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ABSTRACT 

 

Melanoma is the most aggressive form of skin cancer with rapidly increasing rates of 

incidence in fair-skinned populations worldwide.  The most promising current treatment 

for advanced stage melanoma involves a combination of chemotherapy and interferon 

alpha (IFN-α), although complete response rates are unacceptably low.  Loss of 

sensitivity to IFNs in melanoma cells has been shown to arise from a deficiency in the 

level of intracellular signalling molecules including STAT1, STAT2 & IRF9, which are 

important transcription factors in the IFN signalling pathway.  Of these, deficiencies in 

STAT1 show the greatest correlation with IFN resistance.  Greater understanding of the 

regulation of STAT1 gene transcription is important for predicting, and potentially 

improving, IFN mediated activity in malignant melanomas. 

 

In a previous study, distinct enhancer and repressor regions were shown to be present in 

the first and second introns of the human STAT1 gene.  A gene segment comprising 123 

base pairs located in the second intron was shown to confer specific repression of 

reporter gene constructs in melanoma cell lines.  Within this regulatory region, we have 

identified a putative repressor element-1 (RE1) site, and shown binding of the RE1 

silencer of transcription (REST) protein in melanoma cell lines by chromatin 

immunoprecipitation (ChIP) assays.  

 

In transient transfection assays, a luciferase gene reporter construct comprising the RE1 

sequence from the STAT1 gene cloned immediately downstream of the STAT1 

promoter and enhancer regions exhibited significant repression of reporter gene activity.  

Furthermore, progressively stronger repression was conferred by cloning tandem copies 

of the STAT1-RE1 sequence adjacent to the promoter/enhancer region, confirming the 

repressive activity of this element.  The partial loss of repression of the STAT1 promoter 

by the RE1 element in a cell line expressing a low level of the REST protein further 

confirmed the functional significance of REST and the RE1 element within the STAT1 

gene. 

 

REST-VP16 is a recombinant fusion protein, which is generated by replacing the 

repressor domains of REST with the activation domain of the herpes simplex virus 

protein VP16 to counter the repressive effects of REST.  REST-VP16 retains the DNA 

binding specificity of REST, and binds to the RE1 elements of REST target genes, but 
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activates their transcription rather than repressing them.  Furthermore, melanoma cells 

stably expressing the REST-VP16 protein were shown to transdifferentiate into 

neuronal-like cells that express very high levels of neuronal differentiation proteins.    

Transfection assays using the REST-VP16 expression vector enhanced the transcription 

of STAT1 gene constructs.  This result further confirmed a role for REST-mediated 

repression of STAT1.  

 

IFN-resistant cell lines were shown to express high levels of REST protein and low 

levels of STAT1 protein.  In addition, a set of melanoma cell lines derived from patient 

biopsies showed a negative correlation trend in the expression of REST and STAT1, 

providing further evidence for the role of REST in repressing STAT1 gene transcription.  

The high expression of REST and c-Myc in an IFN-resistant melanoma cell line and the 

lower expression levels in an IFN-sensitive cell line raises the possibility of oncogenic 

properties when high levels of these two proteins occur together. 

 

The repression mediated by REST through the RE1 element of the STAT1 gene 

constituted approximately 75% of the repression produced by the complete 123 bp 

repressor region.  Interestingly, the repressor segment of the human STAT1 gene 

contains a putative NFκB binding site, most of which overlaps with the RE1 element.  

Quantitative ChIP assays confirmed that NFκB subunits p50 and p65 both bind to the 

putative NFκB binding site within the STAT1 repressor region.  The binding activity of 

p50 was comparatively higher than p65.  Further, in the presence of NFκB inhibitors, 

the induction of STAT1 and MHC class I expression by IFN-β was increased.  These 

results supported NFκB suppression of the IFN-mediated response. 

 

Using flow cytometry, we determined that both type I and type II IFNs produced the 

maximum expression of STAT1 and MHC class I after two and three days of treatment, 

respectively.  Priming cells with IFN-γ prior to treatment with IFN-β further increased 

the expression of STAT1 and MHC class I.  Treatment with TNF-α alone was shown 

not to alter STAT1 expression and to increase MHC class I expression only slightly.  

However, treatment with a combination of TNF-α and IFN-β increased the expression 

of STAT1 and MHC class I by a greater amount than treatment with IFN-β alone, 

suggestive of synergistic effects between these two cytokines on IFN-regulated genes in 

melanoma cells.  These results show the importance of understanding STAT1 signalling 

in the context of melanoma resistance to IFN. 
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1.1  Melanoma 

1.1.1  Introduction 

 

Melanoma represents a significant public burden, particularly to populations of Caucasian 

origin.  Melanoma is a malignant tumour of melanocytes, which are neuroectodermal in 

origin, arising from the neural crest and migrating to the basal layer of the epidermis during 

development (Sommer, 2011).  Although melanomas make up the smallest percentage of the 

three major skin cancers, the mortality rate is higher when compared to squamous and basal 

cell cancers.  The number of cases diagnosed annually is increasing more rapidly than for any 

other cancer, by almost 5% per year (Koh, 1991, Parkin et al., 2005).  Although the 

explanation for this is unknown, it may be related, at least in part, to increased sun exposure 

and global changes, such as ozone depletion.  Melanoma incidence has continued to increase 

worldwide, with the highest incidence in Australia and New Zealand.  The analysis of global 

cancer statistics from 2002 has demonstrated a prevalence of 37.7 cases per 100,000 men and 

29.4 cases per 100,000 women in Australia and New Zealand, compared with 6.4 cases per 

100,000 men and 11.7 cases per 100,000 women in North America (Parkin et al., 2005).  

 

Although most melanomas arise in the skin, they may also arise from mucosal surfaces or 

other sites to which the neural crest cells migrate.  Melanocytes are primarily located in the 

lower part of the epidermal layer of skin, producing a pigment called ‘melanin’.  This 

pigment imparts the skin with its natural colour.  The production of melanin is regulated by 

the interaction of melanocortin 1 receptor (MC1R), located on the surface of the melanocyte, 

with melanocyte stimulating hormone (MSH) or with the agouti signalling protein.  Melanin 

produced by melanocytes is oxidised by normal metabolism, inflammatory reactions and UV 

rays, resulting in the formation of a pro-oxidant, quinone imine (Meyskens et al., 2004).  This 

acts as a nidus for carcinogenic chemicals like polycyclic hydrocarbons and some metals.  

Oxidation-reduction cycling occurs and reactive oxygen metabolites accumulate to promote 

carcinogenesis.  This can be prevented by anti-oxidants.  Depletion of anti-oxidants in the 

body therefore plays a central role in the pathogenesis of melanoma. 
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1.1.2  Pathogenesis 

 

The process of conversion of normal melanocytes to melanoma cells is a multi-step process 

that is poorly understood.  This process, called melanomagenesis is activated by certain 

oncogene products.  The melanocortin receptor gene, MC1R, regulates skin pigmentation and 

polymorphisms in this gene are frequent with particular variants identified that are linked to 

an increased risk of melanoma (Palmer et al., 2000, Newton Bishop and Bishop, 2005).  

Polymorphism in the oculocutaneous albanism gene, OCA2, may also increase the risk 

(Jannot et al., 2005).  Other pathways that may play a role in carcinogenesis include the 

MAPK and HGF/SF-MET signalling pathway (Chin, 2003).  In addition, 30-50% of 

melanomas demonstrate loss of heterozygosity at chromosome 10q.  Some, but not all, of 

these cases have mutations in the tumour suppressor gene, PTEN, suggesting that additional 

genes in this region are important.  Mutations in the BRAF gene have been observed in up to 

60% of cases and are probably involved in promoting cell growth signalling pathways. 

 

Approximately 10% of melanoma cases have a strong family history of the disease.  

Melanoma can develop as a result of inherited conditions such as Li-Fraumeni syndrome 

(Curiel-Lewandrowski et al., 2011).  Between 25-40% of inherited cases carry a mutation in 

the CDKN2A locus on chromosome 9p22 (Chin, 2003, Newton Bishop and Bishop, 2005).  

This locus harbours two genes, INK4A(p16) and ARF(p14), which influence the RB and p53 

pathways.  The Melanoma Genetics Consortium is coordinating the search for additional 

susceptibility genes in familial melanoma (Newton Bishop and Bishop, 2005).  Recently a 

locus at 1p22 has been reported, although the gene has not yet been identified (Gillanders et 

al., 2003). 

 

1.1.3  Treatment 

 

Melanomas are notorious for their tendency to rapidly spread to distant organs from their 

sites of origin.  Local, non-metastasised tumours are curable, to a large extent, through 

surgical resection.  However, patients with more advanced stages of melanoma require 

surgical removal of the tumours followed by adjuvant therapy.  Despite intensive research 

and numerous clinical trials on adjuvant treatment of patients with advanced stage melanoma, 

what constitutes the standard of care still remains controversial.  The objective response rate 

to chemotherapy is approximately 20% (Ralph, 2007).  In addition, responses are usually 
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short lived, ranging from 3 to 6 months.  The two biological therapies that appear most active 

against melanoma are IFN-α and interleukin-2 (IL-2).  Response rates for IFN-α range from 

8% to 22%, and long term administration on a daily or thrice weekly basis appears superior to 

weekly or more intermittent schedules (Agarwala and Kirkwood, 1996).  The response to IL-

2 is in the range of 10% to 20% (Atkins et al., 1999, Atkins et al., 2000).  Phase II clinical 

studies testing combinations of IFN-α and IL-2 have demonstrated higher response rates 

(Rosenberg et al., 1989, Keilholz et al., 1993).  However, a phase III trial comparing IFN-α 

plus IL-2 against IL-2 alone in 85 patients did not show any additional benefit with the 

combination (Sparano et al., 1993).  Combinations of chemotherapy and immunotherapy 

(biochemotherapy) have been tested in comparison to chemotherapy alone.  No statistically 

significant differences were found in objective response rates or overall survival between the 

two.  Furthermore, toxic effects were higher in the group that received biochemotherapy 

(Eigentler et al., 2003, Di Lauro et al., 2005). 

