
V600E/V600K

 mutations [44].  The response rate was 

~75% with response duration of ~10 months compared to treatment with dabrafenib alone 

which yielded a ~55% response rate with ~ 5 month response duration [24].  Another 

promising therapy is the combination of vemurafenib/with the MEK inhibitor, 

cobimetinib.  Although FDA approval is yet to be obtained, findings from early data suggest 
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that this combination therapy significantly improves clinical outcomes in patients with 

advanced BRAF
 V600 

mutated metastatic melanoma [45].  The rate of response is increased in 

more than 20% in the combination group compared to the control group.  Furthermore, an 

increase of ~10% in overall survival rate is observed in the combination group [45]. 

Genetic Alterations during Melanoma Progression 

A wide array of both genetic and epigenetic events takes place throughout the 

progression of melanoma which leads to the initial formation of cutaneous melanoma and 

eventually metastasis.  There are several genes whose genetic changes play a fundamental 

role in transitioning the initial stage of melanoma (benign nevi) to premalignant lesions. 

Some of these important genes includes:  NRAS, cyclin D1, PTEN, BRAF, and CDKN2A.   

BRAF is an oncogene that when mutated has the potential to cause normal cells to 

become cancerous.  As a member of the RAF family, BRAF acts on the map kinase 

(MAPK), RAS/RAF/MEK/ERK signaling pathway [46].  An amino acid substitution at 

position 600 from a valine (V) to a glutamic acid (E) in BRAF results in the V600E mutation.  

The V600E mutation in BRAF along with NRAS, the upstream molecule that activates 

BRAF, are indicators of the critical role that the MAPK pathway plays in melanoma 

progression.  While the V600E mutation is seen in approximately 40-60% of melanoma 

cases, only 20-30% of the upstream NRAS mutations are present [47-50]. These two 

mutations are mutually exclusive in melanoma.  Contradictive to the records that suggest 

BRAF
V600E

 is essential for melanoma progression is a study that has shown that although 

80% of melanocytic nevi contain BRAF mutations, not all progress into primary melanomas 

[51] and that the introduction of BRAF
V600E 

in melanocytes can induce cell senescence and 

apoptosis [52]. An explanation for this event comes from the presence of other molecules, 
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such as the tumor suppressor gene cyclin dependent kinase inhibitor 2A (CDKN2A) which 

inhibits BRAF
V600E 

and therefore prevents BRAF from releasing cells from senescence and 

inducing cell growth.  CDKN2A is important in melanoma progression since (through 

alternative mRNA splicing) this gene encodes p16
Ink4A

, a known inhibitor of cyclin D/CDK4 

complex, and p14
ARF

, an inhibitor of MDM2, which regulates p53 [46, 53, 54].  The 

proliferating effects of BRAF
V600E

 are restricted since an increase of p16
Ink4A

 expression is 

observed in melanocytic nevi in comparison to normal dermis [55].  Primary melanomas 

have a 7% incidence of mutations in the p16
Ink4A

 gene while it is present in 14% of metastatic 

lesions [56].  Mutation in the CDKN2A gene is often linked to patients with melanoma in 

their family history or UV exposure/damage.  There are other genetic events that could adopt 

NRAS and BRAF mutations, which influence a greater chance of developing the disease [57, 

58].   

The loss of PTEN is also an important determinant in melanoma development.  The 

action of PTEN is that of a phosphatase which removes phosphates from phosphatidylinositol 

phosphate (PIP3) which then behaves like an intracellular signal catalyzed by growth factors 

or other stimuli [3, 59].  PIP3 recruits the protein phosphoinositide-dependent kinase 1 

(PDK1). Then, PDK1 phosphorylates AKT, which acts as a survival factor [60].  The 

phosphatase PTEN dephosphorylates PIP3 (PtdIns (3,4,5)) on the 3 position, generating PIP2 

(PtdIns (4,5)) and causes inactivation of the AKT signaling cascade [59].  Early studies 

indicated that the deletion on chromosome 10q occurs in melanoma in 30-50% of melanomas 

[61, 62], and later this deletion was connected with the location of the tumor suppressor 

PTEN which is located within the long arm of chromosome 10, specifically chromosome 

band 10q23.3 [63, 64].  It was discovered that 60% of melanoma cell lines carry hemizygous 
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deletions of chromosome 10q [64] and 10% can be observed in primary melanomas [65, 66].  

Immunohistochemistry studies revealed that almost all melanomas without PTEN expression 

showed no deletion or mutation suggesting that the loss of expression can also be a result of 

transcriptional repression or epigenetic regulation [67].  PTEN loss-mediated AKT activation 

promotes cell survival and proliferation in melanoma [68].  In the step involving the 

transition from dysplastic nevus to primary melanoma, the phosphorylation of AKT is 

increased and multiple processes are affected [68]. One example is the increased interactions 

between AKT and N-cadherin which leads to inactivation of BAD the pro-apoptotic protein. 

This interaction promotes melanoma cell survival [69]. AKT activation in melanoma is also 

associated with the upregulation of NFkB. AKT phosphorylates the protein IKKβ inducing 

its activity and then IKKb phosphorylates IKβ which is an inhibitor of NFκB. In that way, 

removing IKβ inhibition allows for NF-kB to be actively transcript.  NFκB is responsible for 

the transcription of angiogenic and pro-tumorogenic genes as VEGF, Cox-2, Bcl-2, MMPs 

and IL-8 among others [70, 71].  

In the last two decades our lab is investigating the molecular and cellular changes that 

occur during the shift from RGP to VGP in melanoma progression. The transcription factor 

activator protein 2 alpha (AP2α) is lost during this transition [72-74].  This is a specific 

characteristic of the melanoma phenotype since less metastatic melanoma cells have higher 

AP2α expression when compared to highly metastatic cell lines [75].  AP2α is 52 kD and is 

regulated by cyclic AMP (c-AMP) and retinoic acid (Vitamin A) [76-78]. AP2α expression is 

inversely correlated with genes like the protease activated G-protein coupled receptor (PAR-

1) and the membrane adhesion molecule MCAM/MUC18 that are known to be pro 

tumorogenic [75, 79].  As a mode of action, AP2α will bind to the promoters of both 
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MCAM/MUC18 and PAR-1 to suppress their transcriptional activity [72-75, 79].  Loss of 

expression of nuclear AP2α is connected to melanoma progression through an observable 

increase in MCAM/MUC18 and PAR-1.  MCAM/MUC18 is a cell adhesion molecule, and 

silencing it leads to a reduction in melanoma tumor growth and metastasis [80].  

 PAR-1 is another important molecule that plays a role in melanoma progression. It is 

an inflammatory molecule known to be upregulated during the RGP to VGP transition.  

PAR-1 promotes normal platelet aggregation through its cleavage in the extracellular domain 

by thrombin.  In melanoma, PAR-1 enhances vascular endothelial growth factor (VEGF) and 

matrix metalloproteinase-2 (MMP2) expression in the microenvironment, thus supporting 

tumor growth and metastasis. PAR-1 increases the expression of Connexin-43, another pro 

tumorogenic gene and suppresses maspin, a known tumor suppressor gene [81-83].  

Silencing of PAR-1 has shown reduction in melanoma growth and metastasis via Connexin-

43 [82].  

c-AMP response element binding protein (CREB) is another transcription factor that 

significantly overexpressed during the transition from RGP to VGP. Previous reports from 

our laboratory have shown that CREB serves many important functions during this transition 

[84, 85], including acting as a survival factor and increasing cell invasion by regulating 

MMP2, IL8, BCL2, MCAM/MUC18, and the tumor suppressor CYR61 [86-89]. 

Furthermore, CREB regulates other important transcription factors involved in melanoma 

progression such as, MITF and AP2α [90, 91]. To further evaluate CREB’s role during 

melanoma progression, recently we performed gene expression profiling in metastatic 

melanoma cells following CREB silencing and identified an important and previously 

unknown target for CREB, the RNA-editing enzyme adenosine deaminase acting on RNA 1 
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(ADAR1).   The activation of CREB plays an important role in regulating genes that are 

important for inflammation, invasion, and survival [87, 92, 93].  CREB is activated through 

phosphorylation at Ser133 and binding to the co-activators CBP and p300 [94, 95].  During 

melanoma progression, the activation of CREB can both induce the expression of various 

pro-tumerogenic genes including MCAM/MUC18 and MMP2 [87] as well as inhibit the 

expression of other genes, like CYR61.  CYR61 has been shown to be a regulator of cell 

proliferation, survival, migration, and extracellular matrix formation [96]. Upon silencing 

CREB, CYR61 expression is increased and motility and invasion reduced in vitro. Silencing 

CREB reduced tumor growth and metastasis in melanoma in vivo [89].  Melanoma cells 

become susceptible to apoptosis when a dominant negative form of CREB is overexpressed 

[86].  Silencing CREB increases p21
waf1

, a cell cycle inhibitor, while an increase in CREB 

activity directly suppresses AP2α expression during melanoma progression.  Since AP2α is a 

positive regulator of p21
waf1

, CREB has a significant effect on melanoma cells through its 

regulation of other transcription factors that in turn regulate different genes [91].  Past and 

latest findings emphasize the importance of CREB in melanoma growth and metastasis as the 

“master switch” in melanoma progression. 

Activating transcription factor -2 (ATF-2) which belongs to the CREB family, also 

has been shown to have a role in melanoma progression [97, 98]. When ATF-2 is activated it 

promotes melanoma progression and cell growth by inducing such genes as c-Jun and TGFβ. 

Silencing ATF-2 reduced tumor growth and metastatic potential of melanoma cells [98, 99]. 

Many other important transcription factors are being deregulated during melanoma 

progression. SNAIL and SLUG transcription factors are known to inhibit transcription of E-

cadherin [100]. Silencing SLUG increased melanoma susceptibility to chemotherapeutics as 
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cisplastim [101] . The TWIST transcription factor is known to be a metastasis regulator in 

epithelial cancers responsible for epithelial-to-mesenchymal transitions (EMT). However, in 

melanoma its role is unclear due to the ambiguous role of EMT in melanoma invasiveness 

and metastasis [102]. Inspite all these new modalities, further research is needed to 

understand the biology since BRAF resistance and the fact that only 30-40% response to 

immunecheckpoint therapies. All these genetic alterations mentioned and many other 

molecular classifications in melanoma progression are very important for planning new 

targeted therapies. Another molecule contributing to melanoma growth and metastasis is 

Galactin-3 (Gal-3). Our studies identified Gal-3 as the major regulator of autotaxin and 

NFAT1. This thesis will concentrate on the transcription factor, NFAT1 and further 

investigate the contribution of NFAT1 to the metastatic melanoma phenotype.  
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Figure 1:  Molecular and Genetic Changes During Melanoma Progression  

The progression of melanoma is a stepwise process. From benign nevus to dysplastic nevus genetic 

mutations occur within the BRAF or NRAS genes.  The loss of PTEN or p16
INK4A/ARF

 expression are 

early events in a subset of melanomas.  The tumor then grows radially throughout the epidermis 

termed the radial growth phase.  The acquisition of multiple factors such as CREB and NFB 

activation as well as enhanced expression of MCAM/MUC18, PAR1, Il-8, MMP-2 and galectin-3 

induce the degradation of the basement membrane and invasion of melanoma cells termed the vertical 

growth phase (VGP).  Finally, a few select melanoma cells intravasate, circulate, and survive in 

distant organ sites where metastasis forms. This figure reproduced with permission from (Miller AJ 

and Mihm MC Jr., N Engl J Med 2006 [3]), Copyright Massachusetts Medical Society, and 

Melnikova et al. Cancer Biol Ther 2008 [87]. 
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Nuclear Factor of Activated T cell – NFAT Transcription Factor 

Nuclear Factor of Activated T cell (NFAT) proteins were first identified in T cells as 

activators of the transcription of interleukin 2 [103, 104], which serve as a key regulator of T 

cell immune response. NFAT family members are transcription factors that play an important 

role in inducing the transcription of central genes during the immune response. All family 

members have a highly conserved REL-homology domain (RHD), which is a DNA binding 

domain.  They are also involved in the control of T cell development and T cell 

differentiation [105]. Many years after the discovery of the NFAT gene family, they were 

found to play many roles in other biological systems besides the immune response. Despite 

their name, proteins from the NFAT family are expressed also on other cells and not only on 

T cells.  

Calcium flux, calcineurin and NFAT kinases are the regulators of NFAT family.  Calcium 

that is released from intracellular stores increases the levels of intracellular calcium. Calcium 

binds to calmodulin which then activates the calcineurin phosphatase. In order to be active, 

NFAT proteins are regulated by calcineurin, a phosphatase that dephosphorylates NFAT 

proteins to uncover their nuclear localization site (NLS), thus triggering their mobilization 

from the cytoplasm to the nucleus. In the nucleus, NFAT proteins cooperate with other 

factors to regulate gene expression for various biological functions [105].   The phosphatase 

calcineurin responds to a continued rise (not transient) of calcium in the cytoplasm, therefore 

NFAT is dephosphorylated and imported into the nucleus for the duration of the transcription 

[106]. In order to dephosphorylate NFAT, calcineurin needs to stably dock on NFAT, usually 

on a region located on the protein N-terminal. Furthermore, the weak DNA binding of NFAT 

requires that NFAT partner with other factors to perform transcription regulation. Such 
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partners can be MEF to control muscle development, GATA in heart development, FOXP3 

to regulate immune tolerance and AP-1 to activate T cell response [107, 108].  

The NFAT family of proteins contains five family members, NFAT1-NFAT5, that 

are all evolutionarily related to the Rel family.  There are four typical members in the NFAT 

family (NFAT1-4) that indeed are regulated by calcinurin, in difference to these; NFAT5 

does not require calcineurin or a nuclear partner for its activity.  The NFAT protein family 

(NFAT1-4) has few functional modules sites on the protein: phosphorylation sites, nuclear 

localization site, DNA binding site, and transactivation sites (Figure 2).  The N-terminal 

region includes regulatory domains like, casein kinase 1 (CK1), calcineurin (Cn) docking 

sites, and transactivation domain (TAD). The C-terminus includes the nuclear localization 

site (NLS), DNA-binding Rel homology domain (RHD) and an additional calcineurin 

docking site. In the middle of the protein there are several serine rich domains (SP1-3) that 

provide phosphorylation sites for kinases targeting NFAT. Furthermore, the NFAT protein 

contains two signal sequences that regulate its subcellular localization: the nuclear 

localization signal sequences (NLS1 and NLS2) and the nuclear export signal (NES) (Figure 

2).  When NFAT proteins are phosphorylated on their serine residues, they are localized in 

the cytoplasm [108]. The activation of receptors on the cell surface for example: receptor 

tyrosine kinases (RTKs), T cell receptor (TCR), receptors, and G protein coupled receptors 

(GPCRs), lead to a signaling cascade that starts causing calcium influx into the cytoplasm. 

When this influx is sustained, it causes the activation of calcineurin, which then 

dephosphorylates the cytoplasmic NFAT proteins. Dephosphorylation of NFAT by 

calcineurin exposes the nuclear localization site (NLS), causing the protein to transfer into 

the nucleus [109].  Calcineurin can be inhibited by the immunosuppressant cyclosporine A 
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(CsA) and tacrolimus (FK506), which form binding protein complexes which bind and 

competitively inhibit calcineurin phosphatase activity [110].  To neutralize NFAT activation, 

it needs to be rephosphorilated and mobilized outside the nucleus. Several kinases act to 

phosphorylate NFAT proteins, for example: protein kinase A (PKA), casein kinase 1 (CK1) 

and more. In the immune system the NFAT family of proteins is well established and their 

role in activating T cells is clear. There is an established clinical knowledge of NFAT being 

active in the regulation of T cells and in organ rejection after transplantation.  Inhibitors like 

CsA and FK506 help in preventing this rejection. However the functions of the NFAT family 

of proteins in other aspects of human diseases and cancer are largely unknown. 

In recent years there is more and more evidence that the NFAT family members are 

also involved in cancer development and metastasis. Phenotypes such as increase cell 

growth, enhanced proliferation, stimulates angiogenesis and increased resistance were 

reported in the literature about the NFAT family [111].  In our research we have been 

concentrating on one NFAT family member the NFAT1.   Here in I will test the hypothesis 

that NFAT1 is not solely involved in T cell activation but could also regulate the melanoma 

metastatic phenotype.  
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Figure 2: Primary Structure of NFAT 

Schematic structure of NFAT. The region of highest homology within NFAT proteins is the DNA-

binding Domain, Rel homology domain (RHD), which shows similarity to the Rel homology region 

of Rel-family transcription factors. A second region of homology is the NFAT homology region 

(NHR), which contains all regulatory domains. The N-terminal region includes regulatory domains 

like, casein kinase 1 (CK1), calcineurin (Cn) docking sites, and transactivation domain (TAD). The 

C-terminus includes the nuclear localization site (NLS), DNA-binding Rel homology domain (RHD) 

and an additional calcineurin docking site. In the middle of the protein there are several serine rich 

domains (SP1-3) that provide phosphorylation sites for kinases targeting NFAT. Furthermore, the 

NFAT protein contains two signal sequences that regulate its subcellular localization: the nuclear 

localization signal sequences (NLS1 and NLS2) and the nuclear export signal (NES).   
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Nuclear Factor of Activated T Cell 1 – NFAT1  

NFAT1, also known as NFATc2, is the first member of the NFAT family that was 

discovered on T cells. NFAT1 is a transcription factor bound to the antigen receptor response 

element on the interleukin-2 (IL-2) promoter. NFAT1 family member is expressed on T 

lymphocytes but also on many other cells outside the immune system. In equilibrium, 

NFAT1 is greatly phosphorylated and its activation can be reached through 

dephosphorylation by calcinurin phosphatase [105]. Similar to the other family members, 

NFAT1 activation can be blocked using calcineurin inhibitors like tacrolimus (FK506) or 

cyclosporine (CsA) [110]. The dephosphorylation of NFAT1 helps the protein to be relocated 

into the nucleus and to be active as a transcription factor, as previously described. In recent 

years there is more and more evidence that NFAT1 is associated with cancer. 

NFAT1 in Cancer 

NFAT1 was published to be associated with cancer; it was showen to be associated 

with a wide range of tumor progression events such as: invasion, migration, tumor cell 

survival, and apoptosis.  In breast cancer, high expression of NFAT1 was found in patients’ 

specimens with primary tumors or lymph node metastasis, when compared to healthy tissue 

[112]. It was also found that there is a negative cross talk between NFAT1 and Stat5 

signaling cascades [112]. These results highlight the effect of NFAT1 on breast tumor 

formation and metastasis.  Primarily in breast cancer, it was demonstrated that NFAT1 

enhances cell invasion and cell motility by regulating a variety of downstream genes [113]. 

One of the mechanisms by which NFAT1 to promote cell invasion in breast cancer was 

found to be through the induction of Cyclooxygenase-2 (COX-2), which is responsible for 
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the production of prostaglandins [114]. In 111 clinical samples of glioblastoma, NFAT1 was 

overexpressed compared with lower grade gliomas. NFAT-1 expression in glioblastoma cell 

lines was correlated with higher invasion and with the expression of genes which enhance 

invasion such as: MMP-7, MMP-9 and COX-2 [115]. In the melanoma literature there are 

few works done on NFAT1. NFAT1 deficient mice (NFAT1-/-) presented less experimental 

lung metastasis growth after melanoma cell injections when compared to the WT mice [116]. 

The absence of NFAT1 expression in the microenvironment causes a significant difference in 

the ability of the B16F10 melanoma cell line to progress [116].  Further research presents 

NFAT1 as a potential therapeutic target in melanoma, since NFAT1 was found to inhibit 

melanoma cell apoptosis and promoting proliferation [117]. NFAT1 was found to be an 

activating transcription factor for the MDM2 oncogene and as a response to DNA damage 

signals, NFAT1-MDM2 pathway is activated to inhibit p-53 function [118]. NFAT1 was 

demonstrated to support tumor-induced anergy of CD4
+
  T cells [119] as well as regulate a 

set of genes that are responsible for helper T-cell (CD8
+
) anergy [120]. A recent paper 

demonstrated that NFAT1 increased CTLA-4 promoter activity at CD4
+
 T cells compared to 

CD8
+
 T cells. This preferential expression of CTLA-4 on CD4, which is mediated by 

NFAT1, can be important for the anti CTLA-4 therapy [121]. All these data clearly indicate 

that NFAT1 is a regulator of multiple genes during cancer progression. Yet in melanoma the 

majority of the downstream genes are still not identified and the effect of NFAT1 on 

melanoma metastatic phenotype still needs to be elucidated.  Our laboratory has previously 

demonstrated that Gal-3 contributes to melanoma growth and metastasis via the regulation of 

autotaxin and NFAT1 [122]. In this present thesis I will expand on these results and identify 
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other targets genes, besides autotaxin, that are regulated by NFAT1 and contributing to 

melanoma growth and metastasis (see specific aims). 

 

 

 

 

 

 

 

 

 

Figure 3: Calcium Signaling and Activation of NFAT1  

Activation of the T-cell receptor (TCR) triggers the activation of receptor-associated tyrosine kinases 

that lead to the activation of phospholipase C-  (PLC- ). Activated PLC-  causes the hydrolysis of 

phosphatidylinositol-4,5-bisphosphate (PIP2), which generates inositol-1,4,5-trisphosphate (IP3) and 

diacylglycerol (DAG). IP3 binds to its receptor and induces an increase in intracellular calcium levels 

that is caused by the depletion of intracellular stores. This increase triggers the opening of calcium-

release-activated calcium channels (CRAC) in the plasma membrane, which leads to a sustained 

increase in intracellular calcium levels. Calcium binds calmodulin(CM) and activates calcineurin 

(Cn). Activated calcineurin dephosphorylates nuclear factor of activated T cells (NFAT1) proteins, 

which exposes their nuclear-localization signal (NLS) and induces their nuclear translocation. After it 

has entered the nucleus, NFAT1 interacts with activator protein 1 (AP1) and other transcriptional 

partners to promote gene transcription. The activation of these partners during T-cell stimulation 

might be elicited by signals that are transmitted through different signalling pathways. The activity of 

NFAT1 is also regulated by kinases, such as casein kinase 1 (CK1) and glycogen-synthase kinase 3 
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(GSK3), which help to maintain NFAT1 in a phosphorylated state in the cytosol (maintenance 

kinases) or induce the rephosphorylation of nuclear NFAT1 to expose a nuclear-export signal (NES) 

and translocate NFAT1 back to the cytosol (export kinases).  