 

1.2  Interferons 

1.2.1  Classification 

 

IFNs are natural proteins that act as a defence against viral infections and neoplasms.  They 

belong to the large class of proteins called cytokines and are produced by the cells of the 

immune system in response to pathogens and tumour cells.  According to the type of 

signalling receptors, IFNs are classified into two groups: type I and type II.  Many subclasses 

of type-I IFNs exist, all of which have considerable structural homology.  These include IFN-

α (alpha), IFN-β (beta), IFN-κ (kappa), IFN-δ (delta), IFN-ε (epsilon), IFN-τ (tau), IFN-ω 

(omega) and IFN-ζ (zeta) (Chawla-Sarkar et al., 2003, Pestka et al., 2004).  IFN-α is further 

subdivided into 13 subtypes.  Among these, IFN-α2 is the one commonly used in clinical 

applications and vaccine development.  The genes for all subtypes of IFN-α are found as a 

cluster on human chromosome 9.  IFN-β is represented by a single functional gene that is also 

located in the chromosome 9 cluster.  Type II IFN includes IFN-γ, which is represented by a 

single copy gene on chromosome 12. 
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1.2.2  IFN signal transduction pathways 

 

IFN receptors each have two subunits: IFNAR1 and IFNAR2 forming the type-I IFN 

receptor, and IFNGR1 and IFNGR2 for the type-II IFN receptor.  Each of these receptor 

subunits interacts with a member of the Janus Kinase (JAK) family of tyrosine kinases (see 

Fig. 1.1).  In the case of the type I receptor, IFNAR1 is associated with TYK2, whereas 

IFNAR2 is associated with JAK1.  In the case of the type II receptor, IFNGR1 is associated 

with JAK1 and IFNGR2 with JAK2 (Nguyen et al., 2000, Chen et al., 2004, Katsoulidis et 

al., 2005).  The initial step in both IFN type I and type II signalling is activation of the 

receptor associated JAKs, which occurs in response to a ligand-dependent rearrangement and 

dimerisation of the receptor subunits.  Dimerisation of the receptor subunits brings their 

associated JAKs into close proximity with each other which results in JAK 

autophosphorylation and activation. 

 

Binding of type I IFNs to the type I receptor results in activation of the receptor associated 

JAKs, TYK2 and JAK1, by phosphorylation at specific tyrosine residues (Kotenko et al., 

2003, Sheppard et al., 2003), which in turn mediate tyrosine phosphorylation of the receptor 

subunit, IFNAR1.  The tyrosine phosphorylated receptor subunit provides a docking site for a 

STAT2 molecule, which itself becomes phosphorylated.  Tyrosine phosphorylation of 

STAT2 in turn generates a docking site for STAT1, which also becomes phosphorylated at a 

tyrosine residue at amino acid position 701 (Haque and Williams, 1998).  The activated 

STATs then form homodimers or heterodimers that translocate to the cell nucleus and initiate 

specific transcription by binding to the promoters of IFN-stimulated genes (ISGs) (Chen et 

al., 2004).  An important transcriptional complex that is induced by type I IFN is the ISG 

Factor-3 complex (ISGF3) (Fig. 1.1).  The ISGF3 complex is composed of phosphorylated 

STAT1 and STAT2, along with IRF9 (previously called ISGF3γ or p48), a member of the 

Interferon Regulatory Factor (IRF) family, which does not undergo tyrosine phosphorylation 

(Aaronson and Horvath, 2002, Decker et al., 2005, Platanias, 2005, Smith et al., 2005).  The 

ISGF3 complex specifically recognises a DNA sequence in promoters of ISGs called an IFN 

stimulated response element (ISRE). 

 

The transcription of type II IFN-dependent genes is regulated through a specific DNA 

element called an IFN-gamma Activated Site (GAS).  STAT1 is the most important IFN-γ 

activated transcription factor for the regulation of these transcriptional responses.  After IFN-
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γ binds to the type II IFN receptor, JAK1, JAK2 and the intracellular domain of IFNGR1 

become activated by tyrosine phosphorylation.  These events regulate the downstream 

phosphorylation of STAT1 at amino acid residue Tyr701.  The tyrosine phosphorylated form 

of STAT1 homodimerises and translocates into the cell nucleus to bind to GAS elements 

present in the promoters of IFN-γ regulated genes.  IFN-γ activated JAKs also stimulate 

protein kinase-C delta (PKC-δ) activation via PI3K. The activated PKC-δ, in turn, regulates 

the phosphorylation of STAT1 on Ser727, which is required for full transcriptional activity 

(Fig. 1.1). 

 

Figure 1.1: The IFN JAK/STAT signalling pathways. 

Model for both type I and type II IFN mediated cell signalling pathways based on the description in 

section 1.2.2. 

 

1.2.3  The synergistic activity of type I and type II IFNs 

 

The novel synergistic interaction between type I and type II IFNs was originally described in 

a mouse system as a 5-20 fold potentiation of the antiviral action by the combination of 

IFNα/β and IFN-γ (Fleischmann et al., 1979).  This has since been extended to a human in 

vitro system, whereby combinations of IFN-γ and IFN-α or IFN-β demonstrated potentiation 
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but combinations of IFN-α and IFN-β demonstrated only an additive protective effect, 

possibly due to their sharing of the same cell surface receptor and signalling pathway 

(Fleischmann et al., 1984, Bartee et al., 2008).  In addition, previous studies from our 

research group showed that priming cells with IFN-γ prior to treatment with IFN-α/β 

produced elevated levels of MHC class I expression in melanoma cell lines (Dezfouli et al., 

2003).  IFN-γ priming of several human melanoma cell lines also resulted in increased 

expression of STAT1, STAT2 and IRF9 (Wong et al., 1998). 

 

1.2.4  IFN-stimulated genes (ISGs) 

 

Coordinated activation of gene expression by IFNs was found to depend on common cis-

acting DNA elements in the promoters of ISGs, the aforementioned ISRE and GAS elements.  

Combined data sets identified more than 300 ISGs using microarray formats (de Veer et al., 

2001).  The IFN-mediated anti-viral and immunomodulatory effects were mediated by 

differentially regulating the expression of ISGs. 

 

1.2.5  Immunomodulatory actions of IFNs 

 

IFN mediated immunomodulatory effects are mediated primarily by regulating the expression 

of MHC class I molecules.  In addition to MHC class I upregulation, IFN-γ also increases the 

expression of MHC class II molecules (Pestka et al., 1987, Loh et al., 1992) and activates 

CD4
+
 T cells, thereby promoting cell-mediated immunity (Takiguchi and Frelinger, 1986).   

 

1.2.6  Antiviral effects 

 

IFNs are produced rapidly in response to virus infection, inducing an antiviral state in 

neighbouring cells, thereby limiting the spread of virus.  Following cell surface receptor 

activation in target cells, IFNs invoke multiple cellular signalling events that further regulate 

ISGs.  In addition to the previously described JAK/STAT signalling pathway (see section 

1.2.2), additional signalling pathways are invoked by the IFNs, of which the PI3K/mTOR 

signalling pathway also plays a role in antiviral actions (Burke et al., 2011).  The antiviral 

action of IFNs has been attributed mainly to the activation of IRF family members, double-
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stranded RNA activated protein kinase (PKR), 2’-5’ oligoadenylate synthetise (OAS) and Mx 

protein (Balachandran et al., 2000).  

 

1.2.7  IFNs and cancer 

 

IFNs have been used for therapy against several types of malignancies including 

haematological malignancies and solid tumours.  Previous studies have shown that tumour 

cells that produce IFN-α are less tumourigenic and metastasise to a lesser extent when 

transferred into mice (Ferrantini and Belardelli, 2000).  Indeed IFN-α proved an effective 

adjuvant in patients with melanoma (Di Pucchio et al., 2006).  Type I IFNs inhibit 

angiogenesis and enhance the ability of dendritic cells to cross-present apoptotic antigens to 

CD8+ T cells, thereby triggering a cytotoxic T lymphocyte response (Lapenta et al., 2003, 

Santodonato et al., 2003).  

 

1.2.8  IFN resistance 

 

IFNs have significant effects on the inhibition of cell proliferation, induction of cellular 

differentiation and upregulation of immune responses in various cell types.  IFNs have been 

widely used for the treatment of melanoma, but unfortunately melanomas differ in their 

responsiveness to IFNs, ranging from sensitive to extremely resistant (Johns et al., 1992).  

The mechanism for IFN resistance remains unknown, but must be elucidated if the use of IFN 

as a therapy is to be improved.  Studies have shown abnormalities in the JAK/STAT 

signalling pathways, which result in reduced STAT1 activity, the major factor proposed to be 

responsible for melanoma resistance to IFN treatment (Wong et al., 1997).  

 

The sensitivity of cells to IFN is controlled to some extent by an intracellular amplifier circuit 

whereby two IFN-activated transcription factors, IRF1 and STAT1, regulate each other’s 

level of expression (Wong et al., 2002).  In this way, the circuit functions as a type of 

intracellular pacemaker.  Thus, deficient expression of either of the two transcription factors 

causes a break in the signalling circuit, ultimately leading to a decreased responsiveness to 

IFNs.  Oncogenic RAS inhibits the expression of STAT1 and IRF1 (Klampfer et al., 2003), 

but the mechanism whereby RAS inhibits STAT1 expression and its transcriptional activity 

remains unclear.  It is possible that signalling by activated RAS results in silencing of STAT1 

at the level of transcription.  The expression of RASV12 in 293T cells strongly inhibits the 
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expression of IRF1 (Klampfer et al., 2003), which raises the possibility that RASV12 

interferes with STAT1 expression via inhibition of IRF1 expression.  The transcriptional 

activation by both RAS and STAT signalling requires the co-activator CBP/p300.  It is likely 

that the above signalling factors compete for a limited amount of CBP/p300, a critical 

regulator of STAT1 gene activation (Paulson et al., 1999).  Therefore, sequestration of the 

endogenous p300/CBP by RAS may result in impaired IFN-dependent gene transcription. 

 

STAT1 has been shown to be required for the inhibition of c-myc expression by IFN-γ, and 

thus for the antiproliferative effect of IFN-γ (Bromberg et al., 1996).  In the absence of 

functional STAT1, IFN-γ induces rather than represses c-myc expression (Ramana et al., 

2001, Ramana et al., 2002), which is likely to contribute to the enhanced  proliferation of 

STAT1 deficient cells (Gil et al., 2001).  Upregulation of c-myc expression in the absence of 

STAT1 may occur through activation of the STAT3 protein.  The cross-regulation between 

STAT1 and STAT3 may have opposing effects on cell growth and survival.  Another 

member of the STAT family, STAT5, is also suspected to contribute to IFN resistance of 

melanoma cells by inducting cytokine inducible Src homology 2-containing protein-1 (CIS1) 

(Wellbrock et al., 2005).  CIS1 is an inhibitory competitor for the STAT1 binding site on the 

IFN-α receptor (Wellbrock et al., 2005, Ralph, 2007). 

 

1.3  STAT1 

STAT factors were originally discovered as latent transcription factors in the cell cytoplasm, 

mediating cellular responses to diverse cytokines and growth factors (Ihle and Kerr, 1995, 

Darnell, 1997).  The activation of STAT proteins is largely mediated by phosphorylation of 

conserved tyrosine and serine residues in their C-terminal transactivation domain through the 

action of JAKs and mitogen-activated protein kinases (MAPKs), respectively.  

Phosphorylation allows the activated STATs to dimerise and to translocate into the cell 

nucleus to function as transcriptional activators.  There are seven different members of the 

STAT family encoded by distinct genes (STAT1, STAT2, STAT3, STAT4, STAT5A, 

STAT5B and STAT6).  Although the STAT proteins share many properties, they are 

activated by different stimuli and confer distinct biological responses.  STAT1 is essential for 

IFN signalling (Durbin et al., 1996, Meraz et al., 1996) and plays a critical role in regulating 

cell growth and death (Battle and Frank, 2002, Stephanou and Latchman, 2003). 
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1.3.1  Structure of the STAT1 protein 

 

The STAT1 protein is composed of 750 amino acids and has a molecular weight of 91kDa 

(Fig. 1.2).  STAT1 has a naturally occurring spliced variant form (STAT1β) that lacks serine 

727 but not the tyrosine 701 phosphorylation site in its C-terminal transactivation domain.  

STAT1β has been reported to be a dominant-negative inhibitor of the full length STAT1α 

transcriptional activator (John et al., 1999, O'Shea et al., 2002).  The N-terminal domain of 

STAT1 (residues 1-135) is involved in protein-protein interaction.  This domain is necessary 

for the dimer isolation interaction required for facilitating the formation of higher order 

STAT tetramers or oligomers.  STAT tetramers contribute to the stabilisation of STAT-DNA 

binding, thereby increasing transcriptional activity (John et al., 1999).  

Figure 1.2: The domain structure and protein modification sites of STAT1. 

The SH2 domain is responsible for the intermolecular dimerisation that occurs after phosphorylation 

of tyrosine 701.  TAD is a transcriptional activation domain.  Post-translational modifications of the 

STAT1 protein include tyrosine and serine phosphorylation (P), ubiquitination, acetylation (Ace), 

ISGylation, and SUMOylation (SUMO).  The modification sites of ubiquitination and ISGylation 

have not been identified.  [Model based on (Shuai and Liu, 2003, Kim and Lee, 2007)] 

 

 

 

The coiled-coil domain of STAT1 was found to associate with a number of potentially 

significant regulatory proteins including the N-Myc interacting protein (Nmi), which 

enhances cAMP response element binding protein (CBP) recruitment, thereby augmenting 

the transcriptional activity (Zhu et al., 1999).  The central DNA binding domain of STAT1 

determines its DNA binding specificity (Horvath, 2000) and is separated from the Src 
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Homology 2 domain (SH2) domain by a linker domain.  While the function of the linker 

domain is not clear, mutations within this domain affect the stability of DNA binding which 

results in rapid dissociation from DNA and an inability to activate genes upon IFN-γ 

stimulation (Yang et al., 2002).  The SH2 domain is required for the recruitment of STATs to 

tyrosine-phosphorylated receptors as well as for the interaction of monomeric STATs to form 

dimers (Horvath, 2000). 

 

The C-terminal transcriptional activation domain (TAD) is involved in interactions with other 

transcription factors and co-activators.  Tyrosine 701 phosphorylation within the TAD is 

required for STAT1 dimerisation, nuclear translocation, and DNA binding (O'Shea et al., 

2002).  Furthermore, phosphorylation of serine 727 within the TAD is important for its 

maximal transcription and when the STAT1 protein is mutated at serine 727, it shows a 20% 

reduction in transcriptional activity (Wen et al., 1995, Marg et al., 2004) and fails to recruit 

transcriptional co-activators (Zhang et al., 1998, Ouchi et al., 2000).  Recently discovered 

STAT1 TAD binding partners (co-activators) include the (CBP)/p300 family of histone 

acetyl transferases (Zhang et al., 1996), as well as MCM5 (Zhang et al., 1998) and BRCA1 

(Ouchi et al., 2000) required for transcriptional activation. 

 

1.3.2  Regulation of STAT1 signalling 

 

Post-translational modifications of the STAT1 protein include phosphorylation, 

ubiquitination, acetylation, ISGylation, and SUMOylation.  All of these changes can 

modulate the transcriptional and non-transcriptional activities of STAT1 (Shuai and Liu, 

2003) (Fig. 1.3). 

 

STAT1 activity can be modulated through the association of STAT1 with other regulatory 

proteins.  These proteins include members of the PIAS family, which act in the cell nucleus 

(Liu et al., 1998), or those of the protein tyrosine phosphatase (PTPs) family, which act either 

in the nucleus or in the cytoplasm (Shuai and Liu, 2003).  The role of the suppressor of 

cytokine signalling (SOCS) family in the negative regulation of IFN signalling is well 

recognised (Starr et al., 1997).  SOCS proteins inhibit STAT signalling mainly by targeting 

JAKs. 
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Figure 1.3: IFN induced post-translational modifications of STAT1 protein.  

Post-translational modifications of the STAT1 protein include phosphorylation, ubiquitination, 

acetylation, ISGylation, and SUMOylation.  Stimuli and modifying proteins are represented by blue 

and red colours, respectively.  Abbreviations: SLIM, STAT1-interacting LIM protein; HADC, histone 

deacetylases; HAT, histone acetyltransferases; SOCS, suppressor of cytokine signalling; PIAS, 

protein inhibitor of activated STAT1. [Model based on (Shuai and Liu, 2003, Kim and Lee, 2007)] 

 

 

1.3.3  STAT1 regulation of cell death 

 

IFNs mediate STAT1 phosphorylation-dependent regulation of cell death by activating death-

modulating genes such as caspases (Chin et al., 1997, Sanceau et al., 2000), death receptors 

and their ligands (Meng and El-Deiry, 2001), iNOS (Gysemans et al., 2005) and Bcl-xL 

(Stephanou et al., 2000), as well as activation of cell-cycle arrest genes such as p21waf1 

(Chin et al., 1996) (Fig. 1.4).  IFN-α induced acetylation of STAT1 functions as a molecular 

switch, allowing selective binding of STAT1 to the p65 subunit of 

NF-κB, thereby reducing anti-apoptotic NF-κB signalling in human melanoma cell lines 

(Kramer et al., 2006).  STAT1 also inhibits the TNF-α induced NFκB mediated 

pro-survival mechanism (Wang et al., 2000). 
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Figure 1.4: Mechanism of STAT1 mediated cell death. 

STAT1 mediated transcriptional activation and suppression of death-modulating genes such as 

caspases, death receptors and ligands, iNOS, Bcl-xL, and p21waf1.  Apart from this, the 

transcriptional-independent mechanism includes interference with apoptosis-modulating proteins such 

as TRADD, p53, and HDAC.  Acetylated STAT1 binds to NFκB which further inhibits NFκB 

mediated anti-apoptotic signalling.  STAT1 combines with the TNF-α receptor 1 (TNFR1) and 

TNFR1-associated death domain (TRADD) signalling complex to inhibit the TNF-α mediated 

activation of NFκB. [Model based on(Kim and Lee, 2007)]. 

 

 

 

1.3.4  Regulation of STAT1 gene expression through an intronic regulatory element 

 

A strong repressor or negative regulatory element was identified in the second intron of the 

human STAT1 gene and found to be important for regulating expression in luciferase reporter 

constructs (Wong et al., 2002).  Analysis of this region of the STAT1 gene revealed that an 

Repressor element-1 (RE1)-like element (otherwise referred to as a Negative Regulatory 

Silencing Element (NRSE)) was present 264 bp into the second exon in the STAT1 gene.  RE1 

has been identified as a negative regulatory DNA element that silences neuronal gene 
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expression in non-neuronal cells (Schoenherr et al., 1996).  Repression is induced through the 

binding of REST, a factor also known as the neuron-restrictive silencer factor (NRSF).  The 

putative RE1 element in the STAT1 gene is 86% homologous to the consensus RE1 element.  

This represents a considerable homology considering that some mismatching can be tolerated 

in RE1 elements while still maintaining binding of the REST protein (Schoenherr et al., 

1996).  REST binds a bipartite motif in the RE1 element, the two parts of which can be 

separated by differing numbers of bases (Patel et al., 2007).   

1.4  REST 

 

REST was independently discovered in 1995 by the groups of Gail Mandel and David 

Anderson (Chong et al., 1995, Schoenherr and Anderson, 1995a).  REST was originally 

described to be a transcriptional repressor during embryogenesis of a large number of 

primarily terminal neuronal differentiation genes (Wood et al., 1996).  Recent studies 

revealed that REST not only maintains transcriptional silencing of a range of neuronal genes 

in differentiated non-neuronal cells, but it also plays key roles in neurogenesis, neural 

plasticity, tumour suppression, cancer progression and pathogenesis of diverse diseases 

ranging from Down syndrome to cardiomyopathy (Coulson, 2005). 

 

1.4.1  The structure of the REST protein 

 

REST is a 116 kDa glycoprotein that contains a single DNA binding domain with nine zinc 

finger regions (Shimojo et al., 1999a) and two independently acting repressor domains, one at 

the N-terminus (RD1) and the other at the C-terminus (RD2) (Chong et al., 1995, Schoenherr 

and Anderson, 1995a).  The DNA binding domain is followed by lysine and proline-rich 

domains and two β-TrCP binding sites (Weissman, 2008) (Fig. 1.5). 
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Figure 1.5: Schematic representation of the domains and structure of REST proteins.  
[Model based on (Weissman, 2008)]  

 

 

 

Several splice variants of REST have been observed with functions that differ to those of the 

full length REST protein (Spencer et al., 2006).  Two variants, termed REST4 and REST5 

were detected in neuronal tissues and contain 5 of the 9 zinc fingers in the DNA binding 

domain (Magin et al., 2002, Abramovitz et al., 2008).  These splice variants are generated by 

alternative splicing of a neuron-specific exon located between exons V and VI of the REST 

gene.  The structure of REST4 has been extensively studied and shown to contain the N-

terminal repression domain (Abramovitz et al., 2008) (Fig. 1.6). 