Specific Aims 

 

NFAT1 was historically identified as inducible transcription factor in T cells [103]. In 

melanoma it was shown that NFAT1 expression in the microenvironment increases the 

invasive and metastatic phenotype of B16F10 murine melanoma cells [116]. We have 

previously shown in our lab that Galactin-3 is regulating autotaxin through NFAT1 in 

melanoma [122]. It is possible that in melanoma there are additional novel genes that could 

be regulated by NFAT1 to support melanoma growth and metastasis. Therefore we 

hypothesized that in addition to its role in the immune system, and to autotaxin 

regulation in melanoma, NFAT1 regulates the expression of additional downstream 

targets that contribute to the metastatic melanoma phenotype. 

 

To test this hypothesis we developed the following specific aims:   

 

Specific Aim 1:  To Determine the Status and Contribution of NFAT1 to Melanoma 

Progression  

1.1 Examine the Status of NFAT1 in Melanoma Progression 
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1.2 Study the In Vitro and In Vivo Effects of Silencing NFAT1 in Metastatic Melanoma 

Cell Lines and the Effects of Overexpression NFAT1 in Low Metastatic Cell Lines 

 

Specific Aim 2: To Identify Novel NFAT1 Downstream Target Genes that Contribute to 

the Metastatic Melanoma Phenotype 

2.1 Study NFAT1 as a Potential Regulator of IL-8 Expression in Melanoma Cells  

2.2 Study NFAT1 as a Potential Regulator of MMP-3 Expression in Melanoma Cells  

2.3 Determine the Contribution of MMP-3 to Melanoma Growth and Metastasis 
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CHAPTER 2:  Materials and Methods 

 

Cell lines and Cell Culture  

Human A375SM cells were collected from nude mice that were i.v injected A375P (parental) 

cells, pooled lung metastasis and grown in culture as described previously [123].  The human 

SB2 melanoma cell line was isolated from a primary cutaneous lesion and is non-metastatic 

and poorly tumorigenic in mice [124].  WM902B cell line was isolated from skin malignant 

melanoma in the vertical growth phase (VGF). All cell lines were cultured in Eagles 

minimum essential media (MEM) supplemented with 10% fetal bovine serum (FBS), and 1% 

of HEPES buffer, penicillin-streptomycin, sodium pyruvate and nonessential amino acids, 

and kept at 37°C in a 5% CO2 incubator.  The human embryonic kidney cells (293FT) were 

used for lentiviral shRNA and overexpression vectors were maintained in DMEM 

supplemented with 10% FBS.  Sixteen hours before each in vivo injection experiment, cells 

were replenished with fresh 10% FBS MEM.  Cell lines in exponential growth phase were 

harvested by 2-5 minutes exposure to 0.25% trypsin-0.02% EDTA solution. The cells 

removed from flasks were pipetted to generate a single-cell suspension. The cells were 

resuspended in PBS to the desired cell concentration just before the injecions. Cell viability 
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was determined by trypan blue exclusion and only single-cell suspensions with more than 

95% viability were used for in vivo injections.  

 

 

 

Lentiviral shRNA  

NFAT1 targeting shRNA 5’- CTGATGAGCGGATCCTTAA -3’ or MMP-3 targeting 

shRNA 5’-TCTGAACAAGGTTCATGCT-3’ and Non Targeting (NT) shRNA 5’-

TTCTCCGAACGTGTCACGT-3’ were designed with a hairpin and inserted into a pSIH-HI-

copGFP lentiviral vector.  The lentivirus was then produced by transfecting 293FT cells with 

the pSIH vector containing either the NFAT1/MMP-3 or NT shRNA sequence, the 

packaging plasmid (MD2G), and the envelop plasmid (PAX2) to produce a viable virus.  The 

NT shRNA has no homology to any known human genes.  The supernatant was collected 

containing a mature virus and was concentrated 10 times.  A375SM and WM902B cells were 

plated at 70% confluence on a six well plate and were transduced with 800ul MEM / 200ul of 

supernatant containing the virus and were incubated overnight.  The cells were then grown in 

culture and the top 50% GFP expressing cells were cell sorted by FACS.   

 

Nontargetable NFAT1 Expression Vector, Empty Vector (EV) 
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The NFAT1 gene (Isoform D) was amplified from A375SM cDNA with the following 

primers; Forward 5’- 

ATAAGAATGCGGCCGCGCCACCATGCAGAGAGAGGCTGCGTT 

CAG-3’ and Reverse 5’- GCTCTAGATAATATGTTTTGTATCCAGCTAAG-3’, cut with 

NotI and XbaI restriction enzymes, and inserted into the pCDNA3.1(+) vector.  The NFAT1 

shRNA targeting site was mutated to CAGACGAACGCATACTAAA (the underlined 

nucleotide are the entitled mutated sites) with the following primers; nfat1-Forward 5’- 

CTTCAGATCTT CATTGGGACAGCAGACGAACGCATACTAAAGCCGCA 

CGCCTTCTACCAGG-3’  and  Reverse- 5’-CCTGGTAGAAGGCGTGCGGCTTTAGTAT 

GCGTTCGTCTGCTGTCCCAATGAAGATCTGAAG-3’. This construct was used as a 

control for both NFAT1 rescue in highly metastatic A375SM and WM902B cells and 

NFAT1 overexpression in the low metastatic SB2 cells throughout the work. 

 

NFAT1 overexpression Lentiviral Vector   

NFAT1 gene (Isoform D) was cloned fromA375 cDNA into pCDNA3.1(+), using the 

following primers NFAT1XbaIF-5’-GCTCTAGAGCCACCATGCAGAGA-

GAGGCTGCGTTCAG-3’ and NFAT1NotIR-5’- 

ATAAGAATGCGGCCGCTCATAATATGTTTTGTATCCAG-3’. NFAT1 gene was cut 

with the designated restriction enzymes, inserted into a pCDH-CMV-MCS-EF1-puro vector 

and packaged with MD2G and PAX2 plasmids in a lentiviral virus as previously described. 

SB2 cell line was plated at 70% confluence on a six well plate and then transduced with 
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800ul MEM / 200ul supernatant containing virus overnight and were selected with MEM 

containing 1ug/ml puromycin. 

 

NFAT1 Rescue Lentiviral Vector   

NFAT1 rescue gene was generated on NFAT1-pCDNA3.1(+), using the following primers 

NFAT1-res-F-   5’-CTTCAGATCTTCATTGGGACAGCAGACGAACGCATACTA 

AAGCCGCACGCCTTCTACCAGG-3’ and NFAT1-res-R- 5’-CCTGGTAGAAGGCGTGC 

GGCTTTAGTATGCGTTCGTCTGCTGTCCCAATGAAGATCTGAAG-3’. NFAT1 rescue 

gene was cut with the designated restriction enzymes, inserted into a pCDH-CMV-MCS-

EF1-puro vector and packaged with MD2G and PAX2 plasmids in a lentiviral virus as 

previously described. A375SM and WM902B cell lines which NFAT1 was silenced using 

NFAT1 shRNA  lentiviral vector were plated at 70% confluence on a six well plate and then 

transduced with 800ul MEM / 200ul supernatant containing virus overnight and were 

selected with MEM containing 1ug/ml puromycin. 

 

MMP-3 Overexpression Lentiviral Vector  and Nontargetable MMP-3 vector -EV 

MMP-3 gene overexpression plasmid was purchased from shRNA and ORFeome core 

facility at MD Anderson. The gene was inserted into a PLOC vector which has RFP and 

Blasticidin as markers and packaged in a lentiviral virus as previously described. 
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Nontargetable MMP-3 expression vector (EV) was purchased from shRNA and ORFeome 

core facility at MD Anderson as well.  SB2 cell line was plated at 70% confluence on a six 

well plate and then transduced with 800ul MEM / 200ul supernatant containing virus 

overnight and were selected with MEM containing 1ug/ml puromycin. 

 

Fluorescence activated cell sorter and flow cytometry (FACS) 

A375SM, WM902B and SB2 cells which were transduced with lentiviral constructs were 

detached from the flask using Tripsin EDTA 0.05%. Cells were centrifuged at 1400 rpm and 

the supernatant was removed. Cells were than resuspended in 500ul of PBS and were obtain 

into FACS.  

 

Protein extraction 

Total protein extracts were acquired from 70%-80% confluent cell culture on a six well plate 

or 10 cm dish.  Cells were washed twice with cold PBS. After complete drain of PBS cells 

were incubated 10 min on ice with 200ul of RIPA “B” lysis buffer (1% Triton x-100, 150mM 

NaCl, 5mM EDTA, 20mM Sodium Phosphate, pH-7.4)  supplemented with 1% protease 

inhibitor cocktail (Roche). Cells were scraped from the plate using a scraper and lysates were 

transferred into a 1.5ml clean tube. After 30sec of vortexing, lysets were centrifuged at 

14,000 rpm at 4
o
C for 15 min and supernatant was collected. Protein concentration was 

measured using Bradford assay (Bio-Rad). 
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Western Blot Analysis 

To detect NFAT1, 20ug of whole cell protein lysate was loaded onto 8% SDS-PAGE and 

transferred into 0.45um Polyvinylidene Difluoride (PVDF) membranes (Millipore).    To 

detect MMP-3 protein expression, which is a secreted protein therefore expressed best in the 

medium, one million cells were plated in a 10cm dish and were incubated in serum starvation 

conditions with 5ml of serum free MEM for 48hrs.  The supernatant from cell culture was 

concentrated to 100ul. A total of 10ug of protein from the supernatant was loaded onto 10% 

SDS-PAGE.  The membranes were blocked with 5% milk for 1 hour. Blots were incubated, 

usually over-night at 4
o
C, with primary antibodies with the right dilution.  Rabbit polyclonal 

anti-NFAT1 1:1000 (Santa Cruz Biotechnology); Rabbit polyclonal anti-MMP-3 1:1000 

(Abcam), Rabbit polyclonal anti beta-Actin 1:2000 (Santa Cruz). Proteins were detected by 

ECL detection system (GE Healthcare). To confirm equal loading of the supernatant, the 

membrane was coomassie blue stained and destained with 40% methanol, 50% water, and 

10% acetic acid until protein bands were visible.   

 

Matrigel Invasion  Assay   

Matrigel invasion assays were performed using Biocoat Matrigel invasion chambers (BD 

Biosciences). Briefly, 1x10
5
 cells diluted in 500 l of serum-free MEM and were placed on 

top of the upper chamber of the Matrigel plate in triplicates. The lower chamber contained 

MEM supplemented with 20% FBS. Matrigel plates were incubated for 40 h at 37 °C. 

Hema3 stain set was used to stain the cells which migrated to the lower surface of the 

Matrigel filter (Fisher Scientific). Filters were glued on a microscope slide. Pictures from 
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different fields where taken under light microscope and the stained cells were counted and 

statistically analyzed. 

 

In vitro proliferation assay  

One thousand of the cells that were used in this experiment, were plated in each well of a 

ninety six well plates that were used in this experiment (12 repetitions for each sample). The 

cells that were plated were the highly metastatic melanoma cell lines A375SM and WM902B 

NT and NFAT1 shRNA and the low metastatic cells SB2 EV and NFAT1 overexpression. 

The cells were cultured for 5 days in 10% FBS normal growth MEM medium. Cell growth 

was analyzed by the colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) assay that determines relative number of cells based on the conversion of MTT to 

formazan (has a purple color) in viable cells. Each day after plating the cells, MTT (Sigma) 

was added to each well at a 1mg/ml concentration in PBS, 20ul for each well. After addition 

of the MTT, a 2 hr incubation period was applied at 37°C. Medium and MTT were removed 

from the wells and were replaced by 100ul of diametyl sulfoxide (DMSO, Sigma). After 1 hr 

of incubation at room temp with DMSO the plate was read and quantified by measuring 

absorbance at 570nm using Epoch BioTek plate reader. This procedure was repeated daily 

over 5 years in order to compare if there are differences between the proliferation rates of cell 

lines that were NFAT1 manipulated using lentivirous stable transduction.      

 

Reverse transcription-PCR   
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Regular PCR: RNA isolation was performed with the RNAqueous kit (Ambion). One 

microgram of total RNA was reverse transcribed (RT) using the High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems).  One microgram Real time PCR was 

performed with the Taqman Gene Expression Assay and standardized to GAPDH (Applied 

Biosystems).  NFAT1, IL-8 and MMP-3 Taqman Gene Expression Assays were acquired 

from Applied Biosystems and qRT-PCR was performed on A375SM WM902B and SB2 

melanoma cell lines.  Each probe was standardized to one with control sample. 

 

Quantitative Real time PCR (qRT-PCR)   

RNA (20 ng/μl) from the A375SM, WM902B and SB2 cell lines was harvested using a 

mirVana kit (Ambion) according to the manufacturer's instructions. The RNA was then 

transcribed into cDNA using TaqMan reverse transcriptase reagents for general cDNA. The 

primers for NFAT1, IL-8 and MMP-3 and fluorescence probes were obtained from Applied 

Biosystems. Reaction components for reverse transcription-PCR and amplifications were 

described previously [81]. Amplifications were run in triplicates, and averages were obtained 

after normalization with 18s (Applied Biosystems). Data was expressed in -fold change. 

 

Chromatin Immunoprecipitation Assay (ChIP) 

ChIP Assay was performed using ChIP-IT Express Kit (Active Motif) according to the 

manufacturer’s protocol. 1×10
7
 melanoma cells were plated in 15 cm culture dishes. The next 

day cells were fixed with 37% Formaldehyde containing medium. The cells were then 
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scraped from plates, and cell suspensions centrifuged for 10 minutes at 2500 rpm at 4 °C. 

Supernatant was discarded. The cells at the bottom of the tube were then lysed and incubated 

on ice for 30 minutes. Next, chromatin enzymatic shearing was performed to cut the DNA to 

fragments sized between 200-1000-bp. Fixed protein DNA complexes were then pulled down 

using magnetic beads with anti-NFAT1 antibody (Santa Cruz) followed by separation from 

the magnetic beads and Protein-DNA reverse cross-linking at 65°C for 2.5 hours. Next, the 

proteins were digested for one hour at 37°C with of Proteinase K and the DNA was prepared 

for PCR.  PCR was performed by surrounding both NFAT1 binding sites with the following 

primers; NFATF- GCTCAAACTGCCAGCAAAAT and NFATR- 

CACAGGGTGTTCACAAATCG.  The PCR product was run in a 1.5% agarose gel. 

 

Reporter Constructs and Luciferase Activity Analysis   

The IL-8 and MMP-3 promoters were cloned from A375SM melanoma cells to encompass 

851 (IL-8) or 2682 (MMP-3) base pairs upstream of the transcriptional initiation site with the 

following primers respectively; IL-8 Forward-5’- 

GGGGTACCCTGCTCTTATGCCTCCACTG-3’ and Reverse-5’- 

GGAAGATCTCTTGTGTGCTCTGCTGTCTCT-3’ and for MMP-3 Forward-5’- 

GGGGTACCCACTCAGTTGCTCTTTAATTTTACC-3’ and Reverse-5’- 

GGAAGATCTCGCACAGCAACAGTAGGATTG-3’. PGL-3 basic was cut with Kpn1 and 

BglII restriction enzymes and the IL-8 or MMP-3 promoters were inserted.  Direct site 

mutagenesis of NFAT1 binding sites were carried out using QuikChange II XL Site-Directed 

Mutagenesis Kit (Stratagene) according to manufacturer’s instructions.  Cells were plated in 
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a 24 well plate with 2.0 x 10
4
 cells/ well.  After 48 hours, transfection with Fugin 6 

(Promega) was performed according to manufacturer’s instructions.  Briefly, each well was 

transfected with 0.8 μg of the basic pGL3 expression vector with no promoter sequence or 

with 0.8 μg of pGL3 with the inserted IL-8 or MMP-3 promoter; mutations were performed 

in the NFAT1 binding sites.  As a control, 2.5 ng of cytomegalovirus (CMV) driven renilla 

luciferase construct (pRL-CMV, Promega) was included per well. Each group was plated in 

replicates of six.  After 48 hours the cells were lysed and luciferase activity was assayed with 

the Dual Luciferase Reporter Assay System (Promega) according to the manufacturer’s 

instructions.  The ratio of PGL3 firefly to CMV-driven renilla luciferase activity was used to 

normalize each sample.      

 

Immunohistochemistry (IHC)  

Mice were killed and tumors were collected.  Half of each tumor was formalin fixed and 

embedded into paraffin and the other half was frozen at -80°C. Paraffin-embedded
 
tumor 

specimens were mounted on positively
 
charged superfrost plus slides (Fisher Scientific). 

Slides were heated at 56°C for 20 min and de-paraffinized in xylene, hydrated in graded 

ethanol (100%, 95%, and 80%
 
ethanol), and then rehydrated in PBS twice.  Antigen retrieval 

was performed in pepsin (BioCare Medical) at RT for 10 minutes or with citrate buffer 0.1M. 

Endogenous peroxidase was blocked with
 
3% hydrogen peroxide in PBS. Samples were 

exposed to protein block (5% normal horse serum
 
and 1% normal goat serum in PBS) for 20 

minutes and incubated with each primary
 
antibody – rabbit anti-human IL-8 (1:100), rabbit 

anti-human NFAT1 (1:400) and rabbit anti-human MMP-3 (1:100) antibodies overnight at 
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4
◦
C.  Slides were washed, incubated for 10 minutes

 
in protein-blocking solution, and then 

reacted with goat anti-rabbit IgG secondary antibodies (Jackson ImmunoResearch, West 

Grove, PA).  

CD31 staining was executed by the same protocol as procedures of other antibodies, except 

that a goat anti-mouse CD31 (1:200) antibody (PharMingen, San Diego, CA) was used.  

Upon washing with PBS, the signals of specimens were developed with 3,3'-

Diaminobenzidine (DAB) for 5-10 minutes at RT.  The slides were washed with dH2O, air-

dried and applied with cover slides. The photo images were obtained from the Leica 

microscope DFC 320 (Wetzlar, Germany) For CD31 staining, frozen sections were fixed for 

5 minutes in each of the following solutions: acetone, acetone:chloroform (1:1) and acetone. 

Slides were then washed with PBS three times and blocked with protein block 4% Fish 

gelatin in PBS for 20 minutes at room temperature. Slides were incubated at 4°C over night 

with primary antibody (rat anti-mouse CD31, PharMingen Inc. Cat. #01951A). Alexa 494 

[125] was incubated for 1 hour at room temperature. Slides were then washed 3 times for 3 

minutes in PBS.   

 

TUNEL assay  

TUNEL staining was performed utilizing a TUNEL assay kit (Promega, Promega, Madison, 

WI). Slides were fixed in 4% Paraformaldehyde for 10 minutes at room temperature followed 

by two 5 minute washes with PBS. Slides were then incubated in 0.2% Triton X-100 in PBS 

for 15 minutes and washed twice with PBS. Subsequently, slides were incubated with DNase 

for 10 minutes at 37ºC and washed four times with PBS. Equalibrium buffer was then used 
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on slides for 10 minutes at room temperature. Incubation buffer containing 5ul Nucleotide 

Mix and 1 ul of TDT enzyme was then applied on slides. Slides were then incubated at 4°C 

over night. The following day, slides were washed with SSC buffer twice for 15 minutes 

followed by washes with PBS to remove unincorporated Fl-dUTP. Hoechst (Molecular 

Probes, Carlsbad CA) diluted at 1:10,000 in PBS was used to counterstain slides.  

 

Animals  

Female athymic BALB/c nude mice at the age of 8-10 weeks were purchased from Taconic 

(Hudson, NY ). Animals were maintained in facilities approved by the American Association 

for Accreditation of Laboratory Animal Care in accordance with current regulations and 

standards of the United States Department of Agriculture, Department of Health and Human 

Services, and the NIH. All studies were approved and supervised by The University of Texas 

MD Anderson Cancer Center, Institutional Animal Care and Use Committee (IACUC).   

 

In Vivo subcutaneous tumor growth 

Subcutaneous tumors were produced by injecting 0.5-1 x10
6
 tumor cells/100 ul PBS into the 

right frank of each mouse. Between 6 to 8 mice mice were injected for each group. Tumor 

size was monitored twice a week for 27 days. Mice were then sacrificed and tumors were 

collected.  The tumors were processed for IHC to detect alteration of IL-8, MMP-3, CD31. 

TUNEL assays also were performed to determine the effects on vessel density and apoptosis 

of tumors.  
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Experimental Lung Metastasis Assays  

For lung metastasis experiments, 6 to 8 mice per group were injected with 0.5-1x10
6
 tumor 

cells in 100 ul PBS via mouse lateral tail veins as previously described [89]. Tumor 

metastasis burden was closely monitored. Any mouse that demonstrated a sign of thin or 

hunched postures was scarified earlier.  The mice were killed about 6 weeks after injections; 

the lungs were removed, and fixed in Bouin's solution for 24 hours. The number of surface 

tumor nodules were counted using a dissecting microscope.  

 

 

cDNA Microarray 

Total RNA was isolated from A375SM NT and NFAT1 shRNA melanoma cells using 

mirVana Isolation Kit (Life Technologies). RNA was then converted into cRNA using the 

Illumina TotalPrep Amplificatin Kit (Life Technologies) and hybridized to HT-12 Illumina 

chip in triplicates.  Gene expression analysis was performed between NFAT1 NT and 

NFAT1 shRNA samples. 