 

Though many studies revealed the role of REST and REST4 in gene regulation, the 

biological roles of REST and REST4 remain controversial.  While most of the studies 

revealed that REST4 functions as a de-repressor of REST-mediated transcriptional repression 

(Shimojo et al., 1999a, Spencer et al., 2006, Abramovitz et al., 2008), others have shown it to 

be neither a transcriptional repressor nor a de-repressor (Magin et al., 2002). 
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Figure 1.6: Comparison between REST and the splice variant, REST4.  

REST has 8 N-terminal zinc fingers and one C-terminal zinc finger, whereas REST4 has only 5 zinc 

fingers that are identical to the corresponding region of REST and an additional 12 amino acid 

neuron-specific exon. [Model based on (Palm et al., 1998, Tabuchi et al., 2002)] 

 

1.4.2  REST mediated gene repression 

 

REST binds to the RE1 DNA sequence and recruits many cofactors via its two repressor 

domains.  The REST/co-repressor complex then alters the chromatin structure of target genes, 

regulating their transcription through histone deacetylation, histone methylation and 

dephosporylation of RNA polymerase II as well as activating ATP-dependent remodelling of 

chromatin (Fig. 1.7). 

 

REST mediates repression partly through association of its N-terminal repression domain 

with the mSin3A-histone deacetylase 1,2 (HDAC1,2) complex (Seth and Majzoub, 2001, 

Belyaev et al., 2004) and with the nuclear receptor co-repressor (N-CoR)-mSin3A-HDAC 

complex (Jepsen et al., 2000).  These Sin3A–HDAC complexes deacetylate histone proteins 
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Figure 1.7: Model proposed for the mechanism of REST mediated gene repression.  

This model summarises the role for REST protein in regulating gene expression based on the data 

provided in Section 1.4.2. 

 

 

 

which makes the chromatin more compact and prevents the accessibility of RNA polymerase 

II to target genes (Seth and Majzoub, 2001).  Another cofactor, the small CTD phosphatase 

(SCP) is recruited by the REST protein and negatively regulates the RNA polymerase II 

through dephosphorylation (Yeo et al., 2005).  The REST C-terminal repression domain 

associates with the transcriptional corepressor, CoREST, also repressing gene expression by 

recruiting the Sin3A-HDAC complex as well as the methyl DNA binding protein (MeCP2) 

and SWI-SNF complex (Lunyak et al., 2002). 
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1.4.3  CoREST dependent transcriptional regulation 

 

The REST-CoREST complex serves as a functional molecular beacon for the recruitment of 

molecular machinery including MeCP2, SUV39H1 and HP1, leading to the propagation and 

maintenance of a methyl CpG-dependent silent state across large chromosomal regions which 

affects transcriptional units that do not themselves contain NRSE/RE1 elements (Lunyak et 

al., 2002) (Fig. 1.8).  REST silences specific target gene activity through combinatorial 

interaction with CoREST and MeCP2, which in turn recruits the histone methyl transferase 

enzyme SUV39H1.  Methylation of lysine residues of histone H3 by SUV39H1 initiates 

chromatin reorganisation and condensation, presumably through the function of 

heterochromatic protein 1 (HP1), ultimately resulting in gene silencing (Fig. 1.8). 

 

The association of CoREST with MeCP2 additionally represses gene expression through 

deacetylation of histones via the Sin3A-HDAC complex (Wade, 2001) and direct chromatin 

condensation through the C-terminal domain of MeCP2 (Georgel et al., 2003).  The REST-

CoREST complex, in association with the SWI-SNF complex, is responsible for the energy 

dependent chromatin remodelling complex, leading to transcriptional repression (Battaglioli 

et al., 2002). 

 

REST can bind to RE1 sequences that exist as a bipartite motif, where the two halves of the 

RE1 sequence can be separated by various numbers of bases (Patel et al., 2007).  Since REST 

has been implicated in the repression of several genes in cancer, we hypothesised that REST 

could play a major role in the regulation of STAT1 expression, through the putative RE1 

element in the STAT1 gene. 
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Figure 1.8: Co-REST-dependent gene silencing.  

REST/Co-REST dependent gene silencing of a broad chromosomal region, showing that binding of 

REST and specific CpG methylation events permit recruitment of CoREST and subsequent assembly 

and spreading of silencing machinery. [Model based on (Lunyak et al., 2002)]. 

 

 

1.4.4  REST regulation of neural development 

 

Establishment and maintenance of the neuronal phenotype entails selective expression of 

neuron-specific genes whose transcription is normally repressed in non-neuronal cell types 

(Chong et al., 1995, Immaneni et al., 2000).  This repression is typically regulated through 

RE1 elements present in the promoters of the neuronal genes.  Expression of REST protein 

was observed to be high in blastocysts and embryonic stem cells, but the high expression 

level decreases with the onset of neuronal differentiation (Sun et al., 2008).  Downregulation 

of REST appears to be an essential prerequisite for neuronal differentiation. 
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Despite the wealth of knowledge in identifying target genes and in delineating the 

mechanistic actions of REST, the biological function of REST during neural development 

remains unclear.  REST knock-out mice die around embryonic day (E) 11.5, with embryo 

degeneration, neural tube malformation and wide spread apoptosis evident from E9.5 (Chen 

et al., 1998).  Constitutive expression of REST in the spinal cords of chicks does not cause 

defects in neurogenesis, but does result in axon path finding errors (Paquette et al., 2000).  

However, in Xenopus species, disrupting REST function disturbs ectoderm patterning and 

expands the neural plate, suggesting that REST is indeed required for neural plate formation 

and neurogensis (Olguin et al., 2006).  Collectively, these findings suggest the importance of 

REST in the normal development of neurons. 

 

Previous studies have identified the role of REST in neural development using an in vitro 

embryonic stem cell-derived neural differentiation model.  It was also noticed that the 

deletion of a single REST allele did not result in any change in neuronal differentiation (Sun 

et al., 2008).  REST-null cells were found to be defective in adhesion, migration and neuronal 

phenotype, observations that were particularly pronounced on glass surfaces.  Interestingly, 

those defects could be concealed by the use of cell culture dishes pre-treated with laminins, a 

key component of the ECM that has been implicated in neuronal migration.  The activity of 

laminin was not due to augmentation of cell adhesion alone, as fibronectin was far less 

effective in this regard, while poly-D-lysine provided no enhancement effect at all.  It was 

noticed that severe REST depletion could impair neural differentiation and neurogenesis 

owing at least partially to a loss of laminin secretion from the cells. 

 

1.4.5  REST-VP16 mediated inhibition of REST activity 

 

To examine the REST mediated regulation of various genes, previous studies have used a 

specific regulator REST-VP16, which not only counters REST repression but also activates 

REST-dependent promoters, even in the absence of either its cofactors (CoREST, minSin3 or 

HDAC) or other promoter-specific positive activators.  The REST-VP16 construct was 

designed by replacing the two repressor domains of REST with the potent transcriptional 

activation domain of the VP16 gene from the herpes simplex virus (Immaneni et al., 2000). 

 

In transient transfection experiments, REST-VP16 was found to operate by binding RE1 

elements, activating plasmid-encoded neuronal promoters in various mammalian cell types, 
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and activating cellular REST target genes, even in the absence of factors that are otherwise 

required to activate such genes (Su et al., 2004, Fuller et al., 2005).  Neuronal stem cells and 

myoblasts stably expressing REST-VP16 were found to show activation of multiple neuronal 

genes that are characteristic markers of neuronal differentiation.  The cells were consequently 

converted to a physiologically active neuronal phenotype (Su et al., 2004, Watanabe et al., 

2004, Gopalakrishnan et al., 2010).  Furthermore, in vitro differentiated neurons produced by 

REST-VP16 overexpression in myoblasts, when injected into mouse brain, survived and were 

incorporated into the normal brain, without forming tumours.  

 

1.4.6  REST function in embryonic stem cells 

 

REST has a recently discovered role in maintaining self-renewal and pluripotency of mouse 

embryonic stem cells (ES cells) (Gopalakrishnan, 2009).  Although REST carries out this 

function partly by direct repression of some of its target differentiation genes, such as 

calbindin, it also functions through repressing the transcription of a specific microRNA, miR-

21, which suppresses self-renewal by means of a corresponding loss of expression of the 

critical self-renewing regulators.  It is unclear whether miR-21 directly suppresses the 

expression of these self-renewal regulators, thereby inhibiting self-renewal, or whether it 

inhibits self-renewal by a different mechanism, with consequent suppression of these self-

renewal regulators (Singh et al., 2008). 

 

The contention surrounding the role of REST in self-renewal and pluripotency was reflected 

in studies of Jorgensen et al (2009) and Buckley et al (2009), who showed that REST is not 

required for maintaining the multipotent status of ES cells (Buckley et al., 2009, Jorgensen et 

al., 2009a).  This conclusion from multiple research groups is in contrast to the former view 

that REST regulates the self-renewal of mouse ES cells (Sun et al., 2008, Jorgensen et al., 

2009b).  Therefore, it is still premature to conclude that REST is a newly discovered element 

of the interconnected regulatory network that maintains the self renewal and pluripotency of 

mouse ES cells. 

 

1.4.7  Oncogenicity of REST 

 

REST is expressed in non-neuronal cells and neuronal stem cells, and functions to inhibit the 

expression of neuron-specific genes in non-neuronal tissues.  Overexpression of REST is 
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frequently found in human medulloblastomas and neuroblastomas, in which it is thought to 

maintain the stem cell character of tumour cells (Higashino et al., 2003, Fuller et al., 2005, Su 

et al., 2006) (Fig. 1.9).  Expression of a splice variant of REST that lacks the carboxy 

terminus has been associated with neuronal tumours and small-cell lung carcinomas (Coulson 

et al., 2000, Gurrola-Diaz et al., 2003, Neumann et al., 2004).  A frameshift mutant (REST-

FS), which is also truncated at the C terminus, also has oncogenic properties (Westbrook et 

al., 2005). 

 

 

 

Figure 1.9:  Model describing the role REST in neurogensis and oncogensis. 