 

Statistical Analysis 

Student's t test was used to analyze the statistical significance of differences in the in vitro 

data. In the animal studies Mann-Whitney U test was used in the tumor growth and lung 
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metastasis results. Values for tumor growth are given as a mean volume ± S.E.M. P values 

that are smaller than 0.05 were considered statistically significant.  

 

TCGA Analysis 

Statistical analyses were performed in R (version 3.0.1)  (http:///www.r-project.org/) and the 

statistical significance was defined as a p-value less than 0.05.  We downloaded and analyzed 

clinical and mRNA (Level 3 Illumina RNASeqv2)  data publicly available from the Cancer 

Genome Atlas Project (TCGA; http://tcga-data.nci.nih.gov/) for  patients with skin cutaneous 

melanoma  (SKCM).    

For NFAT1 Tumor vs. Metastatic comparison  

The Shapiro-Wilk test determined that NFAT1 (log2 reads) did not follow a normal 

distribution in tumor or metastatic samples.   The nonparametric test Mann-Whitney-

Wilcoxon test was applied to compare NFAT1 expression levels between the two groups and 

a box-and-whisker plot (Box plot represents first [lower bound] and third [upper bound] 

quartiles, whiskers represent 1.5 times the interquartile range) was used to visualize the data.  

For survival IL-8 and MMP-3:  

For each gene of interest, we checked for a relation with the survival as follows.  Patients 

were grouped into percentiles according to mRNA expression.  The Log-rank test was 

employed to determine the association between mRNA expression and overall survival and 

the Kaplan-Meyer method was used to generate survival curves.  Cut-off points (log-rank test 
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p-value <0.05) to significantly split the samples into low/high mRNA groups were recorded. 

The cut-off to optimally separate the patients in high/low (min p-value) was chosen.  

 

Dual IHC Staining for Tissue Microarray (TMA)  

Paraffin sections in 5 μm thickness were made, and immunohistochemistry was performed 

using monoclonal antibodies against NFAT1 (clone D43B1 [1:50 dilution]; Cell Signaling, 

Danvers, MA) and CD8 (Clone C8/144B [1:20 dilution]; LabVision, ThermoFisher). After 

deparaffinization, antigen retrieval was performed using a citrate buffer (pH 6.0) in a 

pressure cooker. Slides were then incubated with NFAT1 antibody, followed by Envision+ 

horseradish peroxidase reagent (Dako, Carpentaria, CA), followed by incubation with 

diaminobenzidine (DAB). After washing, the slides were incubated with CD8 antibody, 

followed by an alkaline phosphatase-conjugated secondary antibody (Bond Polymer Refine 

Red Detection, Leica Biosystems, Buffalo Grove, IL), and then incubated with Fast Red/AP 

chromogen. CD8 (red chromogen) and NFAT1 (brown chromogen) immunoreactivity were 

considered positive if moderate to strong staining was identified in even a single cell. The 

extent of staining was quantified using the following scale: 0 indicated no staining; 1+ 

indicated positive reactivity in < 25% of tumor cells; 2+ indicated positive reactivity in 25-

50% of tumor cells and 3+ indicated positive reactivity in > 50% of tumor cells. Localization 

to the cytoplasm or the nucleus was recorded for all cases expressing NFAT1. CD8 localized 

to the cytoplasm & membrane when expressed.  The TMA that we have used have total  130 

specimens: 59 Nevi, 39 primary and 32 metastatic, each sample is represented twice on the 

block.  
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CHAPTER 3: Specific Aim 1 

 

To Determine the Status and Contribution of NFAT1 to Melanoma Progression  

1.1 Examine the Status of NFAT1 in Melanoma Progression 

1.2 Study the In Vitro and In Vivo Effects of Silencing NFAT1 in Metastatic Melanoma 

Cell Lines and the Effects of Overexpression NFAT1 in Low Metastatic Cell Lines 

 

Introduction 
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Melanoma is the deadliest form of skin cancer in the United States [2].   During the 

last decade there has been tremendous progress in understanding the genetic changes that are 

associated with melanoma progression.  Those newly discovered target genes can potentially 

help researchers in finding new therapeutic combinations in melanoma. During the 

progression of the disease, melanoma cells need to acquire the ability to invade the basement 

membrane and migrate into the dermis. In our research, we are looking at NFAT1 as a 

potential gene that may be an important protein that helps melanoma cells acquire the 

invasive phenotype. NFAT1 expression has also been associated with cancer; in breast 

cancer patient specimens, higher expression of NFAT1 was recognized with primary tumors 

and lymph node metastasis compared to normal adjacent tissue [112].  By evaluating past 

publications and previous evidence we hypothesized that NFAT1 (besides its role in the 

immune system) can be a key player in the invasive phenotype of melanoma cells. NFAT1 is 

possibly playing an important role in melanoma progression and metastasis formation. In this 

first specific aim we want to determine the contribution of NFAT1 to the In vitro and In vivo 

phenotype of melanoma cell lines and examine the status of NFAT1 in melanoma patients. 
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Sub Aim 1.1: Examine the Status of NFAT1 in Melanoma Progression (Cell Lines and 

Patients) 

 

Results 

Analysis of NFAT1 Expression in a Melanoma Cell Line Panel 

To examine the status of NFAT1 in melanoma progression, a panel of melanoma 

lines ranging from low to highly metastatic were utilized. Using western blot analysis, we 

validated that the more metastatic cell lines they express higher levels of NFAT1, while the 

less metastatic melanoma cells express significantly lower levels of NFAT1.  As shown in 

figure 4, the highly metastatic melanoma cell lines (Mewo, TXM18, A375SM WM2664 and 
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WM902B) expressed higher levels of NFAT1 as compared to the less metastatic melanoma 

cell lines (SB2, and DM4).   Our cell panel can be further divided into two groups: those with 

BRAF mutations (highly metastatic in our case) and those with NRAS mutations (low 

metastatic in our case). When NFAT1 expression was analyzed by this manner, we found 

that cells with BRAF mutations have higher expression levels of NFAT1 and cell lines with 

the NRAS mutations had a lower expression of NFAT1. However, it is possible that this cell 

line panel is not representative. A larger scale analysis should be performed in order to have 

a conclusion about the connection between the BRAF mutations with NFAT1 expression 

levels in melanoma cell lines. Therefore this correlation could be due to the panel lacking 

highly tumorigenic NRAS and non BRAF
V600E

 mutation cell lines.  Later, we also performed 

patients analysis for NFAT1 to confirm.   

 

 

 

 

 

 

 

Figure 4:  NFAT1 is Expressed at Higher Levels in Metastatic Human Melanoma Cell Lines 

Low 

metastatic 

Highly 

metastatic 
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Western blot analysis in melanoma cell lines was performed.  The less tumorigenic SB2, and DM4 

melanoma cell lines express significantly less NFAT1 than the more tumorigenic and metastatic 

Mewo, TXM-18, A375SM, WM2664 and WM902B cells.   

 

 

 

 

 

 

 

 

 

Melanoma TCGA Analysis of NFAT1 

In this set of experiments we sought to validate our observations in melanoma cell lines by 

mining the TCGA (The Cancer Genome Atlas) data for NFAT1 expression. This analysis 

revealed a significant higher expression of NFAT1 in metastatic lesions compared to primary 

melanoma lesions (p=0.0079) (Figure 5). This analysis validated our observation in 

melanoma cell lines that, the more metastatic the cell is, the higher NFAT1 expression it has. 
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Figure 5: Analysis of TCGA Melanoma Data for the Expression of NFAT1 in Melanoma 

Patients Analysis of TCGA revealed a significant overexpression of NFAT1 in the metastatic lesions 

(p=0.0079) compared to primary melanoma lesions. Primary melanoma lesions (n=55), metastatic 

lesions (n=257). 
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Analysis of NFAT1 in a Melanoma Patients’ Tissue Microarray (TMA) 

To further delineate the status of NFAT1 in melanoma progression, the expression of NFAT1 

was examined in tissue samples from melanoma patients in different stages (nevi, primary 

and metastatic). The evaluation was made in a way that the score is given by the expression 

level of NFAT1 on the tumor cells but not on the immune cells. This scoring was achieved 

after double staining for NFAT1 and tumor infiltrating lymphocytes (TIL). The expression 

was evaluated on the tumor cells alone. CD8 (red stain for T cells) and NFAT1 (brown) 

immunoreactivity were considered positive if moderate to strong staining was identified. For 

quantification we used the following scale: 0 indicated no staining; 1+ indicated positive 

reactivity in < 25% of tumor cells; 2+ indicated positive reactivity in 25-50% of tumor cells 

and 3+ indicated positive reactivity in > 50% of tumor cells.   Indeed there was a difference 

between the expression of NFAT1 in metastatic versus primary melanoma patients. The 

metastatic tissues expressed more NFAT1. Unfortunately, the scoring is still in progress but 

from the general trend we can assume that these results support the TCGA analysis and the 

results from the western blot for the cell panel.  
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Figure 6: Analysis of TMA for the Expression of NFAT1 in Melanoma Patients. On this 

array there are 130 human tumor samples. After scoring the expression of NFAT1 on tumor 

cells we can see a significant difference between metastatic and primary melanoma tumors.  
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Sub Aim 1.2 Study the In Vitro and In Vivo Effects of Silencing NFAT1 in Metastatic 

Melanoma Cell Lines and the Effects of Overexpression NFAT1 in Low Metastatic Cell 

Lines 

 

Results 

The Effect of Silencing NFAT1 in metastatic melanoma and overexpressing it in low 

metastatic melanoma cell lines. 

To establish the role of NFAT1 in melanoma progression and in promoting tumor 

growth and metastasis, we chose to stably silence NFAT1 in two metastatic melanoma cell 

lines that have high levels of NFAT1 expression and overexpressing NFAT1 in a low 

metastatic cell line (with low levels of NFAT1). From our cell line panel, the cells that met 

these criteria were the WM902B, A375SM and SB2 melanoma cell lines (Figure 4). The two 

metastatic melanoma cell lines, A375SM and WM902B, were then stably transduced with 

non-targetable (NT) or NFAT1 shRNA packaged lentivirus. NT shRNA has no known 

homolog sequence among human genes; it will be used as a control to verify that the 

transduction by the virus itself did not cause any unexpected changes in the cells. This 

control vector contains green fluorescent protein (GFP) and it will be used throughout the 

study. The SB2 cell line was stably transduced with the NFAT1 overexpression construct and 

for the control we used an empty vector (EV) construct that does not include any inserted 
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gene. The overexpression transduction has a puromycin selection, and in order to select the 

positively transduced cells, the culture was grown with 1mg/ml puromycin for 48hr.  For 

A375SM and WM902B, both NT and NFAT1 shRNA melanoma cells were sorted for the 

top 40% percent of GFP fluorescence, by Fluorescent Activated Cell Sorting (FACS). After 

cell sorting/puromycin selection, WM902B, A375SM and SB2 melanoma cell lines that were 

transduced were expanded in culture. We performed western blot analysis to determine the 

silencing efficiency of NFAT1 shRNA or the overexpression efficiency for NFAT1 over-

expressing vector. By using densitometry and normalizing NFAT1 to actin, it was observed 

that the WM902B and A375SM cell lines have 58% and 75% knock down of NFAT1 

respectively as compared to the NT shRNA control (Figure 7). In SB2 cells, NFAT1 

overexpression results demonstrated infinite fold of NFAT1 overexpression in that cell line 

due to no expression in the parental cells.  These three cell lines were then used throughout 

the study. 
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Figure 7:  Stable Transduction of NFAT1 shRNA/ Overexpressing Vector Efficiently Reduce 

NFAT1 Expression in both WM902B and A375SM and Overexpress it in SB2 Melanoma Cell 

Lines. NFAT1 expression is lost in both melanoma cell lines with the stable lentiviral based 

transduction of NFAT1 shRNA.  Densitometry analysis for WM902B cells confirms that 

approximately 58% of NFAT1 expression is lost.  For A375SM cells, NFAT1 expression is 75% lost. 

For SB2 cells we have a complete overexpression of NFAT1.  
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In Vitro Invasive Phenotype of Melanoma Cells Following NFAT1 Silencing/ 

Overexpression  

To validate that NFAT1 increases the invasive phenotype of melanoma cell lines, 

NFAT1 silenced WM902B and A375SM melanoma cells and SB2 with NFAT1 

overexpression were subjected to the matrigel invasion chamber invasion assay. The cells 

were plated in fetal bovine serum (FBS) free media (MEM) on top of the chamber. The cells 

were incubated for 24 hours. The bottom chamber contained MEM media with 20% FBS to 

act as a chemoattractant. The number of invaded cells through the chamber was evaluated by 

counting equal fields from all membranes. A significant reduction in the number of invaded 

melanoma cells was observed after silencing NFAT1 in both WM902B and A375SM cell 

lines, *p < 0.001 (Figure 8).  A more than 2 fold reduction was observed in WM902B cells 

and more than 3 fold reduction in A375SM.   A significant increase in the number of invaded 

cells was observed after overexpression of NFAT1 in SB2 cells; more than a 5 fold increase 

was observed.  As seen in figure 8, the invasive capacity of melanoma cells is significantly 

reduced after silencing NFAT1 in metastatic cell lines p < 0.001, with more than a 2 fold 

reduction in WM902B and 3 fold reduction in A375SM, and on the other hand, the invasive 

capacity was increased after NFAT1 overexpression in SB2 cells. Therefore, our data support 

the idea that NFAT1 is critical for the invasive phenotype of melanoma cell lines.  To make 

sure that the invasive phenotype indeed changed as a result of NFAT1 expression in the cell 

lines and not due to higher doubling time of the tested cells, we performed MTT proliferation 

assay as presented in figure 9. We found no changes in the doubling time of A375SM and 

WM902B after NFAT1 silencing compare to the NT. Similar results were observed in this 

the SB2 cell line after overexpression of NFAT1.  Since no significant difference was 
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detected in the doubling time, we concluded that the changes in the invasion assay were not 

due to differences in cell division times but due to NFAT1 genetic manipulations which 

influenced on the invasive and migratory phenotype.  
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Figure 8:  The Invasive Phenotype of Melanoma Cells after Silencing /Overexpressing NFAT1 

The invasive phenotype of melanoma cells were analyzed by matrigel invasive chambers 8µm (A) 

The number of invaded cells through the Matrigel invasion chamber is significantly reduced after 

silencing NFAT1 in both WM902B and A375SM melanoma cells as compared to NT shRNA (*P < 

0.001) and on the other side, the number of invaded cells is significantly increased after NFAT1 

overexpression in SB2 cells.  (B) A representative image for each cell line with either NT or NFAT1 

shRNA or NFAT1 overexpression is shown (NT non targeting, OE overexpression). 
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Figure 9: Proliferation Rate of NFAT1 Silenced Metastatic Melanoma Cell Lines or NFAT1 

Overexpression in Low Metastasis Cell Lines. MTT assays were performed to determine doubling 

time of A375SM, WM902B (A,B) cells after transduction with NFAT1 shRNA as compared to NT 

transduced cells, and SB2 after NFAT1 overexpression compared to empty vector control (C).  MTT 

assays determined relative cell numbers based on the conversion of MTT to formazan in viable cells. 

Cell growth was measured daily for 5 days period. No significant differences were found in the 

doubling time in either transduced cell line (P>0.05).   
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Determine the In Vivo Effect NFAT1 on Tumor Growth and Experimental Lung 

Metastases  

To determine whether NFAT1 has an effect on melanoma tumor growth and 

metastasis, an in vivo experiment was performed. To that end, we used A375SM highly 

metastatic cells with NFAT1 shRNA compared to NFAT1 NT shRNA and the low metastatic 

SB2 after NFAT1 overexpression compared to SB2 EV (empty vector). 5x10
5
 A375SM cells 

or 1x10
6
 SB2 cells were injected subcutaneously into the right flank of nude mice (n=6 mice 

per group) for tumor growth, or intravenously into the tail vein of the mice (n=6 mice per 

group) for experimental lung metastases. Each group had the control group A375SM NT and 

SB2 EV respectively. The subcutaneous tumors were monitored twice weekly for 31 days for 

A375SM, and for 41 days for SB2 cell lines.  At the end of the measurements the tumor size 

mean of A375SM NT group was 1557mm
3
 compared to 509mm

3
 in the A375SM with 

NFAT1 shRNA (Figure 10A). At day 41, SB2 EV cells had a mean tumor volume of 

428mm
3
 compared to 1125mm

3
 for SB2 NFAT1 OE cells (Figure 10B). We observed a 

significant decrease in tumor growth after silencing NFAT1 and significant increase in tumor 

growth after overexpressing NFAT1 in melanoma cells. Since we already demonstrated that 

there is no difference in the doubling time of these cell lines, we can conclude that the 

differences we observed in tumor growth rates are due to NFAT1 expression. 

For the experimental lung metastasis, A375SM were injected in two groups NT and 

NFAT1 shRNA as well as SB2 EV cells and SB2 NFAT1 OE cells. After 6 weeks, the mice 

were killed and macroscopic lung metastases were counted in all groups. The results showed 

that the number of lung metastases was significantly decreased after silencing of NFAT1 

(mean of 10 mets) in the highly metastatic A375SM cells when compared to the A375SM 
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NT group (mean of 36.17 mets) (Figure 10C), and conversely, the number of lung metastases 

was significantly increased in the SB2 NFAT1 OE group (mean of 36 mets) compared to 

SB2 NFAT1 EV (mean of 11 mets) as presented in figure 10D. The mean number of lung 

colonies of A375SM groups were 36 for NT and 10 for NFAT1 shRNA p<0.01 and 11 for 

SB2 EV and 36 for SB2 NFAT1 OE p<0.001. 

Taken together, NFAT1 silencing, which was achieved through lentiviral shRNA, resulted in 

an inhibition of experimental lung metastasis growth of A375SM metastatic melanoma cells. 

Furthermore, overexpression of NFAT1 in the low metastatic cell line, SB2, resulted in an 

increase of lung metastasis growth, thereby strengthening our hypothesis that NFAT1 is 

essential to melanoma growth and metastasis. 
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     C                                                                                              D 

Figure 10: NFAT1 Expression is Required for the Malignant Melanoma Phenotype  

Silencing NFAT1 in A375SM melanoma cells reduces tumor growth and experimental lung 

metastasis in nude mice while overexpression of NFAT1 in SB2 increases both tumor growth and 

metastasis. (A) A375SM melanoma cells were injected subcutaneously in nude mice and tumor 

growth was monitored for 31 days.  Tumor growth was significantly reduced after silencing NFAT1 

at day 31, tumor volume  mean of 1557mm
3
 compared to 509mm

3
 (*P < 0.05). (B) SB2 melanoma 

cells were injected subcutaneously into nude mice and monitored for 41 days. Tumor growth was 

significantly increased after overexpressing NFAT1, mean tumor volume of 428 mm
3 

compared to 

1125 mm
3
 (*P<0.05) (C) Six weeks after intravenous injection of A375SM cells, nude mice were 

sacrificed and the number of lung metastasis were counted.  Silencing NFAT1 significantly reduced 

the number of experimental lung metastasis, mean of 10mets compared to 36 mets (P* < 0.01). (D) 



  

59 
 

Six weeks after intravenous injection of SB2 cells, nude mice were sacrificed and the number of lung 

metastasis was counted.  Overexpressing NFAT1 significantly increased the number of experimental 

lung metastasis mean of 36 mets compared to 12 mets (P* < 0.001). 
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Silencing NFAT1 Changes the Gene Expression Profile of A375SM Melanoma Cells 

 

To identify potential downstream targets of NFAT1, an Illumina microarray was 

performed (HT-12 Version 3 chip). RNA from three separate 10cm dishes (to confirm 

reproducibility) was isolated from A375SM NT and NFAT1 shRNA cells.  Our data suggest 

that silencing NFAT1 does deregulate various genes in these melanoma cells.  We then 

mined the data to identify novel genes with significant fold changes in the gene expression 

array.  We focused our attention on genes that were down regulated after silencing NFAT1, 

since they were likely to be tumor promoter genes.  The top identified genes then were mined 

and sorted by their relevance to cancer are presented in Table 1. Among these genes that 

were downregulated after NFAT1 silencing, we found follistatin (FST) that has been reported 

as a contributor to bone metastasis [126] and placenta-specific 8 (PLAC8) whose 

overexpression is reported to protect cancer cells from apoptosis [127-129]. Also, frizzeld 

family receptor 4 (FZD4), nicotinamide N-methyltransferase (NNMT). Of the potential 

genes, we decided to focus our research on interleukin 8 (IL-8/CXCL8) and matrix 

metallopeptidase 3 (MMP-3).  IL-8 is known to play an important role in the progression and 

metastasis of several different cancers including melanoma. Our laboratory has previously 

demonstrated that overexpression of IL-8 is associated with increasing tumor stage, disease 

progression, and recurrence in human melanoma.  Furthermore, a direct correlation between 

high levels of IL-8 and tumor angiogenesis, progression, and metastasis in nude mouse 

xenograft models of human melanoma were previously shown [130]. Therefore, we 

hypothesize that NFAT1 may contribute to melanoma tumor growth and metastasis through 

the regulation of IL-8. The second gene that we decided to study as a downstream target of 
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NFAT1 is MMP-3.  MMP-3 was shown to be associated with Alzheimer’s, multiple sclerosis 

and Parkinson’s disease. MMP-3 also contributes to several pathologies such as asthma, 

rheumatoid arthritis and cancer [131].  MMP-3 transcription can be triggered by reactive 

oxygen species (ROS), cytokines, growth factors and cell interactions.  MMP-3 can activate 

cell adhesion molecules, growth factors, chemokines, cytokines and receptors. Likewise, 

MMP-3 is able to activate other MMP family members.  In melanoma MMP-3 has not been 

much studied, and the role of MMP-3 in melanoma progression has yet to be elucidated, 

therefore we decided to study the role of MMP-3 in the metastatic melanoma phenotype. 
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.   

     

Table 1: Top Potential Genes Down Regulated after Silencing NFAT1 

The top potential candidate genes are shown.  These genes were downregulated after silencing 

NFAT1 in A375SM melanoma cells as compared to the non-targeting (NT) control. Note that our 

gene expression array confirmed that after NFAT1 silencing, autotaxin was reduced by almost 3 fold 

as was published by our lab before [122]. The two genes of interest IL-8 and MMP-3, are 

downregulated by 2.4 and 3.22 fold respectively.   
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Summary Specific Aim 1  

Herein, we report that there is a positive correlation between the metastatic potential 

of the melanoma cell lines and the expression level of NFAT1. The more metastatic the cell 

is, it correlates with higher NFAT1 expression level. Furthermore, from TCGA data analysis, 

we found that specimens from metastatic patients demonstrated significantly higher 

expression of NFAT1 compared to patients with primary tumors. These results support our 

observations in the cell lines. We validated these results by staining our own in house TMA.   

Also, we showed that silencing NFAT1 in two metastatic melanoma cell lines, WM902B and 

A375SM, significantly reduced the invasive potential of these cell lines, while 

overexpression of NFAT1 increases the invasiveness of SB2 cells; although these 

manipulations did not change the proliferation ability of the cell lines. The role of NFAT1 in 

melanoma tumor growth and experimental metastasis was also examined by utilizing an in 

vivo study. The in vivo studies confirmed that the expression of NFAT1 in the melanoma 

cells is important for the progression of the disease. In the presence of NFAT1 the tumor 

growth and the number of experimental lung metastasis were higher. After confirming that 

NFAT1 is necessary for the metastatic potential of the cells, we performed gene expression 

profiling in an attempt to identify potential NFAT1 downstream target genes that might be 

playing important roles in melanoma progression. In the next chapter we will concentrate on 

the link between NFAT1 regulation of IL-8 and MMP-3 expressions.    
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CHAPTER 4: Specific Aim 2 

 

To Identify Novel NFAT1 Downstream Target Genes that Contribute to the Metastatic 

Melanoma Phenotype 

 

2.1 Study NFAT1 as a Potential Regulator of IL-8 Expression in Melanoma Cells  

2.2 Study NFAT1 as a Potential Regulator of MMP-3 Expression in Melanoma Cells  

2.3 Determine the Contribution of MMP-3 to Melanoma Growth and Metastasis 

 

Introduction 

We have demonstrated that NFAT1 silencing in A375SM significantly reduced tumor 

growth and experimental metastasis in vivo when compared to the NT control group (Figure 

10 A,C). We have also demonstrated that overexpressing NFAT1 in the low metastatic SB2 

cells increased their invasion in vitro as well as incresed tumor growth and their metastastic 

potential in vivo (Figure 10 B,D) . Next we wanted to identified downstream target genes of 

NFAT1 and determine the mechanism by which NFAT1 regulates these genes.   From cDNA 

microarray studies, we identified that NFAT1 silencing in A375SM resulted in a significant 

decrease of several downstream gene targets as presented in Table 1. These genes may 

contribute to the metastatic phenotype of melanoma. Among these genes that were 

downregulated after NFAT1 silencing we found follistatin (FST), which has been reported as 
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a contributor to bone metastasis [126], placenta-specific 8 (PLAC8), whose overexpression is 

reported to protect cancer cells from apoptosis [127-129]. Also frizzeld family receptor 4 

(FZD4), nicotinamide N-methyltransferase (NNMT) and others were downregulated.  In our 

research we decided to concentrate on two genes that were downregulated after NFAT1 

silencing, interleukin 8 (IL-8) and matrix metallopeptidase 3 (MMP-3). Previous data 

indicated that NFAT1 can have a major effect on the transcriptional regulation of a variety of 

genes. In breast cancer it was found that NFAT1 promotes breast cancer cell invasion 

through the induction of COX-2 [114]. In breast cancer it was also found that there is a 

negative cross talk between Stat5 and NFAT1 signaling cascades, which may affect breast 

tumor growth and metastasis [112]. NFAT1 has also been shown to support tumor induced 

anergy of CD4
+
 T cells [119]. In this aim, we wanted to identify novel downstream genes 

regulated by NFAT1 that may contribute to melanoma growth and metastasis. To that end, a 

gene expression microarray (Illumina) was performed.  Our microarray data has identified 

many potential target genes including IL-8 and MMP-3 and many others.  The regulation of 

IL-8 and MMP-3 by NFAT1 has not been described yet.  Therefore, we chose to concentrate 

on these two target genes and clarify the link between NFAT1, IL-8 and MMP-3 and their 

contribution to melanoma progression. 

Unfortunately, increasing melanoma incidence has led to a growing number of patient 

deaths due to the aggressive nature of melanoma which commonly metastasizes to the lymph 

nodes, lung, liver, and brain [132, 133].  Currently, less than 10% of patients presented with 

malignant melanoma survive longer than 5 years [2].  Therefore, other treatment modalities 

besides targeting BRAF are needed. Of note, more than 50% of melanoma patients do not 

harbor the BRAF
V600E

 mutation. 
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One of these potential molecules is the chemokine IL-8 (CXCL8).  It has been shown 

that IL-8 expression is positively correlated with melanoma progression [134-136].  

Chemokines are 8-14 kDa signaling proteins that bind to their seven membrane spanning G 

protein-coupled receptors. Chemokines are classified by the position of two conserved cys 

residues at the N-terminal.  These families include the CXC, CC, C, and CX3C chemokines 

[134].  IL-8 is a 8-kDa protein that belongs to the CXC chemokine family. Chemokines were 

initially identified as chemoattractants for leukocytes, however, their expression and 

corresponding receptors have been observed in multiple cell types [134].  In melanoma, IL-8 

was the first chemokine shown to facilitate cancer cell migration.  The overexpression of IL-

8 in melanoma cells up-regulates the expression and activity of the matrix metalloproteinase 

MMP-2, which in turn contributes to a more invasive phenotype [137].  IL-8 binds to its 

receptors CXCR1 and CXCR2 (located on both melanoma and endothelial cells), thus 

promoting tumor growth and angiogenesis [137-140]. Due to the pro-tumorigenic and 

survival- dependent effects of IL-8 in cancer, targeting IL-8 could be therapeutically 

beneficial for melanoma patients.  Previously our lab has shown that neutralizing IL-8 with a 

fully human antibody, ABX-IL8, can significantly reduce tumor growth and experimental 

metastasis of A375SM and TXM-13 melanoma cells [141]. IL-8 has been shown to promote 

the growth, invasiveness, motility, angiogenesis, and metastatic potency of melanoma cells 

[137, 141-143].  Furthermore, our lab has also demonstrated that neutralizing IL-8 ABX-IL-8 

inhibited melanoma growth and metastasis in vivo, mostly by inhibiting angiogenesis [141].  

Interestingly, targeting IL-8 reduced MMP-2 expression, and incubation of melanoma cells 

with ABX-IL-8 reduced the invasive potential of melanoma cells through Matrigel coated 

membranes.  Decreased CD31 staining in vivo and HUVEC tube formation in vitro was also 
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observed [141]. In a new study in the lab, we utilized a siRNA delivery approach to silence 

IL-8 to reduce melanoma growth and metastasis in vivo.  In the present study we want to 

further understand the regulation mechanism of IL-8 during melanoma progression by the 

NFAT1 transcription factor. 

Matrix metalloproteinases (MMPs) are a family of zinc-dependent proteases. The 

proteins in this family have the ability to degrade extracellular matrix components such as 

collagen, gelatin, elastin and casein [144]. Matrix metalloproteinase 3, (MMP-3) which is 

also known as stromelysin-1, is a member of the MMP family. It is known to cleave 

extracellular components including different types of collagens ( types III, IX, and X) [145]. 

MMP-3 has been associated with Alzheimer’s, multiple sclerosis and Parkinson’s disease. 

MMP-3 also contributes to several pathologies like asthma, rheumatoid arthritis and cancer 

[131].  MMP-3 transcription can be triggered by reactive oxygen species (ROS), cytokines, 

growth factors and cell interactions.  MMP-3 has many substrates. Besides extracellular 

matrix (ECM) proteins, it can activate cell adhesion molecules, growth factors, cytokines, 

chemokines, cytokines and receptors. Likewise, MMP-3 is able to activate other MMP 

family members.  Secreted MMP-3 can be activated extracellularly and then transported back 

into the cell [131].  In melanoma, MMP-3 was investigated as a potential serum marker and 

the levels of MMP-3 in the serum were evaluated between healthy patients and malignant 

melanoma patients, but no significant difference was found [146, 147].  

Melanoma progression is a multistep cascade, which requires chemokines, angiogenic 

factors, adhesion molecules and proteases. Several studies suggested that the metastatic 

potential of melanoma is influenced by elastin, which is considered to be one of the most 

important ECM components, especially on the wall of blood vessels and in the lung. MMP-2 
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and MMP-3 degrade elastin proteins, and overexpression of these two genes is correlated 

with aggressive melanoma and poor clinical outcome [148, 149]. It was shown that higher 

stage melanoma is associated with higher levels of elastin, and that the interactions between 

the elastin peptides and the melanoma cells are key for melanoma progression [148, 150]. 

Another study in the field reported that Angpt2, MMP-3 and MMP-10 are all upregulated in 

the lung due to the primary B16F10 tumor in mice [151]. The lung microenvironment could 

be critical for presenting the pre metastatic niche that resulted from the influence of the 

primary tumor. Further, it has been shown that Angpt2, MMP-3 and MMP-10 have a 

synergistic effect on vascular destabilization that promotes the extravasation of melanoma 

cells and supports lung metastasis [151].  Recently SOX2, an embryonic stem cell 

transcription factor, was found to be expressed in human melanoma cells [152, 153]. It was 

also found that after silencing SOX2 in melanoma cells, the expression of MMP-3 was 

reduced by almost 90% [154]. From the association between SOX2 and MMP-3 it was 

evident that MMP-3 is regulated by SOX2 and that their co-expression may be used as a 

functional biomarker for invasive melanoma cells [154].            

As per our knowledge, this study is the first to identify that NFAT1 is a positive 

regulator of MMP-3 and IL-8 expression in melanoma, thus adding a posible mechanism of 

how NFAT1 contributes to melanoma progression. Furthermore, this is the first study to 

demonstrate the importance of MMP-3 in melanoma growth and metastasis.  
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Sub Aim 2.1: Study NFAT1 as a Potential Regulator of IL-8 Expression in Melanoma 

Cells  

 

Results 

IL-8 Expression is Reduced in Melanoma Cells after Silencing NFAT1, and Increased 

after Overexpressing NFAT1 

To validate our gene expression microarray, qRT-PCR and ELISA assays were performed. 

To identify IL-8 expression, the A375SM and WM902B highly metastatic melanoma cells 

were transduced with NT or NFAT1 shRNA while the SB2 low metastatic cell line was 

transduced with EV and NFAT1 overexpression.  To check that the downstream targets are 

not changing due to off target effects after transduction we also performed rescue experiment 

where the cells containing NFAT1 shRNA were transduced with an NFAT1 rescue vector 

(Figure 11). The rescue construct does not contain the sequence recognized by the NFAT1 

shRNA. As seen in figure 11, stable transduction of A375SM and WM902B NFAT1 KD 

cells with NFAT1 rescue vector, NFAT1 expression levels were upregulated. Silencing of 

NFAT1 in both melanoma cell lines, A375SM and WM902B, resulted in ~25% decrease in 

mRNA expression of IL-8 (Figure 12 A,B). IL-8 mRNA expression was observed to be 

reverted to initial levels and even more so when the rescue of NFAT1 experiment was 

performed in both cell lines. In SB2 cells that were overexpressed with NFAT1 we noticed a 

significant increase in mRNA levels (~100 fold) compared to the EV control group (Figure 

12C). Since IL-8 primarily a secreted protein, this can be an explanation for why the whole 

cell lysate western blots did not detect IL-8.  Therefore, the supernatant of melanoma cells 
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was collected from all three manipulated cell lines after 48hr incubation in serum free media 

and was subjected to ELISA assay.  As shown in Figure 13, silencing NFAT1 significantly 

reduced the amount of IL-8 within the supernatant by ~ 4 fold in WM902B cells and ~2.5 

fold in A375SM cells (Figure 13). Also, IL-8 protein levels were significantly increased in 

SB2 cells after NFAT1 overexpression compared to the EV control by more than 10 fold.  

These results from the ELISA assay show that the protein was correlated to the mRNA levels 

of IL-8 after NFAT1 silencing or NFAT1 overexpression as presented in figure 12.  In figure 

11, the western blot from the rescue experiment is presented. In both A375SM and WM902B 

cell lines, we can see clearly more than 5 fold rescue of NFAT1 compare to the actin 

expression. Taken together we conclude that IL-8 is being regulated by NFAT1 both at the 

mRNA and protein level and that rescue of NFAT1 in NFAT1 silenced cells also rescues the 

expression of IL-8. 
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Figure 11: Rescue Experiment of NFAT1 

In order to make sure that the effects of NFAT1 silencing is not a result of off target influence due to 

the virus transduction we utilized rescue cell lines for A375SM and WM902B. These cell lines were 

used to check downstream targets IL-8 and MMP-3 to see that indeed rescue of NFAT1 is also 

rescuing the expression of the downstream targets.   The western blot demonstrated NT (control), 

NFAT1 shRNA, then the EV, which represents the control for the overexpression vector that was 

transduced into the silenced cells and then the rescue of the expression of the NFAT1 and last the 

NFAT1 RES. In both cell lines we can see clearly more than a 5 fold rescue of NFAT1 compared to 

the actin expression (NFAT1 140KDa, β actin 42KDa). 

 

A375SM cells  
NFAT1 

β actin  

WM902B cells  

NFAT1 

β actin  

 N
T

 

 N
F
A

T
1
 K

D
 

 E
V

 

  1                      0.133                 0.134                  2.34 

  1                      0.337                0.376                  1.96 



  

72 
 

 

 

A.                                                  A375SM 

  

 

 

 

 

B.                                                WM902B 

 

 

 

 

 

C.                                                 SB2 

 

 

R
e
la

ti
v
e
 e

x
p
re

s
s
io

n
 o

f 
m

R
N

A
 

R
e
la

ti
v
e
 e

x
p
re

s
s
io

n
 o

f 
m

R
N

A
 

R
e
la

ti
v
e
 e

x
p
re

s
s
io

n
 o

f 
m

R
N

A
 



  

73 
 

 

 

Figure 12:  Relative mRNA Expression of NFAT1, IL-8 and MMP-3. Real time PCR results 

showing the relative expression change in the mRNA levels of the downstream targets after 

manipulating NFAT1, silencing it and rescuing it. Genes that were checked are NFAT1, for 

manipulation verifications, and both downstream targets IL-8 and MMP-3 (A) A375SM melanoma 

cell line (B) WM902B melanoma cell lines (C) SB2 cell lines after overexpression of NFAT1 

compared to the control.  
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Figure 13:  Rescue of NFAT1 Rescues the Protein Levels of Secreted IL-8. ELISA assay for the 

secreted protein IL-8. Results demonstrate that after NFAT1 silencing; the levels of IL-8 are 

downregulated and when we rescued the expression of NFAT1 the levels of IL-8 are also rescued in 

both A375SM and WM902B melanoma cell lines. SB2 overexpressing NFAT1 caused upregulation 

of IL-8 expression.    
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NFAT1 Enhances the Promoter Activity and Expression of IL-8 

To further understand the mechanism by which NFAT1 is regulating IL-8 we performed 

ChIP assays to verify the binding of NFAT1 to the promoter of IL-8. First, we identified a 

binding site of NFAT1 on the IL-8 promoter at 32 base pairs from the transcription initiation 

site (TIS). We expect that the reduced IL-8 mRNA and protein expression after silencing 

NFAT1 will be a result of NFAT1 not binding to the IL-8 promoter.  To that end, we tested 

whether NFAT1 binds to the IL-8 promoter and if silencing or overexpressing NFAT1 

affects the binding, by utilizing the chromatin immunoprecipitation (ChIP) assay.  We used 

an anti-NFAT1 antibody to IP DNA-NFAT1 complexes in our engineered melanoma cells 

(A375SM, WM902B NT/NFAT1 shRNA and SB2 NFAT1 EV and OE).  End point PCR 

was performed on the area surrounding the region of NFAT1 binding site on the IL-8 

promoter.  As shown in Figure 14A, NFAT1 binds to the promoter of IL-8 in both A375SM 

and WM902B melanoma cell lines.  When NFAT1 is silenced, no binding to the IL-8 

promoter was detected in both melanoma cell lines. Also, when NFAT1 was overexpressed 

in SB2, we observed a strong band demonstrating the binding of NFAT1 to the binding site 

(Figure 14A).   

The chromatin immunoprecipitation confirms that NFAT1 indeed binds to the IL-8 promoter.  

NFAT1 binding is lost after silencing in A375SM and WM902B and a gain in binding was 

observed in the SB2 cells after overexpressing NFAT1.  To elucidate the role of NFAT1 in 

regulating IL-8 at the transcriptional level, a dual luciferase promoter assay was used. The 



  

76 
 

assay was designed in a way that the IL-8 promoter was cloned in front of the luciferase. The 

promoter was designed with and without mutations in the IL-8 promoter binding site at 

location 32.  Silencing NFAT1 resulted in ~40% reduction of luciferase activity with the wild 

type promoter (Figure 15A,B).  When the mutated promoter was inserted into NT shRNA 

melanoma cells, the luciferase activity was reduced to ~50% of the wild type promoter. The 

mutation also had an effect on luciferase activity in NFAT1 silenced melanoma cells as 

compared to the wild type promoter (Figure 15 A,B).  Therefore, we concluded that our 

reduced promoter activity (after silencing NFAT1) is a direct result of reduced binding of 

NFAT1 protein to the IL-8 promoter. Overexpression of NFAT1 in SB2 resulted with a 

significant increase in the IL-8 promoter activity (Figure 15 C).   

Our initial microarray and qRT-PCR studies confirmed that NFAT1 regulates IL-8 

expression at the mRNA level. ELISA assay demonstrated that the secreted protein levels are 

also regulated by NFAT1.  Furthermore, we also demonstrated that NFAT1 is directly 

binding to the IL-8 promoter by ChIP and Luciferase assays. 

 

    

 

 

 

 

 



  

77 
 

 

A.  

 

 

 

 

 

B. 

 

 

Figure 14:  NFAT1 binds to the Promoter  Region of  IL-8 (A) Chromatin immunoprecipitation of 

NFAT1 on the IL-8 promoter is lost when NFAT1 is silenced in A375SM and WM902B cells, 

binding is increased when NFAT1 is overexpressed in SB2 cells (B) One NFAT1 binding site is 

located on the IL-8 promoter within the first 100bp of the transcription initiation site. (red square 

represent NFAT5 binding site)   
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Figure 15:  Dual Luciferase Promoter Activity is Reduced in the Presence of NFAT1 Binding 

Site Mutations. (A,B) Silencing NFAT1 in both A375SM and WM902B significantly reduced the 

luciferase promoter activity of the wild type promoter by approximately 50%  as compared to NT 

shRNA ; P < 0.05.  Mutating NFAT1 binding site at location 32 resulted in reduced promoter activity 

to at least 50% of the wild type promoter; P < 0.05. (C) NFAT1 overexpression in SB2 cells increased 

luciferase promoter activity.  
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Sub Aim 2.2: Study NFAT1 as a Potential Regulator of MMP-3 Expression in 

Melanoma Cells  

 

Results 

MMP-3 Expression is Reduced in Melanoma Cells after Silencing NFAT1 and 

Increased after Overexpressing NFAT1 

To identify downstream targets of NFAT1, cDNA microarray was performed in A375SM 

metastatic melanoma cell line after NFAT1 silencing. Among the genes that were 

downregulated, MMP-3 (also known as stromalysin-1) was downregulated by more than 3 

fold after NFAT1 silencing.  In order to validate the cDNA results, A375SM and WM902B 

metastatic melanoma cell lines, which express high levels of NFAT1, were stably transduced 

with a NFAT1 lentiviral shRNA construct and western blot analysis was performed to 

demonstrate the NFAT1 silencing. The results demonstrated that NFAT1 expression was 

reduced by 75% in A375SM and in 58% in WM902B cells.  Furthermore, SB2 cells that 

express low NFAT1 levels, were transduced with an overexpression vector for NFAT1 

(Figure 7). The MMP-3 gene was recognized as a downstream target of NFAT1 after a 

cDNA array was performed on A375SM NFAT1 silenced cells. From the array data we can 

see more than a 3 fold reduction in MMP-3 expression after NFAT1 silencing (Table 1). For 

further validation, western blot analysis for MMP-3 was performed after silencing NFAT1 in 

A375SM and WM903B as well as after overexpressing NFAT1 in SB2 cells. Since MMP-3 

is a secreted protein, in addition to a whole cell lysate western blot, we also performed a 

western blot for the medium of the cells. The western blots were done using protein from 
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whole cell lysate and from concentrated medium after the cells were serum starved for 48hr. 

The results of the western blot revealed a 50% decrease in A375SM and a 15% in WM902B. 

When the protein was extracted from whole cell lysates, a 40% reduction in A375SM and 

65% reduction in WM902B was observed when the protein was obtained from conditioned 

media. After NFAT1 overexpression in SB2 cells, an increase of 48% in the expression of 

MMP-3 was observed when protein extract was generated from conditional media and 33% 

in whole cell lysate (Figure 16). The densitometry for the whole cell lysates was analyzed 

compared to actin and for conditional media, it was compared to a media loading control.  

Taken together, the secretion of MMP-3 is decreased after silencing NFAT1 and the opposite 

results were observed in SB2 after NFAT1 overexpression. The secretion of MMP-3 

increases after overexpressing NFAT1 in the low metastatic cell lines (Figure 16). 

Furthermore, since MMP-3 is a secreted protein, an ELISA assay was performed (Figure 17).  