The level of REST decreases when embryonic stem cells start to differentiate into neuronal stem cells 

and the level is completely lost when they differentiate into neurons.  Increased expression of REST 

in neuronal stem cells increases the possibility of cancer cells developing. [model based on (Hansen, 

2012)] 

 

F-box proteins are the substrate-recognition subunits of the SKP1-CUL1-F-box protein (SCF) 

ubiquitin ligases, providing specificity to ubiquitin conjugated reactions (Jin et al., 2004, 

Peschiaroli et al., 2006).  The F-box protein, β-TrCP can interact with REST through two 
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adjacent β-TrCP binding sites in the C-terminal region of REST and degrade the REST 

protein by the ubiquitin ligase SCF 
β-TrCP 

(Guardavaccaro et al., 2008, Westbrook et al., 

2008).  SCF 
β-TrCP

-mediated ubiquitination of REST in the G2 phase of the cell cycle is 

necessary for the optimal expression of MAD2, an essential component of the spindle 

assembly checkpoint (Westbrook et al., 2008) (Fig. 1.10).  The oncogenic REST-FS, 

however, is not degraded by SCF 
β-TrCP

 in the G2 phase of the cell cycle (Guardavaccaro et 

al., 2008, Weissman, 2008).  Therefore, the proteolysis of REST must be accurately 

controlled to avoid subjecting neuronal tissues to chromosomal instability, which would 

increase the risk of cancer developing.  In fact, increased levels of REST resulting from 

overproduction and/or C-terminal truncations would both inhibit differentiation and generate 

chromosomal instability, two mechanisms that contribute to tumour development.  While 

these studies demonstrated that failure to degrade the truncated REST protein, which is 

responsible for repression of the MAD2 gene, leads to the oncogenicity, they did not explain 

how the truncated REST protein (REST-FS) is involved in the repression of MAD2 gene. 

 

1.4.8  The association of REST and c-Myc in Tumourogenicity 

 

The Myc oncoproteins are also important in cancer pathogenesis (Bruggers et al., 1998, 

Herms et al., 2000, Batanian et al., 2002).  c-Myc and N-Myc are commonly amplified in the 

biologically aggressive large cell/anaplastic medulloblastoma subtype (Eberhart et al., 2002, 

Leonard et al., 2002).  In addition, overexpression of c-myc mRNA, due to gene amplification 

or other unidentified mechanisms, has been associated with poorer clinical outcomes (Herms 

et al., 2000, Grotzer et al., 2001, Eberhart and Burger, 2003, Eberhart et al., 2004).  The 

results of previous studies indicated that many human medulloblastomas coexpress 

abnormally high levels of c-Myc and REST.  Additionally, the neural stem cells 

overexpressing activated c-Myc and REST proteins are blocked in neuronal differentiation 

and give rise to cerebellar tumours morphologically similar to human medulloblastoma (Su et 

al., 2006).  c-Myc protein is a transcription factor that heterodimerises with an obligatory 

partner, Max, and regulates the transcription of genes important for cell proliferation, 

differentiation, and apoptosis (Grandori et al., 2000).  Previous studies have reported c-Myc 

to repress expression of the STAT1 gene by binding to the STAT1 promoter (Schlee et al., 

2007).  These observations suggest a possible relationship may exist between c-Myc and 

REST in the context of oncogenicity. 
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Figure 1.10: Oncogenic role of REST. 

SCF 
β-TrCP

-mediated degradation of REST in the G2 phase of the cell cycle is important for the 

inhibition of chromosomal instability.  Non-degradation of truncated REST suppresses the expression 

of MAD2 which induces chromosomal instability and simultaneously leads to tumourigenesis. [Model 

based on (Guardavaccaro et al., 2008)] 

 

 

1.4.9  Association of REST and other transcriptional regulatory factors 

 

The association of REST with other transcription factors to repress target gene expression 

was shown in previous studies.  Kim et al (2006) described that synergistic interaction 

between REST and SP3 is required to negatively regulate transcription of the MOR gene 

(Kim et al., 2006).  Further, synergistic repression by REST and NFκB on the TAC1 gene has 

been characterised to occur in human mesenchymal stem cells (Greco et al., 2007).  

Interestingly, the region of the STAT1 gene that contains the putative RE1 element also 

contains a putative NFκB binding site, most of which overlaps with the RE1 element. 
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1.5  NFκB 

 

1.5.1  NFκB complexes 

 

NFκB transcription factors regulate the expression of various genes responsible for 

programmed cell death (apoptosis), cell adhesion, proliferation, innate and adaptive immune 

responses, inflammation, the cellular-stress response and tissue remodeling (Hayden and 

Ghosh, 2004).  NFκB can both induce and repress gene expression by binding to discrete 9-

10 base pair DNA sequences, known as κB elements, present in gene promoters and 

enhancers (Perkins, 2007).  In mammalian cells, the NFκB family consists of five members, 

RelA (p65), RelB , c-Rel, p50/p105 (NFκB1) and p52/p100 (NFκB2), and the different NFκB 

subunits form complexes as either homo- or heterodimeris of the different subunits (Fig. 1.11). 

 

NFκB proteins are characterised by the presence of a conserved 300 amino acid Rel 

homology domain (RHD) that is located toward the N-terminus of the protein and is 

responsible for dimerisation, interaction with IκBs, and binding to DNA (Hayden and Ghosh, 

2004).  However, NFκB proteins can be divided into two classes based on sequences C-

terminal to the RHD.  Members of the first class (p105 and p100) have long  

C-terminal domains containing multiple copies of ankyrin repeats, which act to maintain 

these molecules in an inactive form (Gerondakis et al., 1999).  After limited proteolysis or 

arrested translation, these subunits become shorter DNA-binding proteins (p105 to p50, p100 

to p52) by either limited proteolysis or arrested translation (Hayden and Ghosh, 2004, 

Perkins, 2007).  As such, members of the class are generally not activators of transcription, 

except when they form dimers with members of the second class of NFκB subunits.  The 

second class includes the Rel subfamily [c-Rel, RelB and RelA (p65)].  All the Rel subunits 

contain C-terminal transcriptional activation domains.  In most cell types, NFκB complexes 

are retained in the cell cytoplasm by a family of inhibitory proteins (IκB).  Activation of 

NFκB typically involves the phophorylation of IκB by the IκB kinase (IKK) complex, which 

results in IκB degradation.  This then releases NFκB and allows it to translocate freely into 

the cell nucleus (Huxford et al., 1998, Malek et al., 1998, Malek et al., 2003). 
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Figure 1.11: Members of the NFκB family of protein subunits. 

There are five NFκB family members, RelA (p65), RelB, c-Rel, p50/p105 (NFκB1) and p52/p100 

(NFκB2).  All NFκB family members contain an N-terminal Rel-homology domain (RHD) that 

mediate DNA binding and dimerisation.  The Rel subfamily includes c-Rel, RelB, and RelA (p65), all 

of which contain C-terminal transcription activation domains (TAD).  The other subfamily comprising 

p50 and p52 are derived from longer precursor polypeptides, p105 and p100, respectively, which 

contain ankyrin-repeat motifs (ANK). [Model based on (Hayden and Ghosh, 2004, Perkins, 2007)] 

 

 

 

1.5.2  The IκB family 

 

The activity of NFκB is primarily regulated by interaction with inhibitory IκB proteins.  

Binding to IκB prevents the NFκB:IκB complex from translocating into the cell nucleus, 

thereby maintaining NFκB in an inactive state.  Similarly to the NFκB proteins, there are 

several IκB proteins that have different affinities for NFκB complexes and can be regulated 

slightly differently or show differences in their levels expressed in a tissue specific manner 

(Perkins, 2007).  There are five IκB family members (IκBα, IκBβ, IκBε, IκBγ, and BCL-3).  

Each of these proteins contain five to seven ankyrin repeat motifs that assemble into 

elongated cylinders and bind the dimerisation domain of NFκB dimers (Hatada et al., 1992, 
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Hayden and Ghosh, 2004).  The C-terminal portions of the NFκB precursor proteins p105 and 

p100 have also been termed IκBγ and IκBδ, respectively, and their N-terminal portions 

encode the NFκB subunits p50 and p52, respectively (Hoffmann and Baltimore, 2006) (Figs. 

1.11, 1.12). 

 

 
Figure 1.12:  The members of the IκB family. 

The IκB family includes IκBα, IκBβ, IκBε, IκBγ, and BCL-3 as well as the precursor proteins p105, 

p100 (Fig.1.11).  All contain ankyrin-repeat motifs (ANK) in their central or C-terminal domains.  

PEST is a domain rich in proline, glutamate, serine and threonine. [Model based on (Hayden and 

Ghosh, 2004, Perkins, 2007)] 

 

 

In unstimulated mammalian cells, NFκB proteins containing subunits of the Rel subfamily 

are inhibited primarily by IκBα, IκBβ and IκBε, which function in part by masking a 

conserved nuclear localisation signal (NLS) that is found in the RHD of the Rel subunits.  For 

IκBα, this masking of the NLS is only partially effective and NFκB:IκBα complexes shuttle 

into the cell nucleus even in the absence of cellular stimulation.  However, IκBα also contains 

a nuclear export signal (NES), which causes the rapid export of such complexes back, to the 

cytoplasm (Hayden and Ghosh, 2004, Perkins, 2007).  p105 and p100 can also function as 

IκB-like proteins and retain their NFκB subunit dimeric partners in the cytoplasm, inhibiting 

their activity.  Processing of p100 and p105 can occur through several mechanisms and is 
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required before p50 and p52 can function as nuclear transcription factors (Hoffmann and 

Baltimore, 2006).  Both p50 and p52 homodimers can interact with another IκB family 

member, BCL-3, which unlike the other IκBs, exists in the cell nucleus and functions as a 

transcriptional co-activator.  Homodimers composed of p50 and p52 subunits evade 

regulation by IκBs, and consequently, are often found in the nucleus.  However, when p50 

and p52 form heterodimers with the Rel subunits, they are subject to cytoplasmic retention by 

IκBs (Hayden and Ghosh, 2004, Perkins, 2007). 

 

1.5.3  NFκB signalling pathway 

 

There are many distinct NFκB activation pathways.  The most frequently observed is the 

canonical, or classical, pathway which is induced by pro-inflammatory stimuli, such as 

cytokines including TNF-α and IL-1, ligand engagement of T-cell receptors, and exposure to 

bacterial products such as lipopolysaccharide (LPS) (Bonizzi and Karin, 2004, Hoffmann and 

Baltimore, 2006).  Thus, cell stimulation leads to the activation of the β-subunit of the IκB 

kinase complex (IKK), which then phosphorylates IκB proteins on its two N-terminal serine 

residues (Fig. 1.13).  The IKK complex consists of two kinase subunits, IKKα and IKKβ and 

a regulatory subunit, NEMO (NFκB essential modifier) /IKKγ (Hoffmann and Baltimore, 

2006, Perkins, 2007).  In the canonical pathway, IKKβ is necessary and sufficient for 

phosphorylation of IκBα on Ser32 and Ser36 and IκBβ on Ser19 and Ser 23 (Hayden and 

Ghosh, 2004).  The phosphorylated IκBs are recognised by the ubiquitin ligase machinery, 

leading to their polyubiquitaination and subsequent degradation.  The role of IKKα in the 

canonical pathway is not very clear, although recent studies suggest it may regulate gene 

expression in the nucleus by modifying the phosphorylation status of histones (Hayden and 

Ghosh, 2004).  

 

Another pathway of NFκB activation is the non-canonical, or alternative pathway.  Here, 

IKKα is activated by NFκB inducing kinase (NIK), resulting in the formation of p52 from 

p100, as a consequence of phosphorylation and ubiquitin-dependent processing of p100 by 

the 26S proteasome (Bonizzi et al., 2004, Hoffmann and Baltimore, 2006) (Fig. 1.13).  The 

alternative pathway does not lead to the formation of p50 from p105.  Rather, in many cells, 

high levels of p50 are created in the absence of stimulation by a co-translational mechanism.  

In this mechanism, p50 is generated during mRNA translation as a consequence of 

proteolysis of the nascent p105 polypeptide by the 26s proteasome (Lin et al., 1998).  Other 
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mechanisms for p50 generation have also been proposed but will not be further discussed 

here (Moorthy et al., 2006, Perkins, 2007). 

 

Activation of NFκB has been proposed as an event that promotes melanoma progression.  In 

human melanoma, a number of NFκB regulated chemokines are constitutively expressed at 

high levels including CXC-ligand-8 (CXCL8), CXCL1, CC-ligand-5 (CCL5), and CCL2.  

These NFκB regulated chemokines, when transcriptionally activated, are thought to enhance 

melanoma progression through autocrine and paracrine feedback loops (Meyskens et al., 

1999, Ueda and Richmond, 2006). 

 

1.5.4  NFκB and IFNs 

 

The most intriguing connection between NFκB and IFN is that NFκB is a master regulator of 

cell survival and IFN is a rather poor inducer of apoptosis, despite its induction of a number 

of apoptotic genes (Chawla-Sarkar et al., 2003).  The weak apoptotic nature of IFN may be 

due to the IFN-mediated activation of the NFκB pathway itself.  Interestingly, the promoter 

sequences of several ISGs contain NF-κB binding sites (Yang et al., 2000).  Thus, the IFN-

activated NFκB pathway not only counterbalances the ability of IFNs to induce apoptosis and 

antiviral activity, but it also differentially regulates the expression of specific ISGs.  STAT3, 

TYK2, PI3K, AKT, IKK, TRAF and NIK have all been identified in the IFN-activated NFκB 

signalling pathway, the components of which have not been fully elucidated and could be 

dependent on the particular cellular context (Pfeffer, 2011).  Interestingly, specific inhibition 

of TNF-α-mediated NFκB activation by type I IFN and STAT1 has been observed in some 

cell lines (Manna et al., 2000, Wesemann and Benveniste, 2003).  

 

NF-κB was shown to suppress the antiviral activity of type I IFN by suppressing the IFN-

induced expression of such ISGs as Gbp1, Ifi47, Mx1, Mx2, Tap1, Psmb9/Lmp2 and 

Psmb8/Lmp7, while enhancing the IFN-induced expression of Gbp2 and Tap2 (Pfeffer et al., 

2004).  Additionally, MHC class I presentation of influenza-specific antigens was 

upregulated in an NFκB knock-out fibroblast cell line compared to wild-type cells.  The 

regulation of promoters regulated by NFκB is mainly dependent on the interplay between 

different STAT, NFκB, and IRF proteins (Wei et al., 2006).  The therapeutic effectiveness of 

IFN in cancer is often limited by IFN’s inability to induce significant cell death because of 

the high constitutive NFκB activity commonly present in tumour cells (Pfeffer, 2011).  
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Therefore it is important to determine whether inhibiting NFκB activity in vivo will enhance 

IFN’s antitumour clinical activity.  

 

 

 
Figure 1.13:  The NFκB signalling pathway. 

Activation of the canonical pathway by TNFα, IL-1 and LPS leads to activation of IKKβ, which 

further phosphorylates IκB.  Further proteasomal mediated ubiquitination and proteasomal 

degradation of IκB releases the activated NFκB complex.  In the non-canonical pathway, activation 

mediated through LPS, CD40 and lymphotoxin receptor (LMP1) leads to activation of NIK, which 

activates IKKα.  IKKα further phosphorylates the p100 subunit in the RelB/p100 complex and 

releases the RelB/p52 complex after proteasomal degradation. [Model based on (Hayden and Ghosh, 

2004, Perkins, 2007)] 
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1.5.5  NFκB Inhibitors 

 

Several different compounds have been identified that block NFκB at different stages of its 

activation.  Among these are many anti-oxidants (Zhang et al., 2004).  Apart from these, there 

are many inhibitors targeted to inhibit proteasome-mediated NFκB activation (Meyer et al., 

1997).  Other inhibitors are targeted against NFκB nuclear translocation and DNA binding 

activity (Aldaba-Muruato et al., 2012).  However, the most commonly used NFκB inhibitors 

for experimental purposes are those targeted to inhibit the phosphorylation and degradation of 

IκBα (Pierce et al., 1997, Katsuyama et al., 1998). 

 

Among the various NFκB inhibitors, (E)-3-(4-ethylphenylsulfonyl)-2-propenenitrile 

(BAY11-7082, or BAY) has been used in several studies (Pierce et al., 1997, Kumar et al., 

2012).  BAY inhibits the activation of the IKK complex, thereby inhibiting the 

phosphorylation and degradation of IκBα.  In addition to the various chemical NFκB 

inhibitors, genetic approaches have also been used to prevent NFκB activation, including 

plasmid constructs expressing an altered form of IκB that cannot be phosphorylated or 

degraded (Schreiber et al., 2005).  Because this form of IκB is resistant to degradation, it acts 

as a super repressor, preventing NFκB from entering the cell nucleus (Wrighton et al., 1996) 

(Fig. 1.14). 

 

1.5.6 NFκB inducers 

 

Activation of NFκB can be achieved through various stimulants including bacterial or viral 

infection, physical stress, oxidative stress and inflammatory cytokines.  Stimulation of NFκB 

is mediated through a broad range of cytokines including interleukins (IL-1, IL-2, IL-4, IL-

12, IL-15, IL-17, IL-18, IL-21, IL-32 and IL-33), and some of the TNF superfamily (TNF-α 

and TNF-β) (Osborn et al., 1989, Grohmann et al., 1998, McDonald et al., 1998, Hazan et al., 

1990).  Of these, TNF-α mediated NFκB activation is the best characterised (van Horssen et 

al., 2006). 
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Figure 1.14: Proposed model for the IκBα super repressor-mediated inhibition of NFκB 

activation.  

This model summarises IκBα super repressor-mediated inhibition of NFκB activity as described in 

section 1.5.5.  Proteasomal-mediated degradation of IκB is an essential step in the formation of the 

NFκB activation complex.  Mutant IκB (mut IκB) cannot be phosphorylated and is therefore resistant 

to degradation.  This impedes the activation of NFκB complexes. 
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1.6  TNF-α 

 

TNF-α is a multifunctional cytokine involved in apoptosis, cell survival, inflammation, and 

immunity (van Horssen et al., 2006).  It was first identified as a product of macrophages that 

causes lysis of certain types of cells, especially tumour cells (Carswell et al., 1975).  TNF-α 

possesses both growth stimulatory and growth inhibitory functions and appears to have self-

regulatory properties.  For instance, TNF-α induces neutrophil proliferation during 

inflammation, but induces neutrophil apoptosis upon binding to the TNF-R55 receptor 

(Murray et all 1997).  TNF-α has been used for the treatment of several cancers including soft 

tissue sarcomas in the isolated limb perfusion setting, irresectable tumours of various 

histological types, and melanoma in-transit metastasis confined to the limb.  Activation of the 

TNF-α pathway is mediated through binding of TNF-α to the TNF-α receptor which is 

present on virtually all cells throughout the body. 

 

1.6.1 TNF-α and its receptors. 

 

TNF-α is a 17 kDa protein consisting of 157 amino acids.  The human TNF gene maps to 

chromosome 6 (Muller et al., 1987).  TNF-α is mainly produced by activated macrophages, T 

lymphocytes, and natural killer cells.  It is also produced at low levels by a variety of other 

cells, including fibroblasts, smooth muscle cells, and tumour cells.  In cells, TNF-α is 

synthesised as pro-TNF (26 kDa), which is membrane bound, but cleaved and released by 

TNF-α converting enzyme (TACE) (Bemelmans et al., 1996).  The bioactivity of TNF-α is 

mainly regulated by two distinct TNF-α binding receptors.  The major difference between the 

two receptors is the presence of a death domain in TNFR1 receptor (Tartaglia and Goeddel, 

1992).  Although the binding affinity of TNF-α to the TNF receptor 2 (TNFR2) is five times 

higher than to the TNF receptor 1 (TNFR1), most of the biological activities of TNF-α are 

mediated through the TNFR1 receptor. 

 

TNFR1 has been well characterised for its dual roles in the induction of apoptosis and 

transduction of cell survival signals (Fig. 1.15).  Upon TNF-α binding to the TNFR1 

receptor, the TNFR-associated death domain (TRADD) adaptor protein is recruited via the 

death domain (DD) of TNFR1 (Rath and Aggarwal, 1999).  In turn, TRADD recruits the 

adapter proteins, receptor interacting protein (RIP), TNFR-associated factor 2 (TRAF2) and 
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Fas-associated death domain (FADD).  FADD mediates apoptosis through binding to pro-

caspase-8, which is subsequently activated.  Activated caspase-8 initiates a protease cascade, 

ultimately resulting in apoptosis of the cell.  Alternatively, TNF-α mediated cell survival 

occurs by TRADD signalling through TRAF2 and RIP.  The TRADD/TRAF2 complex 

activates NIK (the NFκB-inducing kinase introduced in section 1.5.3) (Devin et al., 2000).  