In the ELISA assay we included A375SM and WM902B cell lines both after NFAT1 

silencing and after rescue of NFAT1. The rescue of NFAT1 also rescued the expression of 

MMP-3, demonstrating that the downregulation of MMP-3 after NFAT1 silencing is not an 

off target effect but directly regulated by NFAT1. We also included the SB2 low metastatic 

cells in which NFAT1 was overexpressed. The ELISA results showed a significant reduction 

of MMP-3 secretion after NFAT1 silencing in both A375SM and WM902B. To further 

validate that indeed the downregulation of MMP-3 is directly regulated by NFAT1 silencing 

and not from off target effects, we rescued NFAT1 in both A375SM and WM902B cell lines 

(Figure 11). After NFAT1 rescue there was a complete rescue of the MMP-3 secretion, 

where the secretion levels returned back to NT levels in both cell lines. In SB2 cells we can 
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see a significant increase in MMP-3 secretion levels after NFAT1 overexpression in both 

western blot and the ELISA assays (Figure 16, Figure 17). 

Rescue of MMP-3 in Melanoma Cells Results in the Rescue of NFAT1 

Lentiviral based shRNA is a very powerful and useful tool for silencing target genes.  

However, using this method may cause nonspecific effects. These effects are possible results 

of antiviral response to the double stranded mRNA or can be due to targeting different genes. 

To rule out these effects, and to make sure our shRNA construct is on target for NFAT1, 

NFAT1 was rescued in both A375SM and WM902B melanoma cell lines.  We were able to 

rescue NAFT1 successfully in both cell lines as presented in figure 11. The NFAT1 

overexpression resulted in re-expression of MMP-3 in both cell lines while the empty vector 

(EV) control had no effect on these genes as demonstrated by qPCR in figure 12 and by the 

ELISA assay presented in figure 17. Therefore, we concluded that the regulation of MMP-3 

by NFAT1 is not generated due to an off target effect of the shRNA construct, but occurs 

through NFAT1.    
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Figure 16:  Silencing NFAT1 Decreases MMP-3 Expression in Melanoma Cells. Western blot 

using MMP-3 antibody to learn about protein levels. The results show approximately a 40-65% 

reduction of MMP-3 expression within the supernatant in A375SM and WM902B respectively.  

Coomassie blue staining of the membrane was used to confirm equal loading of the supernatant.  

Overexpression of NFAT1 in low metastatic SB2 melanoma cells increases the expression of MMP-3 

in the supernatant by approximately 50%. 

 

 

 

  

Densitometry              1               1.48            1              0.6                 1              0.35      

Densitometry              1               1.33            1              0.5             1              0.85      
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Figure 17:  Rescue of NFAT1 Rescues the Protein Levels of Secreted MMP-3. ELISA assay for 

the secreted protein MMP-3. Results demonstrate that after NFAT1 silencing, the levels of MMP-3 

are downregulated and when we rescue the expression of NFAT1, the levels of MMP-3 are also 

rescued in both A375SM and WM902B melanoma cell lines. SB2 overexpressing NFAT1 caused 

upregulation of MMP-3 expression.    
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NFAT1 Enhances the Promoter Activity of MMP-3 

Our cDNA microarray results indicated that NFAT1 regulates MMP-3 in the mRNA level 

(Table 1). However, we had yet to determine whether this is a transcriptional regulation. To 

answer that question we performed qRT-PCR and as observed the expression of MMP-3 

mRNA was decreased by ~5 fold in both NFAT1 silenced A375SM and by ~3 fold in 

WM902B NFAT1 KD melanoma cells (Figure 12A,B), corroborating the cDNA microarray 

results. For the SB2 low metastatic cell line in which NFAT1 was overexpressed, an increase 

of ~7 fold was observed in MMP-3 expression (Figure12 C). These results demonstrate that 

NFAT1 regulates MMP-3 in the transcriptional level. Since NFAT1 is a transcription factor 

we reasoned that the reduced MMP-3 protein expression after silencing NFAT1 is due to less 

binding of NFAT1 to the MMP-3 promoter.  To that end, we utilized chromatin 

immunoprecipitation assay using an anti-NFAT1 antibody to pull down NFAT1-DNA 

complexes in A375SM, WM902B and SB2 melanoma cells. End point PCR was performed 

on the surrounding area of the first NFAT1 binding site on the MMP-3 promoter, which is 

located at -414bp from the transcription initiation site. NFAT1 binds to the promoter of 

MMP-3 in both A375SM and WM902B melanoma cells.  When NFAT1 is silenced (NFAT1 

KD), no binding to the MMP-3 promoter in both melanoma cell lines was observed (Figure 

18A). In SB2 the binding was observed after overexpressing NFAT1 in the cells and was not 

observed in the empty vector control cells (Figure 18A). The ChIP assay confirms that 
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NFAT1 binds to the MMP-3 promoter and that binding is lost after NFAT1 silencing.  

However, it was not yet clear if NFAT1 directly binds to the MMP-3 promoter, which 

binding site is more significant and if that binding had an effect on transcriptional activation. 

To further determine the regulation mechanism, the dual luciferase promoter assay was used. 

MMP-3 promoter (-1500 to the TIS) was cloned in front of the luciferase reporter gene. The 

luciferase activity driven by the MMP-3 promoter and was significantly decreased after 

NFAT1 silencing, ~4 fold in A375SM and ~7 fold in WM902B (Figure 19 A,B). In NFAT1 

overexpressing cells, the promoter activity of SB2 was significantly increased (~3 fold), after 

NFAT1 overexpression (Figure 19 C). These results indicate that NFAT1 regulates MMP-3 

at the transcriptional level. To further prove that NFAT1 directly binds to the MMP-3 

promoter we generated luciferase constructs with mutations which were inserted into the 

binding sites. Three constructs were made, the first has a mutation in the first binding site, 

MMP3-mut1 (site 414), the second construct had a mutation in the second binding site 

MMP3-mut2 (site 1291) and the third construct had mutations in both binding sites MMP3-

ded (‘ded’ stand for double edited, mutations in both sites). When the mutations were 

inserted, there was a significant decrease in luciferase activity in the control samples 

(A375SM NT, WM902B NT). Interestingly, both mutations had approximately the same 

effect (no significant different was observed) on the promoter activity and the dual mutation 

had no additive effect (Figure 19).  These results suggest that both sites are equally important 

for the transcription activation of MMP-3.    

 

 



  

86 
 

 

A. 

 

 

B. 

 

 

 

Figure 18:  NFAT1 binds to the Promoter  Region of  MMP-3 (A) Chromatin 

immunoprecipitation of NFAT1 on the MMP-3 promoter is lost when NFAT1 is silenced in A375SM 

and WM902B cells, binding is increased when NFAT1 is overexpressed in SB2 cells (B) Two 

NFAT1 binding sites are located on the mmp-3 promoter within the first 1500bp of the transcription 

initiation site. First site is at -414bp, second site at -1291bp.   
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Figure 19:  Dual Luciferase MMP-3 Promoter Activity is Reduced in the Presence of NFAT1 

Binding Site Mutations. Silencing NFAT1 in both A375SM and WM902B significantly reduced the 

luciferase promoter activity of the wild type promoter by approximately 75% as compared to NT 

shRNA.  Mutating NFAT1 binding sites (each one separately or both) resulted in reduced promoter 

activity compared to the wild type promoter; P < 0.05. (A) A375SM melanoma cells (B) WM902B 

melanoma cells after silencing NFAT1 (C) SB2 melanoma cells after overexpressing NFAT1.   



  

88 
 

Sub Aim 2.3: Determine the Contribution of MMP-3 to Melanoma Growth and 

Metastasis 

 

Results 

MMP-3 Expression is Positively Correlated in Melanoma cell lines 

Although we already identified that MMP-3 mRNA and protein levels are reduced after the 

silencing of NFAT1, we have yet to determine whether the expression levels of MMP-3 has 

any relevance in melanoma growth and metastasis. To our knowledge, the correlation 

between MMP-3 and metastatic potential was not yet established for melanoma. To study 

whether MMP-3 expression is correlated with the metastatic potential of the cell lines we 

used ELISA assay to measure MMP-3 secretion from a panel of cell lines.  The cells that 

were used in this panel are the same cells that we used in the NFAT1 panel: SB2, DM4, 

Mewo, TXM18, A375SM, WM2664 and WM902B.  The results from the ELISA 

demonstrated a direct correlation between the metastatic potential of the cell lines and MMP-

3 secretion.    
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Figure 20: Positive Correlation between the Metastatic Potential of Melanoma Cell Line to 

MMP-3 protein Expression. ELISA assay for a panel of melanoma cell lines used in our lab. The 

less tumorigenic SB2, and DM4 melanoma cell lines they secreted significantly less MMP-3 than the 

more tumorigenic and metastatic Mewo, TXM-18, A375SM, WM2664 and WM902B cells. These 

results correlate with the western blot analysis for NFAT1 expression in the same panel of cells that is 

presented in Figure 4.   
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The Overexpression of MMP-3 Rescues Tumor Growth and Metastasis In Vivo 

To study the role of MMP-3 in melanoma growth and metastasis, we decided to overexpress 

MMP-3 in the SB2 low metastatic cell line, which expressed low levels of MMP-3, and 

silence MMP-3 expression in A375SM, a highly metastatic cell line with high expression of 

MMP-3. We generated a stable SB2 cell line with high levels of MMP-3, and stable A375SM 

cell lines with silenced MMP-3. The expression of the MMP-3 was validated using ELISA 

assay, as presented in figure 21. These cells (A375SM NFAT1 shRNA, SB2 NFAT1 

overexpression) were then injected both subcutaneously and intravenously into nude mice to 

investigate tumor growth and experimental lung metastasis assays respectively. As control 

groups A375SM NT and SB2 EV cells were injected. Tumor volume was measured for 28 

days for the following injected groups; A375SM NFAT1 shRNA vs. A375SM NT and SB2 

NFAT1 OE vs. SB2 EV. As seen in figure 22, our in vivo studies demonstrate that MMP-3 is 

an important player in melanoma tumoregenicity.  Indeed, 3 weeks from injections, there was 

a significant difference in the tumor size.  In A375SM the control group (A375SM NT) 

presented a higher tumor volume than A375SM MMP-3 shRNA. At day 28 the tumor size of 

the control group reached a mean of 1100mm
3
 while the tumor size, after silencing MMP-3, 

had a mean of only 450mm
3
 (Figure 22A). Accordingly we found that overexpression of 

MMP-3 in SB2 cells increased their tumor growth. The MMP-3 overexpression group 

presented a mean of 700mm
3
 at day 28 compared to a mean of 200mm

3
 in the empty vector 

group (Figure 22B). The results for the experimental lung metastasis also supported the 

hypothesis that high levels of MMP-3 contribute to a higher number of experimental lung 

metastases. We found that the mean number of lung metastases derived from A375SM NT 

was significantly higher when compared to the A375SM MMP-3 shRNA group (mean of 56 
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compared to 25 respectively). The differences in the number of lung metastases were also 

significant in the SB2 group. The number of lung metastasis after overexpressing MMP-3 

was higher than the empty vector control group (mean of 9 compared to 4). Taken together, 

we conclude that MMP-3 expression is a contributor for the malignant phenotype of 

melanoma cell lines.   
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Figure 21:  MMP-3 ELISA Demonstrating a Verification of MMP-3 Silencing in A375SM and 

MMP-3 Overexpression in SB2 Cells. ELISA assay for the secreted protein MMP-3. Results 

demonstrate a successful silencing of the protein levels of MMP-3 with both targets (KD1,KD2). 

Results also demonstrate a significant overexpression of MMP-3 in SB2 cells (*P<0.05).  
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Figure 22: MMP-3 Expression is Required for Melanoma Tumor Growth and Metastasis In 

Vivo  

Silencing MMP-3 in A375SM melanoma cells reduces tumor growth and experimental lung 

metastasis in nude mice while overexpression of MMP-3 in SB2 increases both tumor growth and 

metastasis. (A) A375SM melanoma cells were injected subcutaneously in nude mice and tumor 

growth was monitored for 28 days.  Tumor growth was significantly reduced after silencing MMP-3 

at day 28, tumor volume  mean of 1100mm
3
 compared to 450mm

3
 (*P < 0.05). (B) SB2 melanoma 

cells were injected subcutaneously into nude mice and monitored for 28 days. Tumor growth was 

significantly increased after overexpressing MMP-3; mean tumor volume of 200 mm
3 

compared to 
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700 mm
3
 (*P<0.05) (C) Six weeks after intravenous injections of A375SM cells, nude mice were 

sacrificed and the number of lung metastasis were counted.  Silencing MMP-3 significantly reduced 

the number of experimental lung metastasis; mean of 56mets compared to 25 mets (P* < 0.05). (D) 

Six weeks after intravenous injections of SB2 cells, nude mice were sacrificed and the number of lung 

metastasis was counted.  Overexpressing MMP-3 significantly increased the number of experimental 

lung metastasis; mean of 4 mets compared to 9 mets (P* < 0.01). 
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Immunohistochemistry for the Expression of Downstream Targets In Vivo 

We next investigated the expression of IL-8, MMP-3 and CD31 at the tumor level using 

immunohistochemistry of the tumor sections from the in vivo study (presented in Figure 10). 

The staining confirmed that indeed IL-8 and MMP-3 expression are decreased in vivo in 

A375SM cells in which NFAT1 was silenced and MMP-3 and IL-8 expression were 

increased after overexpressing NFAT1 in SB2 cells (Figure 23).  

To verify the angiogeneic role of IL-8, further immunohistochemistry staining was 

performed on both A375SM and SB2 xenograft tumors with anti-CD31, a widely used 

endothelial marker, detecting blood vessels (angiogenesis). A375SM, NFAT1 NT shRNA 

melanoma cells present a high number of blood vessels when compared to NFAT1 shRNA.  

The overexpression of NFAT1 in SB2 cells shows similar phenotype as the highly metastatic 

line A375SM, and it is clearly noticeable that the number of blood vessels is higher after 

NFAT1 overexpression compared to the empty vector SB2-EV (Figure 23).   Apoptosis was 

also analyzed in the tumor sections from our xenograft model using the TUNEL assay.  The 

number of positively stained (dead) tumor cells was significantly increased in NFAT1 

silenced A375SM tumors.  The overexpression of NFAT1 in SB2 cells reduced the number 

of apoptotic cells (Figure 23).   
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TCGA Analysis for the Expression of IL-8 and MMP-3 and Survival 

To further validate the relevance of our downstream target genes in the clinics, we mined the 

TCGA data to investigate if there is a correlation between the expression levels of IL-8 and 

MMP-3 to the survival of patients. The analysis was based on 45 patients that expressed IL-8 

or MMP-3. The results demonstrated that patients with higher expressions of these genes had 

a significantly worst overall survival (p<0.05) than patients with low expression of these 

proteins (Figure 24).  
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Figure 23: Immunohistochemistry of Tumor Samples after Silencing or Overexpressing NFAT1 

in Melanoma Cells 

A375SM melanoma cells with NT /NFAT1 shRNA and SB2 cells with Empty vector/NFAT1 OE 

were injected subcutaneously in nude mice.  NFAT1 remains silenced or Overexpressed in the 

xenograft tumors (upper panel). NFAT1 downstream targets are demonstrating up- and down-

regulation as expected (second and third panel). A representative image of the number of CD31 

positive endothelial cells is shown from A375SM and SB2 xenograft tumors (fifth panel).  Silencing 



  

98 
 

NFAT1 reduces the number of CD31 stained blood vessels within the tumor, while overexpression of 

NFAT1 increases the number of blood vessels. Silencing of NFAT1 increases the number of 

apoptotic TUNEL positive cells within the subcutaneous tumor. Overexpression of NFAT1 in SB2 

cells reduces the number of apoptotic cells in the xenograft model.   
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 A.                                                                                  B. 

 

Figure 24: Expression of IL-8 and MMP-3 Correlates with Survival in Patients (based on 45 

patients from TCGA data)  

Analysis based on TCGA data demonstrating a correlation between survival of patients to levels of 

the proteins IL-8 and MMP-3 in their tumors. (A) Patients with higher IL-8 expression showed a 

lower overall survival (in red) compared with patients have low IL-8 expression (in blue) (B) Patients 

with higher MMP-3 expression showed a lower overall survival (in red) compared with patients that 

have low MMP-3 expression (in blue)    
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Summary Specific Aim 2 

In this aim we identified two novel downstream target genes that are regulated by 

NFAT1 and contribute to melanoma progression.  We established that there is a positive 

correlation between NFAT1 expression with IL-8 and MMP-3 protein expression. We first 

demonstrated that IL-8 is positively regulated at both the transcriptional level and protein 

levels by NFAT1. Silencing of NFAT1 in A375SM and WM902B metastatic cell lines 

resulted in downregulation of IL-8 mRNA and secreted protein levels.  Rescue of NFAT1 in 

those two cell lines also rescued the IL-8 expression at both mRNA and protein levels, which 

emphasizes that IL-8 is directly regulated by NFAT1 expression and not due to an off target 

effect of the transduction.  Moreover, when overexpressing NFAT1 in the low metastatic cell 

line SB2, IL-8 mRNA and secreted protein levels were increased. Furthermore, we 

demonstrated that NFAT1 enhances the promoter activity of IL-8 by utilizing ChIP assay. 

Mutation on the NFAT1 binding site on IL-8 promoter resulted in a significant reduction in 

luciferase activity, indicating a direct binding of NFAT1 to the IL-8 promoter.  At last we 

demonstrated using immunohistochemistry staining, that the regulation of IL-8 and MMP-3 

is also maintained in vivo in the tumor tissue from the xenograft model.  

The second novel target that is regulated by NFAT1 is MMP-3.  Little is known about 

the contribution of MMP-3 in melanoma. A possible role of MMP-3 in the progression and 

metastasis was previously suggested as MMP-3 protein levels were reported to be expressed 

in highly metastatic melanoma cell lines [155, 156], however the role of MMP-3 in 

melanoma progression was not elucidated.  In our study, we validated that indeed the cell 

lines that are used in our lab also have a similar expression profile when looking at MMP-3. 

The more metastatic the cell line is, the higher the MMP-3 expression level it has.  In this 
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study we found that silencing NFAT1 in A375SM and WM902B metastatic melanoma cell 

lines reduced MMP-3 mRNA and protein expression levels. In SB2 cells, overexpression of 

NFAT1 increased the expression of MMP-3 at both the transcriptional and protein levels. We 

further demonstrated that NFAT1 enhances the activity of the MMP-3 promoter.  MMP-3 

promoter has two NFAT1 binding sites and mutation analysis of the promoter showed that 

both binding sites has the same effect on the promoter activity (no significant difference was 

observed) and dual mutation had no additive effect. Silencing NFAT1 or mutation in the 

binding site reduced the luciferase activity of the MMP-3 promoter further establishing the 

role of NFAT1 in the transcriptional regulation of MMP-3. Finally we aimed to elucidate the 

role of MMP-3 in melanoma tumor growth and experimental metastasis. We silenced MMP-

3 expression in a metastatic melanoma cell line (A375SM) and overexpressed MMP-3 in a 

low metastatic cell line (SB2). These cell lines were then utilized for in-vivo studies, where 

they were injected subcutaneously and intravenously to investigate the effect of MMP-3 on 

melanoma tumor growth and metastasis. Our results demonstrate that higher expression of 

MMP-3 in the cells promoted tumor growth and metastasis, which emphasizes the 

importance of MMP-3 to the metastatic phenotype.   

To validate the clinical relevance of our results, we mine the TCGA data and found a 

correlation between the expression levels of IL-8 and MMP-3 to the overall survival of 

patients. Patients with lower levels of IL-8 and MMP-3 show a significantly better survival 

than patients with high expression of the proteins. 
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CHAPTER 5: Discussion, Significance and Future Directions 

 

The role of NFAT1 in the immune response as a T cell activator is very well established. Its 

role in cancer and more so in melanoma is less documented. During this study we revealed 

several novel findings, which further elucidate the role of NFAT1 in melanoma progression. 

We demonstrated that NFAT1 expression positively correlated with the metastatic melanoma 

phenotype in both patient specimens as well as in a panel of cell lines with different 

metastatic potential. In patient specimens, we demonstrated that NFAT1 expression is 

significantly higher in metastatic lesions compared to patients with primary tumors. In cell 

lines, NFAT1 expression increased with the metastatic potential of the cells. To further 

establish the contribution of NFAT1 in melanoma metastasis, we silenced NFAT1 expression 

by lentiviral shRNA in two metastatic melanoma cell lines A375SM and WM902B. We 

found that silencing NFAT1in both cell lines significantly reduced their invasive potential in 

vitro. Overexpression of NFAT1 in the low metastatic melanoma cell line, SB2 significantly 

increased their invasive potential in vitro. In vivo, we demonstrated that silencing of NFAT1 

reduced the tumor growth and metastatic potential of A375SM melanoma cells while 

overexpression of NFAT1 in the low metastatic SB2 cells increased their in vivo metastatic 

properties. To further elucidate the mechanism of action of NFAT1 in melanoma progression 

we subjected the metastatic melanoma cell line A375SM NFAT1-silenced cells to a cDNA 

microarray analysis. We found that NFAT1 positively regulates the expression of IL-8 and 

MMP-3 at the transcriptional level. Chromatin immunoprecipitation assays as well as 

promoter analysis demonstrated that NFAT1 binds to the promoter of IL-8 and MMP-3 and 



  

103 
 

promotes their transcription. Rescue of NFAT1 expression in NFAT1-silenced cells restored 

the protein expression of both IL-8 and MMP-3.  This confirms that our results are not an 

off-target effect of the sh-NFAT1 used in our studies.  