NIK activates NFκB which subsequently regulates a wide variety of NFκB-mediated cell 

survival responses (van Horssen et al., 2006). 

 

Figure 1.15: TNFR1 mediated TNF-α signalling pathway. 

TNFα activates both cell survival and apoptosis pathways through TNFR1 receptor. Abreviations: 

TNF-α, tumour necrosis factor-α; TNFR1, TNF-α receptor 1; TRADD, TNFR-associated death 

domain (TRADD); RIP, receptor ineracting protein ; TRAF2, TNFR-associated factor 2; MKK3/7, 

MAPK kinase 3/7; MEKK1, mitogen-activated protein kinase; p38MAPK, p38 mitogen-activated 

rotein kinase; cFos/cJun , transcription factors; NIK ,NFκB inducing kinase; caspase-3/8 , cysteine 

aspartase (apoptotic protease) 3/8. [Model based on (van Horssen et al., 2006)] 
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1.7  Aims 

 

Resistance to IFN in a variety of cell types has repeatedly been shown to be caused by 

deficiencies in IFN signalling molecules, specifically those comprising the ISGF3 complex 

(STAT1, STAT2 and IRF9) (Improta et al., 1992, Dron and Tovey, 1993, Petricoin et al., 

1994, Wong et al., 1997).  Among these factors, STAT1 protein levels were shown to 

correlate strongly with responsiveness to IFN in various cell lines (Matikainen et al., 1997).  

Therefore, the transcriptional regulation of the STAT1 gene is of great importance for 

understanding mechanisms of IFN resistance. 

 

In Chapter 3, the role of the REST protein on transcriptional regulation of the STAT1 gene is 

investigated, in particular its binding to a putative DNA binding element in the STAT1 gene.  

The in vivo binding activity of REST to the STAT1 RE1 element is investigated in both IFN-

sensitive and IFN-resistant melanoma cell lines by real-time chromatin immunoprecipitation 

(ChIP) assays.  The functional role of the STAT1 RE1 element is then examined by luciferase 

gene reporter assay using constructs containing various fragments of the STAT1 gene 

promoter and downstream regulatory sequences, including constructs containing multiple 

tandem copies of the RE1 element. 

 

To determine whether the presence of REST or its splice variant REST4 can affect the 

cellular level of STAT1 expression, the protein levels of REST, REST4 and STAT1 were 

examined by Western immunoblotting in melanoma cell lines that display varying degrees of 

IFN sensitivity.  Expression at the level of mRNA is also examined in a panel of melanoma 

cell lines established from biopsies of patient lymph node metastases by quantitative RT-

PCR.  As a negative control cell line for REST expression, we make use of the INS-1 cell 

line, which is derived from β pancreatic cells and does not express detectable REST protein 

(Atouf et al., 1997, Kemp et al., 2002, Martin et al., 2003, Li et al., 2008). 

  

Oncogenic roles for REST, including its association with the proto-oncogene c-myc, have 

been well described (Higashino et al., 2003, Neumann et al., 2004, Fuller et al., 2005, Su et 

al., 2006).  Furthermore, in the presence of c-Myc and REST proteins, neuronal stem cells 

have been shown to differentiate into cerebellar tumour cells (Su et al., 2006).  Given these 

associations between REST and c-Myc, we examine expression levels of REST and c-Myc to 
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determine whether a correlative relationship with IFN sensitivity exists in melanoma cell 

lines. 

 

The fusion protein REST-VP16 was specifically engineered to compete with endogenous 

REST for binding to RE1 elements (Fuller et al., 2005).  We therefore use REST-VP16 in co-

transfection assays to examine the extent to which repression of the STAT1 gene is mediated 

through REST binding.  REST-VP16 expression in myoblasts blocks their differentiation into 

myotubes in vitro, converting them instead into cells exhibiting a neuronal phenotype with 

the expression of neuronal differentiation genes, depolarisation-dependent calcium influx, 

synaptic vesicle recycling, and survival in the presence of mitotic inhibitors (Fuller et al., 

2005, Gopalakrishnan et al., 2010).  In Chapter 4, the direct activation of REST target genes 

through REST-VP16 is investigated, with the aim of determining whether melanoma cells 

can be converted into the mature neuronal phenotype.  The extent of transdifferentiation was 

determined by examining cell morphology and by examining expression levels of neuronal 

differentiation genes in REST-VP16 expressing melanoma cells. 

 

The functions of the IFNs are dependent on the expression of many IFN-stimulated genes 

(ISGs) via the classical JAK-STAT signalling pathways (Nguyen et al., 2000).  STAT1 is an 

important component in the classical JAK-STAT pathways of both type I and type II IFNs.  

Therefore, in Chapter 5 a possible relationship between STAT1 and MHC class I is examined 

by determining their expression profiles at various time points following stimulation of a 

human melanoma cell line with type I and type II IFNs.  Consistent with previous studies of 

melanoma cell stimulation by the IFNs, the effect of priming cells with IFN-γ prior to 

treatment with IFN-β is also determined. 

 

IFNs and TNF-α share many similar activities involving immunity, inflammation, cell growth 

and cell survival.  The inflammatory effects of TNF-α are mediated primarily through the 

activation of transcription factors such as NFκB and mitogen-activated protein kinases 

(MAPKs) (Schutze et al., 1995, Perona et al., 1997).  However, the effects mediated by TNF-

α on the expression of ISGs appear to be complex and cell type specific, and have not 

previously been comprehensively studied.  Therefore, in Chapter 5 we investigate the 

synergistic effects of TNF-α and IFN-β on the expression of STAT1 and MHC class I in a 

human melanoma cell line.  Finally, given that NFκB negatively regulates the IFN-mediated 
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immunomodulatory effect and also mediates the effects of TNF-α, we investigate its role in 

regulating the expression of STAT1 and MHC class I using specific inducers and inhibitors.  
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Chapter 2 

Materials and methods  
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2.1 Bacterial Manipulations 

 

2.1.1  Bacterial strain 

 

All bacterial manipulations were carried out using Escherichia coli (E.coli) cells of the 

DH5α strain bearing the genotype supE44 ΔlacU169 (Ф80 lacZ ΔM15) hsdR17 recA1 

endA1 gyrA96 thi-1 relA1. 

 

2.1.2  Growth and maintenance of bacterial cells 

 

Bacterial cultures were grown in LB broth (LB) [0.5% yeast extract, 1% tryptone, 0.17 

M NaCl] for small-scale liquid cultures or in terrific broth [1.2% tryptone, 2.4% yeast 

extract, 0.4% glycerol, 17 mM KH2PO4, 72 mM K2HPO4] for large-scale liquid 

cultures.  Solid phase cultures were grown on LB with 1.5% (w/v).  Cells were 

incubated at 37°C.  Ampicillin selection of bacterial cells in either liquid or solid-phase 

culture was carried out using a concentration of 50 µg/ml.  For long term storage, 150 µl 

of glycerol was added to 850 µl of bacterial culture such that the final concentration of 

glycerol was 15% (v/v), and stored at -80°C. 

 

2.1.3  Bacterial transformation 

 

Previously prepared competent cells stored at -80°C were thawed on ice for 5 min.  

Cells were then incubated with 50-100 ng of plasmid DNA on ice for 20 min, heat-

shocked at 42°C for 2 min and then chilled on ice for 10 min.  1 ml of LB was then 

added to the cells which were subsequently incubated at 37°C for 1 h, gently mixing 

every 15 min.  The cell suspensions were centrifuged at 4,500 g for 4 min and the 

supernatant discarded.  The cell pellet was resuspended in 200 µl LB and spread in 

aliquots of 10 µl, 50 µl and 140 µl onto prewarmed LB agar plates containing 

ampicillin.  The plates were incubated overnight at 37°C. 
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2.2  DNA preparation and manipulation 

 

2.2.1  Plasmid DNA miniprep 

 

Single bacterial colonies were used to inoculate culture tubes containing 10 ml LB 

supplemented with ampicillin.  Cultures were incubated overnight, shaking at 37°C.  1.5 

ml of bacterial culture was centrifuged in microfuge tubes at 4,500 g for 4 min.  The 

supernatant was discarded.  Cell lysis and plasmid isolation and purification was carried 

out using the High Pure Plasmid Isolation kit (Hoffmann- La Roche, Basel, 

Switzerland).  

 

2.2.2  Plasmid DNA Maxiprep 

 

200 ml Terrific Broth containing ampicillin was inoculated with a single bacterial 

colony (or a miniprep culture grown from a single colony) and incubated overnight, 

shaking at 37°C.  Bacterial cells were pelleted by centrifugation for 10 min at 8,000 rpm 

using the Beckman JA-14 rotor (Beckman Coulter, Fullerton, CA) and Beckman JA-HS 

centrifuge, or equivalent.  Plasmid DNA was isolated and purified using the Genopure 

Plasmid Maxi Kit (Hoffmann- La Roche). 

 

2.2.3  Restriction endonuclease digestion 

 

Restriction endonuclease digestion of vectors was carried out according to the 

manufacturers’ recommended protocols (Promega Corporation, Madison, WI; New 

England Biolabs, Cambridge, MA).  DNA was digested for 1.5 -2 h, with gentle 

shaking. 

 

2.2.4  Agarose gel electrophoresis 

 

Agarose was dissolved in a solution of 1 × TAE buffer [40 mM Tris-acetate, 1 mM 

EDTA] by boiling.  Ethidium bromide (0.5 µg/ml) was added prior to the agarose 
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solution setting.  The concentration of agarose varied between 0.8% to 2% (w/v), 

depending on the molecular size of the DNA molecules undergoing electrophoresis.  

DNA samples were loaded onto the gel after diluting with 1/5
th

 volume 6 × loading 

buffer [25% Ficoll type 400, 0.25% bromophenol blue, 0.25% xylene cyanol] and 

electrophoresis performed at 100 V for 45 min. 

 

2.2.5  Purification of DNA fragments from agarose gels 

 

Ethidium bromide (indicating the location of DNA) was visualised under UV light.  Gel 

fragments containing the DNA of interest were excised and the DNA was purified using 

the QIAEX II kit (Qiagen, Valencia, CA) according the manufacturer’s instructions. 