The role of IL-8 in melanoma progression and metastasis has been previously established in 

our laboratory. We therefore decided to concentrate our further studies on elucidating the role 

of MMP-3 in promoting the metastatic melanoma phenotype. In cell lines we demonstrated 

that secreted MMP-3 levels increased with the metastatic potential of the cells. To further 

elucidate the role of MMP-3 in melanoma progression, we stably silenced MMP-3 

expression using letiviral shRNA in the highly metastatic A375SM cells and overexpressed 

MMP-3 in the low metastatic SB2 cells.  These cells were injected into nude mice, both 

subcutaneously and intravenously, to study the role of MMP-3 in tumor growth and 

metastasis. In vivo, we demonstrated that silencing of MMP-3 reduced tumor growth and the 

metastatic potential of A375SM melanoma cells, while overexpression of MMP-3 in the low 

metastatic SB2 significantly increased their tumor growth and metastatic potential. Mining 

the TCGA data, we demonstrated that patients with low expression of IL-8 or MMP-3 have 

significantly better survival rate when compared to patients with high expression of these 

proteins. 

Taken together my work assigns a previously undescribed role for NFAT1 in regulating the 

melanoma metastatic phenotype. 

The main cause of mortality in the majority of melanoma patients is due to distal 

metastases. Regardless of the latest advances in the field, such as BRAF and 

immunocheckpoint modalities, malignant melanoma still presents a major clinical challenge. 
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During melanoma progression, there is a signature of genetic alterations, but to better 

promote the field it is critical to understand the regulation and mechanisms associated with 

metastasis. Therefore, recognizing the events, and genes involved that lead to melanoma 

metastasis is essential for identifying novel therapeutic molecular targets that will 

successfully cure this disease.  

Earlier reports have described the correlation between NFAT1 and melanoma. One 

such published work had demonstrated that the absence of NFAT1 expression in the 

microenvironment caused a significant difference in the ability of the B16F10 melanoma cell 

line to grow [116]. NFAT1 deficient mice presented less experimental lung metastasis 

colonization after B16F10 melanoma cell injections when compared to the WT mice [116]. 

Another related publication presentd NFAT1 as a potential therapeutic target in melanoma, 

since NFAT1 was found to promote proliferation and inhibits melanoma cell apoptosis [117].  

In addition, NFAT1 was found to be an activating transcription factor for the MDM2 

oncogene in response to DNA damage signals [118].  NFAT1 also supports tumor induced 

anergy of CD4
+
  T cells [119] and regulates a set of genes that are responsible for helper T-

cell (CD8
+
) anergy [120]. Data from a recent publication has demonstrated that NFAT1 

increased CTLA-4 promoter activity in CD4
+
 T cells compared to CD8

+
 T cells. The 

expression of CTLA-4 mediated by NFAT1 in CD4
+ 

can potentially be important for anti 

CTLA-4 therapy [121]. Our laboratory has previously demonstrated that Gal-3 regulates 

autotaxin through NFAT1, and high levels of Gal-3 supports melanoma growth and 

metastasis [122]. Taken together, these data indicate that NFAT1 regulates multiple genes 

during melanoma progression. However, the majority of the downstream genes have yet to 

be identified.  The present study showed that indeed NFAT1 positively correlates with the 
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metastatic potential of melanoma cell lines although the mechanism by which NFAT1 

contributes to melanoma progression remains unknown.  In the effort to identify downstream 

target genes regulated by NFAT1, NFAT1 shRNA was used to silence NFAT1 in A375SM 

cells and a CDNA microarray was performed.  We narrowed our study on two downstream 

target genes: IL-8 and MMP-3. NFAT1 was also overexpressed in the low metastatic cell line 

SB2 and both manipulated cell lines (A375SM and SB2) were injected into nude mice both 

subcutaneously (for tumor growth) and intravenously (for experimental lung metastasis) to 

clarify the role of NFAT1 in tumor growth and metastasis. Results from the in vivo 

experiment revealed that overexpressing NFAT1 in the low metastatic cells increased tumor 

growth and metastasis while silencing NFAT1 significantly reduced tumor growth and 

metastasis. Our data validate the assertion that NFAT1 has an active role in melanoma 

progression and metastasis formation. Moreover, upon mining available TCGA data we 

found that NFAT1 is expressed more in metastatic lesions compared to specimens taken from 

benign nevi (Figure 5) so it is consequently clinically relevant to consider NFAT1 and its 

downstream regulated genes, IL-8 and MMP-3, as possible targets to melanoma therapy. 

Imunohistochemistry performed on tumors from the in vivo study demonstrated that in the 

absence of NFAT1, less blood vessels formation and increased apoptosis were observed. 

Imunohistochemistry staining also demonstrated that the correlation between NFAT1 and its 

downstream genes is conserved in vivo. Silencing NFAT1 reduced IL-8 and MMP-3 

expression in the tumor tissue suggesting that its role in regulating crucial downstream 

targets which are necessary for dimelanoma progression. Thus, the NFAT1 transcription 

factor may be an important factor to promote melanoma progression.  
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The chemokine IL-8 is one of the downstream targets identified as being regulated by 

NFAT1 and its expression is shown to be positively correlated with melanoma progression 

[134-136]. Overexpression of IL-8 in melanoma cells up-regulates the expression and 

activity of the matrix metalloproteinase MMP-2, which contributes to a more invasive 

phenotype [137].  Targeting IL-8 could be therapeutically beneficial for melanoma patients, 

due to the pro-tumorigenic and survival dependent effects of IL-8 in cancer.  Using a fully 

human antibody against IL-8 (ABX-1L8) we demonstrated its effect on melanoma growth 

and metastasis. ABX-IL8 significantly reduced tumor growth and experimental lung 

metastasis of A375SM and TXM-13 melanoma cells in vivo mostly by inhibiting 

angiogenesis [141]. IL-8 has been shown to promote the growth, invasiveness, motility, 

angiogenesis, and metastatic potential of melanoma cells [137, 141-143]. Interestingly, 

targeting IL-8 reduced MMP-2 expression, and incubating melanoma cells with ABX-IL-8 

reduced the invasive potential of melanoma cells through Matrigel coated membranes.  

Decreased CD31 staining in vivo and HUVEC tube formation in vitro was also observed 

[141]. In a new ongoing study in the lab, a siRNA delivery approach is being utilized to 

silence IL-8 to reduce melanoma growth and metastasis in vivo.   

The second downstream target, MMP-3, is less investigated in melanoma. MMP-3 

was investigated as a potential serum marker and the levels of MMP-3 in the serum were 

evaluated between healthy patients and malignant melanoma patients but no significant 

differences observed [146, 147].  Another in vivo study reported that Angpt2, MMP-3 and 

MMP-10 are all upregulated in the lung by a mice bearing the B16F10 tumors [151]. The 

lung microenvironment is therefore presenting the pre-metastatic niche that resulted through 

the influence of the primary tumor. Recently, SOX2 (an embryonic stem cell transcription 



  

107 
 

factor) was found to be expressed in human melanoma cells [152, 153]. It was also shown 

that after silencing SOX2 in melanoma cells, the expression of MMP-3 was reduced by 

almost 90% [154]. From the association between SOX2 and MMP-3, it was suggested that 

MMP-3 is regulated by SOX2 and that their co-expression may be used as a functional 

biomarker for invasive melanoma cells [154].   Data from our current study showed that 

NFAT1 binds to the MMP-3 promoter and regulates its expression. Also, we validated that 

there is a direct correlation between MMP-3 protein levels with the metastatic potential of 

melanoma cell lines.  To further clarify the role of MMP-3 in melanoma progression we 

utilized A375SM cells with MMP-3 shRNA and SB2 cells with MMP-3 overexpression. 

Both manipulated cell lines were injected subcutaneously and intravenously to study the role 

of MMP-3 in tumor growth and metastasis.  In SB2 cells, higher MMP-3 expression resulted 

in an increase of tumor growth and experimental lung metastasis.  In contrast, silenced 

MMP-3 in A375SM cells resulted with a significant reduction in both the number of 

metastases and tumor size (Figure 22).  Evidence from this investigation led to the 

conclusion that NFAT1 is a regulator of a number of important genes that support melanoma 

growth and metastasis including IL-8 and MMP-3.  Hence, NFAT1 expression is essential 

for melanoma progression.  Our findings identify a previously unknown mechanism by 

which NFAT1 promotes melanoma growth and metastasis through its positive regulation of 

IL-8 and MMP-3 protein expression.  

Therapies for the treatment of metastatic melanoma that target NFAT1, IL-8 or 

MMP-3 have not yet to been studied.  Throughout our study, we identify a novel mechanism 

for melanoma progression in which NFAT1 regulates IL-8 and MMP-3 and promotes the 

malignant phenotype.  Targeting NFAT1 could be a potential therapeutic tool.  Therapy 
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directed at NFAT1 is clinically feasible as shown with cyclosporine A to inhibit T-cell 

mediated organ transplant rejection [157].  However, in melanoma, immunotherapy and 

immunesurveillance promoted by T-cells are considered methods for melanoma treatment.  

Therefore, systemic therapy directed towards NFAT1 in melanoma could be counterintuitive 

by reducing T-cell activity.  Yet, not all T-cells have anti-tumor function.  Regulatory T-cells 

(Treg) can reduce the immune response towards tumors, and it’s been shown that NFAT1 

enhances Treg activity as well (Reviewed in [158, 159]).  The multiple roles of NFAT1 

within the tumor microenvironment create a “double edged sword” in regards to its 

therapeutic potential.  Therefore, directing therapy towards the downstream targets IL-8 and 

MMP-3 instead of NFAT1 could be a better choice.   

 

The impact of these findings can translate to the clinic by improving treatment 

options for metastatic melanoma.  Results suggest that targeting IL-8, MMP-3, or both as 

therapy for melanoma is possible either alone or in combination with immunotherapy or 

chemotherapy.  Data from the survival curves (Kaplan Meier) reveal a potential connection 

between IL-8 and MMP-3 expression and patient survival highlighting the likely success of 

utilizing these two targets for therapeutic purposes.  Treatment options focused on targeting 

IL-8 and MMP-3 can be taken towards several directions including finding the connection 

between IL-8 expression and BRAF resistance in melanoma cells. Further analysis may 

examine the change in IL-8 levels due to resistance and whether the use of IL-8 inhibiting 

antibody will regress cellular resistance to BRAF inhibitors.   

Based on our results, it can be established that after silencing NFAT1, reduction in 

tumor size can be partially due to a reduction in angiogenesis resulted from a decrease in IL-
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8 expression.  These data suggest that NFAT1 may promote melanoma by functioning as a 

regulator of downstream targets that in turn can be affecting interactions with the 

microenvironment.  

Our previous data present a novel mechanism in which autotaxin is regulated by Gal-

3 through NFAT1 [122]. Along with our current data, this implicates that NFAT1 plays 

major roles in modulating the tumor microenvironment to support melanoma growth and 

metastasis (Figure 25). Taken together, our findings establish a novel mechanism by which 

NFAT1 contributes to melanoma growth and metastasis through the regulation of IL-8 and 

MMP-3. This is the first report of a mechanistic role of NFAT1 in melanoma progression and 

serves as foundation for future studies in this area.  
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Figure 25: Proposed Mechanism for the Role of NFAT1 in Melanoma Progression  

Increased of NFAT1 expression in metastatic melanoma cells promotes its activation as a 

transcription factor in the nucleus. Therefore, promotes its downstream target genes. IL-8 and MMP-3 

are supporting angiogenesis, invasion and cell survival, and result increase in tumor growth and 

metastasis. 

  

 

 



  

111 
 

References 

1. Ward, E.M., M.J. Thun, L.M. Hannan, and A. Jemal, Interpreting cancer trends. Ann 

N Y Acad Sci, 2006. 1076: p. 29-53. 

2. Siegel, R., J. Ma, Z. Zou, and A. Jemal, Cancer statistics, 2014. CA Cancer J Clin, 

2014. 64(1): p. 9-29. 

3. Miller, A.J. and M.C. Mihm, Jr., Melanoma. N Engl J Med, 2006. 355(1): p. 51-65. 

4. Wu, X.C., M.J. Eide, J. King, M. Saraiya, Y. Huang, C. Wiggins, J.S. Barnholtz-

Sloan, N. Martin, V. Cokkinides, J. Miller, P. Patel, D.U. Ekwueme, and J. Kim, 

Racial and ethnic variations in incidence and survival of cutaneous melanoma in the 

United States, 1999-2006. J Am Acad Dermatol, 2011. 65(5 Suppl 1): p. S26-37. 

5. Satyamoorthy, K. and M. Herlyn, Cellular and molecular biology of human 

melanoma. Cancer Biol Ther, 2002. 1(1): p. 14-7. 

6. Hornyak, T.J., The developmental biology of melanocytes and its application to 

understanding human congenital disorders of pigmentation. Adv Dermatol, 2006. 22: 

p. 201-18. 

7. Clark, W.H., Jr., D.E. Elder, D.t. Guerry, M.N. Epstein, M.H. Greene, and M. Van 

Horn, A study of tumor progression: the precursor lesions of superficial spreading 

and nodular melanoma. Hum Pathol, 1984. 15(12): p. 1147-65. 

8. Ackerman, A.B. and I. Mihara, Dysplasia, dysplastic melanocytes, dysplastic nevi, 

the dysplastic nevus syndrome, and the relation between dysplastic nevi and 

malignant melanomas. Hum Pathol, 1985. 16(1): p. 87-91. 



  

112 
 

9. Takata, M., H. Murata, and T. Saida, Molecular pathogenesis of malignant 

melanoma: a different perspective from the studies of melanocytic nevus and acral 

melanoma. Pigment Cell Melanoma Res, 2010. 23(1): p. 64-71. 

10. Gershenwald, J.E., S.J. Soong, and C.M. Balch, 2010 TNM staging system for 

cutaneous melanoma...and beyond. Ann Surg Oncol, 2010. 17(6): p. 1475-7. 

11. Balch, C.M., J.E. Gershenwald, S.J. Soong, J.F. Thompson, M.B. Atkins, D.R. Byrd, 

A.C. Buzaid, A.J. Cochran, D.G. Coit, S. Ding, A.M. Eggermont, K.T. Flaherty, P.A. 

Gimotty, J.M. Kirkwood, K.M. McMasters, M.C. Mihm, Jr., D.L. Morton, M.I. Ross, 

A.J. Sober, and V.K. Sondak, Final version of 2009 AJCC melanoma staging and 

classification. J Clin Oncol, 2009. 27(36): p. 6199-206. 

12. Balch, C.M., A.C. Buzaid, S.J. Soong, M.B. Atkins, N. Cascinelli, D.G. Coit, I.D. 

Fleming, J.E. Gershenwald, A. Houghton, Jr., J.M. Kirkwood, K.M. McMasters, M.F. 

Mihm, D.L. Morton, D.S. Reintgen, M.I. Ross, A. Sober, J.A. Thompson, and J.F. 

Thompson, Final version of the American Joint Committee on Cancer staging system 

for cutaneous melanoma. J Clin Oncol, 2001. 19(16): p. 3635-48. 

13. Agarwala, S.S., Current systemic therapy for metastatic melanoma. Expert Rev 

Anticancer Ther, 2009. 9(5): p. 587-95. 

14. Balch, C.M., J.E. Gershenwald, S.J. Soong, J.F. Thompson, S. Ding, D.R. Byrd, N. 

Cascinelli, A.J. Cochran, D.G. Coit, A.M. Eggermont, T. Johnson, J.M. Kirkwood, 

S.P. Leong, K.M. McMasters, M.C. Mihm, Jr., D.L. Morton, M.I. Ross, and V.K. 

Sondak, Multivariate analysis of prognostic factors among 2,313 patients with stage 

III melanoma: comparison of nodal micrometastases versus macrometastases. J Clin 

Oncol, 2010. 28(14): p. 2452-9. 



  

113 
 

15. Soong, S.J., S. Ding, D. Coit, C.M. Balch, J.E. Gershenwald, J.F. Thompson, and P. 

Gimotty, Predicting survival outcome of localized melanoma: an electronic 

prediction tool based on the AJCC Melanoma Database. Ann Surg Oncol, 2010. 

17(8): p. 2006-14. 

16. Balch, C.M. and J.E. Gershenwald, Clinical value of the sentinel-node biopsy in 

primary cutaneous melanoma. N Engl J Med, 2014. 370(7): p. 663-4. 

17. In 't Hout, F.E., L.E. Haydu, R. Murali, J.J. Bonenkamp, J.F. Thompson, and R.A. 

Scolyer, Prognostic importance of the extent of ulceration in patients with clinically 

localized cutaneous melanoma. Ann Surg, 2012. 255(6): p. 1165-70. 

18. Balch, C.M., J.E. Gershenwald, S.J. Soong, and J.F. Thompson, Update on the 

melanoma staging system: the importance of sentinel node staging and primary 

tumor mitotic rate. J Surg Oncol, 2011. 104(4): p. 379-85. 

19. Thompson, J.F., S.J. Soong, C.M. Balch, J.E. Gershenwald, S. Ding, D.G. Coit, K.T. 

Flaherty, P.A. Gimotty, T. Johnson, M.M. Johnson, S.P. Leong, M.I. Ross, D.R. 

Byrd, N. Cascinelli, A.J. Cochran, A.M. Eggermont, K.M. McMasters, M.C. Mihm, 

Jr., D.L. Morton, and V.K. Sondak, Prognostic significance of mitotic rate in 

localized primary cutaneous melanoma: an analysis of patients in the multi-

institutional American Joint Committee on Cancer melanoma staging database. J 

Clin Oncol, 2011. 29(16): p. 2199-205. 

20. Balch, C.M., S.J. Soong, J.E. Gershenwald, J.F. Thompson, D.G. Coit, M.B. Atkins, 

S. Ding, A.J. Cochran, A.M. Eggermont, K.T. Flaherty, P.A. Gimotty, T.M. Johnson, 

J.M. Kirkwood, S.P. Leong, K.M. McMasters, M.C. Mihm, Jr., D.L. Morton, M.I. 



  

114 
 

Ross, and V.K. Sondak, Age as a prognostic factor in patients with localized 

melanoma and regional metastases. Ann Surg Oncol, 2013. 20(12): p. 3961-8. 

21. Balch, C.M., J.F. Thompson, J.E. Gershenwald, S.J. Soong, S. Ding, K.M. 

McMasters, D.G. Coit, A.M. Eggermont, P.A. Gimotty, T.M. Johnson, J.M. 

Kirkwood, S.P. Leong, M.I. Ross, D.R. Byrd, A.J. Cochran, M.C. Mihm, Jr., D.L. 

Morton, M.B. Atkins, K.T. Flaherty, and V.K. Sondak, Age as a predictor of sentinel 

node metastasis among patients with localized melanoma: an inverse correlation of 

melanoma mortality and incidence of sentinel node metastasis among young and old 

patients. Ann Surg Oncol, 2014. 21(4): p. 1075-81. 

22. Wolchok, J., How recent advances in immunotherapy are changing the standard of 

care for patients with metastatic melanoma. Ann Oncol, 2012. 23 Suppl 8: p. viii15-

21. 

23. Garbe, C., T.K. Eigentler, U. Keilholz, A. Hauschild, and J.M. Kirkwood, Systematic 

review of medical treatment in melanoma: current status and future prospects. 

Oncologist, 2011. 16(1): p. 5-24. 

24. Shah, D.J. and R.S. Dronca, Latest advances in chemotherapeutic, targeted, and 

immune approaches in the treatment of metastatic melanoma. Mayo Clin Proc, 2014. 

89(4): p. 504-19. 

25. Middleton, M.R., J.J. Grob, N. Aaronson, G. Fierlbeck, W. Tilgen, S. Seiter, M. Gore, 

S. Aamdal, J. Cebon, A. Coates, B. Dreno, M. Henz, D. Schadendorf, A. Kapp, J. 

Weiss, U. Fraass, P. Statkevich, M. Muller, and N. Thatcher, Randomized phase III 

study of temozolomide versus dacarbazine in the treatment of patients with advanced 

metastatic malignant melanoma. J Clin Oncol, 2000. 18(1): p. 158-66. 



  

115 
 

26. Schwartz, R.N., L. Stover, and J. Dutcher, Managing toxicities of high-dose 

interleukin-2. Oncology (Williston Park), 2002. 16(11 Suppl 13): p. 11-20. 

27. Davar, D. and J.M. Kirkwood, New therapies in the treatment of melanoma. Expert 

Opin Investig Drugs, 2012. 21(11): p. 1643-59. 

28. O'Day, S.J., O. Hamid, and W.J. Urba, Targeting cytotoxic T-lymphocyte antigen-4 

(CTLA-4): a novel strategy for the treatment of melanoma and other malignancies. 

Cancer, 2007. 110(12): p. 2614-27. 

29. Robert, C., L. Thomas, I. Bondarenko, S. O'Day, D.J. M, C. Garbe, C. Lebbe, J.F. 

Baurain, A. Testori, J.J. Grob, N. Davidson, J. Richards, M. Maio, A. Hauschild, 

W.H. Miller, Jr., P. Gascon, M. Lotem, K. Harmankaya, R. Ibrahim, S. Francis, T.T. 

Chen, R. Humphrey, A. Hoos, and J.D. Wolchok, Ipilimumab plus dacarbazine for 

previously untreated metastatic melanoma. N Engl J Med, 2011. 364(26): p. 2517-26. 

30. Hodi, F.S., S.J. O'Day, D.F. McDermott, R.W. Weber, J.A. Sosman, J.B. Haanen, R. 

Gonzalez, C. Robert, D. Schadendorf, J.C. Hassel, W. Akerley, A.J. van den 

Eertwegh, J. Lutzky, P. Lorigan, J.M. Vaubel, G.P. Linette, D. Hogg, C.H. 

Ottensmeier, C. Lebbe, C. Peschel, I. Quirt, J.I. Clark, J.D. Wolchok, J.S. Weber, J. 

Tian, M.J. Yellin, G.M. Nichol, A. Hoos, and W.J. Urba, Improved survival with 

ipilimumab in patients with metastatic melanoma. N Engl J Med, 2010. 363(8): p. 

711-23. 

31. Hersh, E.M., S.J. O'Day, J. Powderly, K.D. Khan, A.C. Pavlick, L.D. Cranmer, W.E. 

Samlowski, G.M. Nichol, M.J. Yellin, and J.S. Weber, A phase II multicenter study of 

ipilimumab with or without dacarbazine in chemotherapy-naive patients with 

advanced melanoma. Invest New Drugs, 2011. 29(3): p. 489-98. 



  

116 
 

32. Tseng, S.Y., M. Otsuji, K. Gorski, X. Huang, J.E. Slansky, S.I. Pai, A. Shalabi, T. 

Shin, D.M. Pardoll, and H. Tsuchiya, B7-DC, a new dendritic cell molecule with 

potent costimulatory properties for T cells. J Exp Med, 2001. 193(7): p. 839-46. 

33. Topalian, S.L., F.S. Hodi, J.R. Brahmer, S.N. Gettinger, D.C. Smith, D.F. 

McDermott, J.D. Powderly, R.D. Carvajal, J.A. Sosman, M.B. Atkins, P.D. Leming, 

D.R. Spigel, S.J. Antonia, L. Horn, C.G. Drake, D.M. Pardoll, L. Chen, W.H. 

Sharfman, R.A. Anders, J.M. Taube, T.L. McMiller, H. Xu, A.J. Korman, M. Jure-

Kunkel, S. Agrawal, D. McDonald, G.D. Kollia, A. Gupta, J.M. Wigginton, and M. 

Sznol, Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N 

Engl J Med, 2012. 366(26): p. 2443-54. 

34. Greenman, C., P. Stephens, R. Smith, G.L. Dalgliesh, C. Hunter, G. Bignell, H. 

Davies, J. Teague, A. Butler, C. Stevens, S. Edkins, S. O'Meara, I. Vastrik, E.E. 

Schmidt, T. Avis, S. Barthorpe, G. Bhamra, G. Buck, B. Choudhury, J. Clements, J. 

Cole, E. Dicks, S. Forbes, K. Gray, K. Halliday, R. Harrison, K. Hills, J. Hinton, A. 

Jenkinson, D. Jones, A. Menzies, T. Mironenko, J. Perry, K. Raine, D. Richardson, R. 

Shepherd, A. Small, C. Tofts, J. Varian, T. Webb, S. West, S. Widaa, A. Yates, D.P. 

Cahill, D.N. Louis, P. Goldstraw, A.G. Nicholson, F. Brasseur, L. Looijenga, B.L. 

Weber, Y.E. Chiew, A. DeFazio, M.F. Greaves, A.R. Green, P. Campbell, E. Birney, 

D.F. Easton, G. Chenevix-Trench, M.H. Tan, S.K. Khoo, B.T. Teh, S.T. Yuen, S.Y. 

Leung, R. Wooster, P.A. Futreal, and M.R. Stratton, Patterns of somatic mutation in 

human cancer genomes. Nature, 2007. 446(7132): p. 153-8. 

35. Bollag, G., P. Hirth, J. Tsai, J. Zhang, P.N. Ibrahim, H. Cho, W. Spevak, C. Zhang, 

Y. Zhang, G. Habets, E.A. Burton, B. Wong, G. Tsang, B.L. West, B. Powell, R. 



  

117 
 

Shellooe, A. Marimuthu, H. Nguyen, K.Y. Zhang, D.R. Artis, J. Schlessinger, F. Su, 

B. Higgins, R. Iyer, K. D'Andrea, A. Koehler, M. Stumm, P.S. Lin, R.J. Lee, J. 

Grippo, I. Puzanov, K.B. Kim, A. Ribas, G.A. McArthur, J.A. Sosman, P.B. 

Chapman, K.T. Flaherty, X. Xu, K.L. Nathanson, and K. Nolop, Clinical efficacy of a 

RAF inhibitor needs broad target blockade in BRAF-mutant melanoma. Nature, 2010. 

467(7315): p. 596-9. 

36. Chapman, P.B., A. Hauschild, C. Robert, J.B. Haanen, P. Ascierto, J. Larkin, R. 

Dummer, C. Garbe, A. Testori, M. Maio, D. Hogg, P. Lorigan, C. Lebbe, T. Jouary, 

D. Schadendorf, A. Ribas, S.J. O'Day, J.A. Sosman, J.M. Kirkwood, A.M. 

Eggermont, B. Dreno, K. Nolop, J. Li, B. Nelson, J. Hou, R.J. Lee, K.T. Flaherty, and 

G.A. McArthur, Improved survival with vemurafenib in melanoma with BRAF V600E 

mutation. N Engl J Med, 2011. 364(26): p. 2507-16. 

37. Hauschild, A., J.J. Grob, L.V. Demidov, T. Jouary, R. Gutzmer, M. Millward, P. 

Rutkowski, C.U. Blank, W.H. Miller, Jr., E. Kaempgen, S. Martin-Algarra, B. 

Karaszewska, C. Mauch, V. Chiarion-Sileni, A.M. Martin, S. Swann, P. Haney, B. 

Mirakhur, M.E. Guckert, V. Goodman, and P.B. Chapman, Dabrafenib in BRAF-

mutated metastatic melanoma: a multicentre, open-label, phase 3 randomised 

controlled trial. Lancet, 2012. 380(9839): p. 358-65. 

38. Sullivan, R.J. and K.T. Flaherty, Resistance to BRAF-targeted therapy in melanoma. 

Eur J Cancer, 2013. 49(6): p. 1297-304. 

39. Nijenhuis, C.M., J.B. Haanen, J.H. Schellens, and J.H. Beijnen, Is combination 

therapy the next step to overcome resistance and reduce toxicities in melanoma? 

Cancer Treat Rev, 2013. 39(4): p. 305-12. 



  

118 
 

40. McCubrey, J.A., L.S. Steelman, W.H. Chappell, S.L. Abrams, R.A. Franklin, G. 

Montalto, M. Cervello, M. Libra, S. Candido, G. Malaponte, M.C. Mazzarino, P. 

Fagone, F. Nicoletti, J. Basecke, S. Mijatovic, D. Maksimovic-Ivanic, M. Milella, A. 

Tafuri, F. Chiarini, C. Evangelisti, L. Cocco, and A.M. Martelli, Ras/Raf/MEK/ERK 

and PI3K/PTEN/Akt/mTOR cascade inhibitors: how mutations can result in therapy 

resistance and how to overcome resistance. Oncotarget, 2012. 3(10): p. 1068-111. 

41. Long, G.V., D. Stroyakovskiy, H. Gogas, E. Levchenko, F. de Braud, J. Larkin, C. 

Garbe, T. Jouary, A. Hauschild, J.J. Grob, V.C. Sileni, C. Lebbe, M. Mandala, M. 

Millward, A. Arance, I. Bondarenko, J.B. Haanen, J. Hansson, J. Utikal, V. Ferraresi, 

N. Kovalenko, P. Mohr, V. Probachai, D. Schadendorf, P. Nathan, C. Robert, A. 

Ribas, D.J. DeMarini, J.G. Irani, M. Casey, D. Ouellet, A.M. Martin, N. Le, K. Patel, 

and K. Flaherty, Combined BRAF and MEK Inhibition versus BRAF Inhibition Alone 

in Melanoma. N Engl J Med, 2014. 

42. Long, G.V., U. Trefzer, M.A. Davies, R.F. Kefford, P.A. Ascierto, P.B. Chapman, I. 

Puzanov, A. Hauschild, C. Robert, A. Algazi, L. Mortier, H. Tawbi, T. Wilhelm, L. 

Zimmer, J. Switzky, S. Swann, A.M. Martin, M. Guckert, V. Goodman, M. Streit, 

J.M. Kirkwood, and D. Schadendorf, Dabrafenib in patients with Val600Glu or 

Val600Lys BRAF-mutant melanoma metastatic to the brain (BREAK-MB): a 

multicentre, open-label, phase 2 trial. Lancet Oncol, 2012. 13(11): p. 1087-95. 

43. Solit, D.B., L.A. Garraway, C.A. Pratilas, A. Sawai, G. Getz, A. Basso, Q. Ye, J.M. 

Lobo, Y. She, I. Osman, T.R. Golub, J. Sebolt-Leopold, W.R. Sellers, and N. Rosen, 

BRAF mutation predicts sensitivity to MEK inhibition. Nature, 2006. 439(7074): p. 

358-62. 



  

119 
 

44. Si, L., Y. Kong, X. Xu, K.T. Flaherty, X. Sheng, C. Cui, Z. Chi, S. Li, L. Mao, and J. 

Guo, Prevalence of BRAF V600E mutation in Chinese melanoma patients: large 

scale analysis of BRAF and NRAS mutations in a 432-case cohort. Eur J Cancer, 

2012. 48(1): p. 94-100. 

45. Larkin, J., P.A. Ascierto, B. Dreno, V. Atkinson, G. Liszkay, M. Maio, M. Mandala, 

L. Demidov, D. Stroyakovskiy, L. Thomas, L. de la Cruz-Merino, C. Dutriaux, C. 

Garbe, M.A. Sovak, I. Chang, N. Choong, S.P. Hack, G.A. McArthur, and A. Ribas, 

Combined Vemurafenib and Cobimetinib in BRAF-Mutated Melanoma. N Engl J 

Med, 2014. 

46. Pollock, P.M. and P.S. Meltzer, A genome-based strategy uncovers frequent BRAF 

mutations in melanoma. Cancer Cell, 2002. 2(1): p. 5-7. 

47. Gorden, A., I. Osman, W. Gai, D. He, W. Huang, A. Davidson, A.N. Houghton, K. 

Busam, and D. Polsky, Analysis of BRAF and N-RAS mutations in metastatic 

melanoma tissues. Cancer Res, 2003. 63(14): p. 3955-7. 

48. Davies, H., G.R. Bignell, C. Cox, P. Stephens, S. Edkins, S. Clegg, J. Teague, H. 

Woffendin, M.J. Garnett, W. Bottomley, N. Davis, E. Dicks, R. Ewing, Y. Floyd, K. 

Gray, S. Hall, R. Hawes, J. Hughes, V. Kosmidou, A. Menzies, C. Mould, A. Parker, 

C. Stevens, S. Watt, S. Hooper, R. Wilson, H. Jayatilake, B.A. Gusterson, C. Cooper, 

J. Shipley, D. Hargrave, K. Pritchard-Jones, N. Maitland, G. Chenevix-Trench, G.J. 

Riggins, D.D. Bigner, G. Palmieri, A. Cossu, A. Flanagan, A. Nicholson, J.W. Ho, 

S.Y. Leung, S.T. Yuen, B.L. Weber, H.F. Seigler, T.L. Darrow, H. Paterson, R. 

Marais, C.J. Marshall, R. Wooster, M.R. Stratton, and P.A. Futreal, Mutations of the 

BRAF gene in human cancer. Nature, 2002. 417(6892): p. 949-54. 



  

120 
 

49. Omholt, K., A. Platz, L. Kanter, U. Ringborg, and J. Hansson, NRAS and BRAF 

mutations arise early during melanoma pathogenesis and are preserved throughout 

tumor progression. Clin Cancer Res, 2003. 9(17): p. 6483-8. 

50. van 't Veer, L.J., B.M. Burgering, R. Versteeg, A.J. Boot, D.J. Ruiter, S. Osanto, P.I. 

Schrier, and J.L. Bos, N-ras mutations in human cutaneous melanoma from sun-

exposed body sites. Mol Cell Biol, 1989. 9(7): p. 3114-6. 

51. Pollock, P.M., U.L. Harper, K.S. Hansen, L.M. Yudt, M. Stark, C.M. Robbins, T.Y. 

Moses, G. Hostetter, U. Wagner, J. Kakareka, G. Salem, T. Pohida, P. Heenan, P. 

Duray, O. Kallioniemi, N.K. Hayward, J.M. Trent, and P.S. Meltzer, High frequency 

of BRAF mutations in nevi. Nat Genet, 2003. 33(1): p. 19-20. 

52. Wajapeyee, N., R.W. Serra, X. Zhu, M. Mahalingam, and M.R. Green, Oncogenic 

BRAF induces senescence and apoptosis through pathways mediated by the secreted 

protein IGFBP7. Cell, 2008. 132(3): p. 363-74. 

53. Li, Y., M.A. Nichols, J.W. Shay, and Y. Xiong, Transcriptional repression of the D-

type cyclin-dependent kinase inhibitor p16 by the retinoblastoma susceptibility gene 

product pRb. Cancer Res, 1994. 54(23): p. 6078-82. 

54. Zhang, Y., Y. Xiong, and W.G. Yarbrough, ARF promotes MDM2 degradation and 

stabilizes p53: ARF-INK4a locus deletion impairs both the Rb and p53 tumor 

suppression pathways. Cell, 1998. 92(6): p. 725-34. 

55. Michaloglou, C., L.C. Vredeveld, M.S. Soengas, C. Denoyelle, T. Kuilman, C.M. van 

der Horst, D.M. Majoor, J.W. Shay, W.J. Mooi, and D.S. Peeper, BRAFE600-

associated senescence-like cell cycle arrest of human naevi. Nature, 2005. 436(7051): 

p. 720-4. 



  

121 
 

56. Colombino, M., M. Capone, A. Lissia, A. Cossu, C. Rubino, V. De Giorgi, D. Massi, 

E. Fonsatti, S. Staibano, O. Nappi, E. Pagani, M. Casula, A. Manca, M. Sini, R. 

Franco, G. Botti, C. Caraco, N. Mozzillo, P.A. Ascierto, and G. Palmieri, 

BRAF/NRAS mutation frequencies among primary tumors and metastases in patients 

with melanoma. J Clin Oncol, 2012. 30(20): p. 2522-9. 

57. Palmieri, G., M. Capone, M.L. Ascierto, G. Gentilcore, D.F. Stroncek, M. Casula, 

M.C. Sini, M. Palla, N. Mozzillo, and P.A. Ascierto, Main roads to melanoma. J 

Transl Med, 2009. 7: p. 86. 

58. Eliason, M.J., C.B. Hansen, M. Hart, P. Porter-Gill, W. Chen, R.A. Sturm, G. Bowen, 

S.R. Florell, R.M. Harris, L.A. Cannon-Albright, L. Swinyer, and S.A. Leachman, 

Multiple primary melanomas in a CDKN2A mutation carrier exposed to ionizing 

radiation. Arch Dermatol, 2007. 143(11): p. 1409-12. 

59. Aguissa-Toure, A.H. and G. Li, Genetic alterations of PTEN in human melanoma. 

Cell Mol Life Sci, 2012. 69(9): p. 1475-91. 

60. Carnero, A., The PKB/AKT pathway in cancer. Curr Pharm Des, 2010. 16(1): p. 34-

44. 

61. Healy, E., I. Rehman, B. Angus, and J.L. Rees, Loss of heterozygosity in sporadic 

primary cutaneous melanoma. Genes Chromosomes Cancer, 1995. 12(2): p. 152-6. 

62. Herbst, R.A., J. Weiss, A. Ehnis, W.K. Cavenee, and K.C. Arden, Loss of 

heterozygosity for 10q22-10qter in malignant melanoma progression. Cancer Res, 

1994. 54(12): p. 3111-4. 

63. Li, J., C. Yen, D. Liaw, K. Podsypanina, S. Bose, S.I. Wang, J. Puc, C. Miliaresis, L. 

Rodgers, R. McCombie, S.H. Bigner, B.C. Giovanella, M. Ittmann, B. Tycko, H. 



  

122 
 

Hibshoosh, M.H. Wigler, and R. Parsons, PTEN, a putative protein tyrosine 

phosphatase gene mutated in human brain, breast, and prostate cancer. Science, 

1997. 275(5308): p. 1943-7. 

64. Pollock, P.M., G.J. Walker, J.M. Glendening, T. Que Noy, N.C. Bloch, J.W. 

Fountain, and N.K. Hayward, PTEN inactivation is rare in melanoma tumours but 

occurs frequently in melanoma cell lines. Melanoma Res, 2002. 12(6): p. 565-75. 

65. Guldberg, P., P. thor Straten, A. Birck, V. Ahrenkiel, A.F. Kirkin, and J. Zeuthen, 

Disruption of the MMAC1/PTEN gene by deletion or mutation is a frequent event in 

malignant melanoma. Cancer Res, 1997. 57(17): p. 3660-3. 

66. Tsao, H., X. Zhang, E. Benoit, and F.G. Haluska, Identification of PTEN/MMAC1 

alterations in uncultured melanomas and melanoma cell lines. Oncogene, 1998. 

16(26): p. 3397-402. 

67. Zhou, X.P., O. Gimm, H. Hampel, T. Niemann, M.J. Walker, and C. Eng, Epigenetic 

PTEN silencing in malignant melanomas without PTEN mutation. Am J Pathol, 2000. 

157(4): p. 1123-8. 

68. Madhunapantula, S.V. and G.P. Robertson, The PTEN-AKT3 signaling cascade as a 

therapeutic target in melanoma. Pigment Cell Melanoma Res, 2009. 22(4): p. 400-19. 

69. Li, G., K. Satyamoorthy, and M. Herlyn, N-cadherin-mediated intercellular 

interactions promote survival and migration of melanoma cells. Cancer Res, 2001. 

61(9): p. 3819-25. 

70. Roebuck, K.A., Regulation of interleukin-8 gene expression. J Interferon Cytokine 

Res, 1999. 19(5): p. 429-38. 



  

123 
 

71. Suboj, P., S. Babykutty, D.R. Valiyaparambil Gopi, R.S. Nair, P. Srinivas, and S. 

Gopala, Aloe emodin inhibits colon cancer cell migration/angiogenesis by 

downregulating MMP-2/9, RhoB and VEGF via reduced DNA binding activity of NF-

kappaB. Eur J Pharm Sci, 2012. 45(5): p. 581-91. 

72. Zeng, Y.X., K. Somasundaram, and W.S. el-Deiry, AP2 inhibits cancer cell growth 

and activates p21WAF1/CIP1 expression. Nat Genet, 1997. 15(1): p. 78-82. 

73. McPherson, L.A., A.V. Loktev, and R.J. Weigel, Tumor suppressor activity of 

AP2alpha mediated through a direct interaction with p53. J Biol Chem, 2002. 

277(47): p. 45028-33. 

74. Wajapeyee, N. and K. Somasundaram, Cell cycle arrest and apoptosis induction by 

activator protein 2alpha (AP-2alpha) and the role of p53 and p21WAF1/CIP1 in AP-

2alpha-mediated growth inhibition. J Biol Chem, 2003. 278(52): p. 52093-101. 

75. Jean, D., J.E. Gershenwald, S. Huang, M. Luca, M.J. Hudson, M.A. Tainsky, and M. 

Bar-Eli, Loss of AP-2 results in up-regulation of MCAM/MUC18 and an increase in 

tumor growth and metastasis of human melanoma cells. J Biol Chem, 1998. 273(26): 

p. 16501-8. 

76. Williams, T., A. Admon, B. Luscher, and R. Tjian, Cloning and expression of AP-2, a 

cell-type-specific transcription factor that activates inducible enhancer elements. 

Genes Dev, 1988. 2(12A): p. 1557-69. 

77. Gravel, M., E. Gao, C. Hervouet-Zeiber, V. Parsons, and P.E. Braun, Transcriptional 

regulation of 2',3'-cyclic nucleotide 3'-phosphodiesterase gene expression by cyclic 

AMP in C6 cells. J Neurochem, 2000. 75(5): p. 1940-50. 



  

124 
 

78. Gershenwald, J.E., W. Sumner, T. Calderone, Z. Wang, S. Huang, and M. Bar-Eli, 

Dominant-negative transcription factor AP-2 augments SB-2 melanoma tumor 

growth in vivo. Oncogene, 2001. 20(26): p. 3363-75. 

79. Tellez, C., M. McCarty, M. Ruiz, and M. Bar-Eli, Loss of activator protein-2alpha 

results in overexpression of protease-activated receptor-1 and correlates with the 

malignant phenotype of human melanoma. J Biol Chem, 2003. 278(47): p. 46632-42. 

80. Zigler, M., G.J. Villares, A.S. Dobroff, H. Wang, L. Huang, R.R. Braeuer, T. 

Kamiya, V.O. Melnikova, R. Song, R. Friedman, R.M. Alani, and M. Bar-Eli, 

Expression of Id-1 is regulated by MCAM/MUC18: a missing link in melanoma 

progression. Cancer Res, 2011. 71(10): p. 3494-504. 

81. Villares, G.J., M. Zigler, H. Wang, V.O. Melnikova, H. Wu, R. Friedman, M.C. 

Leslie, P.E. Vivas-Mejia, G. Lopez-Berestein, A.K. Sood, and M. Bar-Eli, Targeting 

melanoma growth and metastasis with systemic delivery of liposome-incorporated 

protease-activated receptor-1 small interfering RNA. Cancer Res, 2008. 68(21): p. 

9078-86. 

82. Villares, G.J., A.S. Dobroff, H. Wang, M. Zigler, V.O. Melnikova, L. Huang, and M. 

Bar-Eli, Overexpression of protease-activated receptor-1 contributes to melanoma 

metastasis via regulation of connexin 43. Cancer Res, 2009. 69(16): p. 6730-7. 

83. Villares, G.J., M. Zigler, A.S. Dobroff, H. Wang, R. Song, V.O. Melnikova, L. 

Huang, R.R. Braeuer, and M. Bar-Eli, Protease activated receptor-1 inhibits the 

Maspin tumor-suppressor gene to determine the melanoma metastatic phenotype. 

Proc Natl Acad Sci U S A, 2011. 108(2): p. 626-31. 



  

125 
 

84. Xie, S., J.E. Price, M. Luca, D. Jean, Z. Ronai, and M. Bar-Eli, Dominant-negative 

CREB inhibits tumor growth and metastasis of human melanoma cells. Oncogene, 

1997. 15(17): p. 2069-75. 

85. Mobley, A.K., R.R. Braeuer, T. Kamiya, E. Shoshan, and M. Bar-Eli, Driving 

transcriptional regulators in melanoma metastasis. Cancer Metastasis Rev, 2012. 

31(3-4): p. 621-32. 

86. Jean, D., M. Harbison, D.J. McConkey, Z. Ronai, and M. Bar-Eli, CREB and its 

associated proteins act as survival factors for human melanoma cells. J Biol Chem, 

1998. 273(38): p. 24884-90. 

87. Melnikova, V.O. and M. Bar-Eli, Transcriptional control of the melanoma malignant 

phenotype. Cancer Biol Ther, 2008. 7(7): p. 997-1003. 

88. Melnikova, V.O., A.A. Mourad-Zeidan, D.C. Lev, and M. Bar-Eli, Platelet-activating 

factor mediates MMP-2 expression and activation via phosphorylation of cAMP-

response element-binding protein and contributes to melanoma metastasis. J Biol 

Chem, 2006. 281(5): p. 2911-22. 

89. Dobroff, A.S., H. Wang, V.O. Melnikova, G.J. Villares, M. Zigler, L. Huang, and M. 

Bar-Eli, Silencing cAMP-response element-binding protein (CREB) identifies CYR61 

as a tumor suppressor gene in melanoma. J Biol Chem, 2009. 284(38): p. 26194-206. 

90. Bertolotto, C., P. Abbe, T.J. Hemesath, K. Bille, D.E. Fisher, J.P. Ortonne, and R. 

Ballotti, Microphthalmia gene product as a signal transducer in cAMP-induced 

differentiation of melanocytes. J Cell Biol, 1998. 142(3): p. 827-35. 



  

126 
 

91. Melnikova, V.O., A.S. Dobroff, M. Zigler, G.J. Villares, R.R. Braeuer, H. Wang, L. 

Huang, and M. Bar-Eli, CREB inhibits AP-2alpha expression to regulate the 

malignant phenotype of melanoma. PLoS One, 2010. 5(8): p. e12452. 

92. White, P.C., A.M. Shore, M. Clement, J. McLaren, I. Soeiro, E.W. Lam, and P. 

Brennan, Regulation of cyclin D2 and the cyclin D2 promoter by protein kinase A and 

CREB in lymphocytes. Oncogene, 2006. 25(15): p. 2170-80. 

93. Zhang, X., D.T. Odom, S.H. Koo, M.D. Conkright, G. Canettieri, J. Best, H. Chen, R. 

Jenner, E. Herbolsheimer, E. Jacobsen, S. Kadam, J.R. Ecker, B. Emerson, J.B. 

Hogenesch, T. Unterman, R.A. Young, and M. Montminy, Genome-wide analysis of 

cAMP-response element binding protein occupancy, phosphorylation, and target 

gene activation in human tissues. Proc Natl Acad Sci U S A, 2005. 102(12): p. 4459-

64. 

94. Ravnskjaer, K., H. Kester, Y. Liu, X. Zhang, D. Lee, J.R. Yates, 3rd, and M. 

Montminy, Cooperative interactions between CBP and TORC2 confer selectivity to 

CREB target gene expression. EMBO J, 2007. 26(12): p. 2880-9. 

95. Shaywitz, A.J. and M.E. Greenberg, CREB: a stimulus-induced transcription factor 

activated by a diverse array of extracellular signals. Annu Rev Biochem, 1999. 68: p. 

821-61. 

96. Brigstock, D.R., The CCN family: a new stimulus package. J Endocrinol, 2003. 

178(2): p. 169-75. 

97. Berger, A.J., H.M. Kluger, N. Li, E. Kielhorn, R. Halaban, Z. Ronai, and D.L. Rimm, 

Subcellular localization of activating transcription factor 2 in melanoma specimens 

predicts patient survival. Cancer Res, 2003. 63(23): p. 8103-7. 



  

127 
 

98. Bhoumik, A., V. Ivanov, and Z. Ronai, Activating transcription factor 2-derived 

peptides alter resistance of human tumor cell lines to ultraviolet irradiation and 

chemical treatment. Clin Cancer Res, 2001. 7(2): p. 331-42. 

99. Kim, S.J., S. Wagner, F. Liu, M.A. O'Reilly, P.D. Robbins, and M.R. Green, 

Retinoblastoma gene product activates expression of the human TGF-beta 2 gene 

through transcription factor ATF-2. Nature, 1992. 358(6384): p. 331-4. 

100. Poser, I., D. Dominguez, A.G. de Herreros, A. Varnai, R. Buettner, and A.K. 

Bosserhoff, Loss of E-cadherin expression in melanoma cells involves up-regulation 

of the transcriptional repressor Snail. J Biol Chem, 2001. 276(27): p. 24661-6. 

101. Vannini, I., M. Bonafe, A. Tesei, M. Rosetti, F. Fabbri, G. Storci, P. Ulivi, G. 

Brigliadori, D. Amadori, and W. Zoli, Short interfering RNA directed against the 

SLUG gene increases cell death induction in human melanoma cell lines exposed to 

cisplatin and fotemustine. Cell Oncol, 2007. 29(4): p. 279-87. 

102. Girouard, S.D. and G.F. Murphy, Melanoma stem cells: not rare, but well done. Lab 

Invest, 2011. 91(5): p. 647-64. 

103. Shaw, J.P., P.J. Utz, D.B. Durand, J.J. Toole, E.A. Emmel, and G.R. Crabtree, 

Identification of a putative regulator of early T cell activation genes. Science, 1988. 

241(4862): p. 202-5. 

104. Durand, D.B., J.P. Shaw, M.R. Bush, R.E. Replogle, R. Belagaje, and G.R. Crabtree, 

Characterization of antigen receptor response elements within the interleukin-2 

enhancer. Mol Cell Biol, 1988. 8(4): p. 1715-24. 

105. Rao, A., C. Luo, and P.G. Hogan, Transcription factors of the NFAT family: 

regulation and function. Annu Rev Immunol, 1997. 15: p. 707-47. 



  

128 
 

106. Wu, H., A. Peisley, I.A. Graef, and G.R. Crabtree, NFAT signaling and the invention 

of vertebrates. Trends Cell Biol, 2007. 17(6): p. 251-60. 

107. Crabtree, G.R. and E.N. Olson, NFAT signaling: choreographing the social lives of 

cells. Cell, 2002. 109 Suppl: p. S67-79. 

108. Hogan, P.G., L. Chen, J. Nardone, and A. Rao, Transcriptional regulation by 

calcium, calcineurin, and NFAT. Genes Dev, 2003. 17(18): p. 2205-32. 

109. Beals, C.R., N.A. Clipstone, S.N. Ho, and G.R. Crabtree, Nuclear localization of NF-

ATc by a calcineurin-dependent, cyclosporin-sensitive intramolecular interaction. 

Genes Dev, 1997. 11(7): p. 824-34. 

110. Mattila, P.S., K.S. Ullman, S. Fiering, E.A. Emmel, M. McCutcheon, G.R. Crabtree, 

and L.A. Herzenberg, The actions of cyclosporin A and FK506 suggest a novel step in 

the activation of T lymphocytes. EMBO J, 1990. 9(13): p. 4425-33. 

111. Pan, M.G., Y. Xiong, and F. Chen, NFAT gene family in inflammation and cancer. 

Curr Mol Med, 2013. 13(4): p. 543-54. 

112. Zheng, J., F. Fang, X. Zeng, T.R. Medler, A.A. Fiorillo, and C.V. Clevenger, 

Negative cross talk between NFAT1 and Stat5 signaling in breast cancer. Mol 

Endocrinol, 2011. 25(12): p. 2054-64. 

113. Gaudineau, B., M. Fougere, F. Guaddachi, F. Lemoine, P. de la Grange, and S. 

Jauliac, Lipocalin 2, the TNF-like receptor TWEAKR and its ligand TWEAK act 

downstream of NFAT1 to regulate breast cancer cell invasion. J Cell Sci, 2012. 

125(Pt 19): p. 4475-86. 

114. Yiu, G.K. and A. Toker, NFAT induces breast cancer cell invasion by promoting the 

induction of cyclooxygenase-2. J Biol Chem, 2006. 281(18): p. 12210-7. 



  

129 
 

115. Tie, X., S. Han, L. Meng, Y. Wang, and A. Wu, NFAT1 is highly expressed in, and 

regulates the invasion of, glioblastoma multiforme cells. PLoS One, 2013. 8(6): p. 

e66008. 

116. Werneck, M.B., A. Vieira-de-Abreu, R. Chammas, and J.P. Viola, NFAT1 

transcription factor is central in the regulation of tissue microenvironment for tumor 

metastasis. Cancer Immunol Immunother, 2011. 60(4): p. 537-46. 

117. Perotti, V., P. Baldassari, I. Bersani, A. Molla, C. Vegetti, E. Tassi, J. Dal Col, R. 

Dolcetti, A. Anichini, and R. Mortarini, NFATc2 is a potential therapeutic target in 

human melanoma. J Invest Dermatol, 2012. 132(11): p. 2652-60. 

118. Zhang, X., Z. Zhang, J. Cheng, M. Li, W. Wang, W. Xu, H. Wang, and R. Zhang, 

Transcription factor NFAT1 activates the mdm2 oncogene independent of p53. J Biol 

Chem, 2012. 287(36): p. 30468-76. 

119. Abe, B.T., D.S. Shin, E. Mocholi, and F. Macian, NFAT1 supports tumor-induced 

anergy of CD4(+) T cells. Cancer Res, 2012. 72(18): p. 4642-51. 

120. Abe, B.T. and F. Macian, Uncovering the mechanisms that regulate tumor-induced T-

cell anergy. Oncoimmunology, 2013. 2(2): p. e22679. 

121. Chan, D.V., H.M. Gibson, B.M. Aufiero, A.J. Wilson, M.S. Hafner, Q.S. Mi, and 

H.K. Wong, Differential CTLA-4 expression in human CD4+ versus CD8+ T cells is 

associated with increased NFAT1 and inhibition of CD4+ proliferation. Genes 

Immun, 2014. 15(1): p. 25-32. 

122. Braeuer, R.R., M. Zigler, T. Kamiya, A.S. Dobroff, L. Huang, W. Choi, D.J. 

McConkey, E. Shoshan, A.K. Mobley, R. Song, A. Raz, and M. Bar-Eli, Galectin-3 



  

130 
 

contributes to melanoma growth and metastasis via regulation of NFAT1 and 

autotaxin. Cancer Res, 2012. 72(22): p. 5757-66. 

123. Li, L., J.E. Price, D. Fan, R.D. Zhang, C.D. Bucana, and I.J. Fidler, Correlation of 

growth capacity of human tumor cells in hard agarose with their in vivo proliferative 

capacity at specific metastatic sites. J Natl Cancer Inst, 1989. 81(18): p. 1406-12. 

124. Verschraegen, C.F., B.C. Giovanella, J.T. Mendoza, A.J. Kozielski, and J.S. Stehlin, 

Jr., Specific organ metastases of human melanoma cells injected into the arterial 

circulation of nude mice. Anticancer Res, 1991. 11(2): p. 529-35. 

125. Poynter, J.N., J.T. Elder, D.R. Fullen, R.P. Nair, M.S. Soengas, T.M. Johnson, B. 

Redman, N.E. Thomas, and S.B. Gruber, BRAF and NRAS mutations in melanoma 

and melanocytic nevi. Melanoma Res, 2006. 16(4): p. 267-73. 

126. Kudo-Saito, C., FSTL1 promotes bone metastasis by causing immune dysfunction. 

Oncoimmunology, 2013. 2(11): p. e26528. 

127. Mourtada-Maarabouni, M., D. Watson, M. Munir, F. Farzaneh, and G.T. Williams, 

Apoptosis suppression by candidate oncogene PLAC8 is reversed in other cell types. 

Curr Cancer Drug Targets, 2013. 13(1): p. 80-91. 

128. Li, C., H. Ma, Y. Wang, Z. Cao, R. Graves-Deal, A.E. Powell, A. Starchenko, G.D. 

Ayers, M.K. Washington, V. Kamath, K. Desai, M.J. Gerdes, L. Solnica-Krezel, and 

R.J. Coffey, Excess PLAC8 promotes an unconventional ERK2-dependent EMT in 

colon cancer. J Clin Invest, 2014. 124(5): p. 2172-87. 

129. Kinsey, C., V. Balakrishnan, M.R. O'Dell, J.L. Huang, L. Newman, C.L. Whitney-

Miller, A.F. Hezel, and H. Land, Plac8 links oncogenic mutations to regulation of 



  

131 
 

autophagy and is critical to pancreatic cancer progression. Cell Rep, 2014. 7(4): p. 

1143-55. 

130. Mian, B.M., C.P. Dinney, C.E. Bermejo, P. Sweeney, C. Tellez, X.D. Yang, J.M. 

Gudas, D.J. McConkey, and M. Bar-Eli, Fully human anti-interleukin 8 antibody 

inhibits tumor growth in orthotopic bladder cancer xenografts via down-regulation of 

matrix metalloproteases and nuclear factor-kappaB. Clin Cancer Res, 2003. 9(8): p. 

3167-75. 

131. Van Hove, I., K. Lemmens, S. Van de Velde, M. Verslegers, and L. Moons, Matrix 

metalloproteinase-3 in the central nervous system: a look on the bright side. J 

Neurochem, 2012. 123(2): p. 203-16. 

132. Jemal, A., R. Siegel, J. Xu, and E. Ward, Cancer statistics, 2010. CA Cancer J Clin. 

60(5): p. 277-300. 

133. Siegel, R., D. Naishadham, and A. Jemal, Cancer statistics, 2012. CA Cancer J Clin, 

2010. 62(1): p. 10-29. 

134. Payne, A.S. and L.A. Cornelius, The role of chemokines in melanoma tumor growth 

and metastasis. J Invest Dermatol, 2002. 118(6): p. 915-22. 

135. Singh, R.K., M. Gutman, R. Radinsky, C.D. Bucana, and I.J. Fidler, Expression of 

interleukin 8 correlates with the metastatic potential of human melanoma cells in 

nude mice. Cancer Res, 1994. 54(12): p. 3242-7. 

136. Singh, R.K., M.L. Varney, C.D. Bucana, and S.L. Johansson, Expression of 

interleukin-8 in primary and metastatic malignant melanoma of the skin. Melanoma 

Res, 1999. 9(4): p. 383-7. 



  

132 
 

137. Luca, M., S. Huang, J.E. Gershenwald, R.K. Singh, R. Reich, and M. Bar-Eli, 

Expression of interleukin-8 by human melanoma cells up-regulates MMP-2 activity 

and increases tumor growth and metastasis. Am J Pathol, 1997. 151(4): p. 1105-13. 

138. Wang, J.M., G. Taraboletti, K. Matsushima, J. Van Damme, and A. Mantovani, 

Induction of haptotactic migration of melanoma cells by neutrophil activating 

protein/interleukin-8. Biochem Biophys Res Commun, 1990. 169(1): p. 165-70. 

139. Singh, S., K.C. Nannuru, A. Sadanandam, M.L. Varney, and R.K. Singh, CXCR1 and 

CXCR2 enhances human melanoma tumourigenesis, growth and invasion. Br J 

Cancer, 2009. 100(10): p. 1638-46. 

140. Murdoch, C., P.N. Monk, and A. Finn, Cxc chemokine receptor expression on human 

endothelial cells. Cytokine, 1999. 11(9): p. 704-12. 

141. Huang, S., L. Mills, B. Mian, C. Tellez, M. McCarty, X.D. Yang, J.M. Gudas, and M. 

Bar-Eli, Fully humanized neutralizing antibodies to interleukin-8 (ABX-IL8) inhibit 

angiogenesis, tumor growth, and metastasis of human melanoma. Am J Pathol, 2002. 

161(1): p. 125-34. 

142. Singh, R.K., M. Gutman, R. Reich, and M. Bar-Eli, Ultraviolet B irradiation 

promotes tumorigenic and metastatic properties in primary cutaneous melanoma via 

induction of interleukin 8. Cancer Res, 1995. 55(16): p. 3669-74. 

143. Westphal, J.R., R. Van't Hullenaar, R. Peek, R.W. Willems, K. Crickard, U. Crickard, 

J. Askaa, I. Clemmensen, D.J. Ruiter, and R.M. De Waal, Angiogenic balance in 

human melanoma: expression of VEGF, bFGF, IL-8, PDGF and angiostatin in 

relation to vascular density of xenografts in vivo. Int J Cancer, 2000. 86(6): p. 768-

76. 



  

133 
 

144. Ma, J.D., J.J. Zhou, D.H. Zheng, L.F. Chen, Y.Q. Mo, X.N. Wei, L.J. Yang, and L. 

Dai, Serum matrix metalloproteinase-3 as a noninvasive biomarker of histological 

synovitis for diagnosis of rheumatoid arthritis. Mediators Inflamm, 2014. 2014: p. 

179284. 

145. Wu, J.J., M.W. Lark, L.E. Chun, and D.R. Eyre, Sites of stromelysin cleavage in 

collagen types II, IX, X, and XI of cartilage. J Biol Chem, 1991. 266(9): p. 5625-8. 

146. Tas, F., D. Duranyildiz, H. Oguz, R. Disci, S. Kurul, V. Yasasever, and E. Topuz, 

Serum matrix metalloproteinase-3 and tissue inhibitor of metalloproteinase-1 in 

patients with malignant melanoma. Med Oncol, 2005. 22(1): p. 39-44. 

147. Tas, F., D. Duranyildiz, H. Oguz, H. Camlica, V. Yasasever, and E. Topuz, 

Circulating levels of vascular endothelial growth factor (VEGF), matrix 

metalloproteinase-3 (MMP-3), and BCL-2 in malignant melanoma. Med Oncol, 

2008. 25(4): p. 431-6. 

148. Hofmann, U.B., J.R. Westphal, G.N. Van Muijen, and D.J. Ruiter, Matrix 

metalloproteinases in human melanoma. J Invest Dermatol, 2000. 115(3): p. 337-44. 

149. Pocza, P., H. Suli-Vargha, Z. Darvas, and A. Falus, Locally generated VGVAPG and 

VAPG elastin-derived peptides amplify melanoma invasion via the galectin-3 

receptor. Int J Cancer, 2008. 122(9): p. 1972-80. 

150. Werb, Z., M.J. Banda, J.H. McKerrow, and R.A. Sandhaus, Elastases and elastin 

degradation. J Invest Dermatol, 1982. 79 Suppl 1: p. 154s-159s. 

151. Huang, Y., N. Song, Y. Ding, S. Yuan, X. Li, H. Cai, H. Shi, and Y. Luo, Pulmonary 

vascular destabilization in the premetastatic phase facilitates lung metastasis. Cancer 

Res, 2009. 69(19): p. 7529-37. 



  

134 
 

152. Laga, A.C., C.Y. Lai, Q. Zhan, S.J. Huang, E.F. Velazquez, Q. Yang, M.Y. Hsu, and 

G.F. Murphy, Expression of the embryonic stem cell transcription factor SOX2 in 

human skin: relevance to melanocyte and merkel cell biology. Am J Pathol, 2010. 

176(2): p. 903-13. 

153. Laga, A.C., Q. Zhan, C. Weishaupt, J. Ma, M.H. Frank, and G.F. Murphy, SOX2 and 

nestin expression in human melanoma: an immunohistochemical and experimental 

study. Exp Dermatol, 2011. 20(4): p. 339-45. 

154. Girouard, S.D., A.C. Laga, M.C. Mihm, R.A. Scolyer, J.F. Thompson, Q. Zhan, H.R. 

Widlund, C.W. Lee, and G.F. Murphy, SOX2 contributes to melanoma cell invasion. 

Lab Invest, 2012. 92(3): p. 362-70. 

155. Hofmann, U.B., J.R. Westphal, E.T. Waas, A.J. Zendman, I.M. Cornelissen, D.J. 

Ruiter, and G.N. van Muijen, Matrix metalloproteinases in human melanoma cell 

lines and xenografts: increased expression of activated matrix metalloproteinase-2 

(MMP-2) correlates with melanoma progression. Br J Cancer, 1999. 81(5): p. 774-82. 

156. Sreenath, T., L.M. Matrisian, W. Stetler-Stevenson, S. Gattoni-Celli, and R.O. 

Pozzatti, Expression of matrix metalloproteinase genes in transformed rat cell lines of 

high and low metastatic potential. Cancer Res, 1992. 52(18): p. 4942-7. 

157. Martinez-Martinez, S. and J.M. Redondo, Inhibitors of the calcineurin/NFAT 

pathway. Curr Med Chem, 2004. 11(8): p. 997-1007. 

158. Jacobs, J.F., S. Nierkens, C.G. Figdor, I.J. de Vries, and G.J. Adema, Regulatory T 

cells in melanoma: the final hurdle towards effective immunotherapy? Lancet Oncol, 

2012. 13(1): p. e32-42. 



  

135 
 

159. Fric, J., T. Zelante, A.Y. Wong, A. Mertes, H.B. Yu, and P. Ricciardi-Castagnoli, 

NFAT control of innate immunity. Blood, 2012. 120(7): p. 1380-9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

136 
 

Vita 

Einav Shoshan was born and raised in Beer Sheva, Israel on January 30, 1979 and is the 

daughter of Frida and Moshe Oron.  After graduating from Mekif Gimel High School in 

1997, Einav joined the Israeli Defense Force (IDF) where she served 3 years as an officer. In 

2000 she began his undergraduate studies at the Ben Gurion University of the Negev at Beer 

Sheva, Israel. Einav received her Bachelor of Science degree in Biotechnology engineering 

in Jun 2004. In October 2004 Einav joined Weizmann institute of Science and got her Master 

of Science Degree in brain research in November 2006. In May of 2010, she entered the 

Ph.D. graduate program at the University of Texas Health Sciences Center at Houston 

Graduate School of Biomedical Sciences.  In January 2011, she joined the lab of Dr. 

Menashe Bar-Eli at the university of Texas M.D. Anderson Cancer Center to study 

melanoma and the molecular changes that lead to the metastatic phenotype.     

 

Permanent address: 

14418 Basalt ln.  

Houston Tx 77077 

 

 


	NFAT1 CONTRIBUTES TO MELANOMA TUMOR GROWTH AND METASTASIS BY REGULATING IL-8 AND MMP-3
	Recommended Citation

	tmp.1427301329.pdf.4ifKs