 

2.2.6  Ligations 

 

DNA ligations were carried out using T4 DNA ligase (New England Biolabs).  100 ng 

vector DNA was mixed with 0.5 µl DNA ligase (equivalent to 3 Weiss units or 200 

cohesive end ligation units), insert DNA and 5-6 µl of 2 × rapid ligation buffer 

(Promega) in a 10-12 µl reaction volume.  Typically, an insert:vector molar ratio of 3:1 

was employed.  The amount of insert DNA added to ligation reactions was determined 

from equation 1 below: 

 

 

2.2.7  DNA Sequencing 

 

The BigDye
®
 terminator v3.1 kit (Applied Biosystems, Foster City, CA) was used for 

DNA sequencing according to the protocols described by the manufacturer.  Briefly, 

200 ng of plasmid DNA was added to 3.2 pmole primer and 5 µl of terminator ready 

reaction mix in a 20 µl total reaction volume.  The thermo-cycling conditions used 

were: initial denaturation step of 96°C for 1 min, followed by 25 cycles of : 96°C for 10 

sec, 50°C for 5 sec, 60°C for 4 min.  A final extension step was performed at 60°C for 7 

Equation 1:
ng vector DNA x kilobase size of insert

Kilobase size of vector
x molar ratio

insert

vector
= ng insert DNA
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min.  DNA was cleaned and precipitated using the ethanol/EDTA method described by 

the manufacturer.  Precipitated products were sent to the Griffith University DNA 

Sequencing Facility for sequence determination. 

 

2.3  Cell culture 

 

2.3.1  Cell lines, growth media, cytokines stimulation and drug treatments 

 

Melanoma cell lines MM96 (MM96 is used to describe MM96L variant and not the 

MM96E variant), SK-Mel-28, SK-Mel-28:pEF-REST-VP16, SK-Mel-28:pEF, SK-Mel-

28:GFP-IκBSR, SK-Mel-28:GFP, SK-Mel-28:pGL4.17-NFκB-luc and the pancreatic β 

cell line, INS-1, were grown in RPMI 1640 medium (Invitrogen, Carlsbad, CA) 

supplemented with 1% (v/v) GlutaMAX
TM 

(Invitrogen), 25 mM N-(2-hydroxyethyl) 

piperazine-N’-(2-ethanesulphonic acid) (HEPES) buffer pH 7.4, 1.9 mM sodium 

pyruvate, 100 units/ml penicillin, 100 µg/ml streptomycin sulphate, 50 µM β-

mercaptoethanol and 10% heat inactivated foetal calf serum.  The mouse leukaemic 

monocyte macrophage cell line RAW 264.7 was grown in Dulbecco’s Modified Eagle’s 

Medium (DMEM) (Invitrogen) supplemented with 1% (v/v) GlutaMAX
TM

, 25 mM N-

(2-hydroxyethyl) piperazine-N’-(2-ethanesulphonic acid) (HEPES) buffer pH 7.4, 1.9 

mM sodium pyruvate, 100 units/ml penicillin, 100 µg/ml streptomycin sulphate, 50 µM 

β-mercaptoethanol and 10% heat inactivated foetal calf serum.  For selection of the 

antibiotic resistant clones SK-Mel-28:pEF-REST-VP16 and SK-Mel-28:pEF, cells were 

maintained in growth medium containing 1 µg/ml puromycin (Sigma-Aldrich, St.Louis, 

MO).  For selection of SK-Mel-28:pGL4.17-NFκB-luc, cells maintained in growth 

medium containing 1 mg/ml G418 (A.G Scientific Inc., San Diego, CA). 

 

Cells were stimulated with human interferon-β (IFN-β) (Biogen, Cambridge, MA) or 

human recombinant interferon-γ (IFN-γ) (Hoffmann-La Roche) at the concentrations 

and times indicated.  In some experiments, cells were treated with 10-20 µM of (E)-3-

[4-ethylphenylsulphonyl]-2-propenenitrile (BAY11-7082) (Calbiochem
TM

, now Merck 

KGaA, Darmstadt, Germany), 10 µM 4-amino-[2,3’-bithiophene]-5-carboxamide (SC-

514) (Calbiochem
TM

), various concentrations of 6-Amino-4-[4-

phenoxyphenylethylamino] quinazoline (QNZ) (BIOMOL
®

 International, now Enzo 
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Life Sciences, Farmingdale, NY),  various concentrations of lipopolysaccharide (LPS) 

(Sigma), 20 ng/ml recombinant mouse tumour necrosis factor-α (TNF-α) (PeproTech, 

Rocky Hill, NJ), 100 ng/ml recombinant human β-nerve growth factor (β-NGF) 

(PeproTech), and 20 ng/ml recombinant human epidermal growth factor (EGF) 

(PeproTech). 

 

2.3.2  Trypan blue staining for viable cells 

 

Cells that were detached from culture vessels using either 0.9 mM EDTA in phosphate 

buffered saline (PBS) or 0.05% trypsin/0.5 mM EDTA (Invitrogen) in PBS were mixed 

with trypan blue dye (Sigma) at 0.08% (v/v) final concentration.  Cells with 

compromised cell membranes stained blue whereas viable cells excluded the trypan 

blue dye and remained unstained.  Cells were counted using a haemocytometer. 

 

2.3.3  Cytotoxicity assay 

 

Cells were seeded into black-well/clear bottom 96-well plates for 24 h.  NFκB inhibitor, 

QNZ was added and cytotoxicity investigated over the concentration range of 3 nM to 

50nM.  Assay controls were treated with 0.1% v/v tergitol NP-9 (100% dead cell 

population) and media (100% live cell population).  The plate was incubated for 24 h 

before the addition of 1 µM SYTOX Green to all wells and incubated for another 2 h. 

Fluorescence was measured in the FlexStation 3 microtiter plate reader (Ex 494 nm, Em 

528 nm, cut-off 515 nm) (Molecular Devices, Sunnyvale, CA).  

 

2.3.4  Fluorescence microscopy 

 

The expression of green fluorescent protein (GFP) in SK-Mel-28:GFP-IκBSR and SK-

Mel-28:GFP cell lines was detected by fluorescence microscopy using an Eclipse 

TE2000-U fluorescence microscope (Nikon, Tokyo, Japan). 
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2.4  RNA preparation and quantitative RT-PCR analysis 

 

Total RNA was extracted from 1 × 10
5 

variously treated cells and isolated using the 

High Pure RNA Isolation Kit (Hoffmann-La Roche) according to the protocols 

described by the manufacturer.  1 µg of RNA from the RNA extract was used for cDNA 

synthesis, carried out by using the Transcriptor First Strand cDNA Synthesis Kit 

(Hoffmann-La Roche) according to the manufacturer’s protocol.  Remaining RNA was 

stored at -80°C for long term storage.  Amplification of specific gene targets was carried 

out in 20 µl real-time PCR reactions, containing 1 µl of cDNA, 500 nM of each primer 

and either 10 µl of FastStart SYBR
® 

Green master mix (Hoffmann-La Roche) or 10 µl 

PerfeCTa
TM

 SYBR
®

 Green FastMix
TM

 for iQ (Quanta Biosciences, Gaithersburg, MD).  

After an initial 3 min denaturation step at 95°C, 40 amplification cycles were carried out 

using 95°C for 20 sec, 60°C for 20 sec, and 72°C for 30 sec.  Real time PCR products 

were detected using the iCycler thermal cycler (Bio-Rad).  Remaining cDNA was stored 

at -20°C for future PCR reactions. 

 

Primer sets for amplifying cDNA were either designed for each target gene under 

investigation or used based on previous studies (Table 2.1).  Where possible, primers 

were designed to span exon-exon boundaries containing an intervening intron in order 

to identify any genomic DNA contamination, which would result in amplification of a 

fragment larger than the desired fragment.  To ensure high specificity of annealing, the 

length of the amplification primers was kept within in the range 18-25 nucleotides, 

ensuring optimum annealing temperatures between 55°C-62°C.  In order to eliminate 

non-specific product amplification, the Basic Local Alignment Search Tool (BLAST) 

freely available from the NCBI website was used to check that each primer sequence 

was specific only for the target gene. 
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Gene Forward (5’) Reverse (5’) 

STAT1 GGCAAAGAGTGATCAGAAACAA GTTCAGTGACATTCAGCAACTC 

REST GTGAGCGAGTATCACTGGAGG CCCATTGTGAACCTGTCTTGC 

c-Myc CCCTCAACGTTAGCTTCACCAA GCTGCTGCTGCTGGTAGAAGT 

SCG10 GCGGAGGAAAAGCTGATCCTGA TCCGCAGCATGCCTCTCCTT 

Β-III-

Tubulin 

AGATGTACGAAGACGACGAGGAG GTATCCCCGAAAATATAAACACA 

VP16 CAATGGATGTCTCAAAAGTG CAACTAGAAGGCACAGTCGAGG 

GAPDH TGGGTGTGAACCATGAGAAG TCTACATGGCAACTGTGAGG 

18S CTTAGAGGGACAAGTGGCG ACGCTGAGCCAGTCAGTGTA 

 

Table 2.1: List of oligonucleotide sequences used as primers for quantitative RT-PCR 

analysis. 

 

2.5  Analysis of protein expression by “Western” 

Immunoblotting 

 

2.5.1  Lysate preparation 

 

Cells were detached from culture vessels using either EDTA, or by scraping, and were 

counted using a haemocytometer.  Cells were centrifuged in microfuge tubes at 200 g 

for 5 min, to form a tight cell pellet.  Approximately 1 × 10
7
cells were resuspended and 

lysed in 500 µl ice-cold modified RIPA buffer [50 mM Tris-HCl pH 7.4, 1% NP-40, 

0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM activated Na3VO4, 1 mM 

NaF, 1 mM phenylmethanesulphonyl fluoride (PMSF), 1 µg/ml aprotinin, 1 µg/ml 

leupeptin].  Cell nuclei were centrifuged into a tight pellet at 14,000 g for 5 min and the 

supernatant was transferred to fresh microcentrifuge tubes.  1/3 volume of 4 × SDS-

PAGE loading buffer [0.25 M Tris-Cl pH 6.8, 4% SDS, 50 µg/ml bromophenol blue 

R250, 10% β-mercaptoethanol and 40% glycerol] was added to the samples.  Samples 

were boiled for 5 min at 95°C prior to loading on an SDS-PAGE gel.  For experiments 

in which several different cell lines were analysed in parallel lanes of the same SDS-

PAGE gel, the total packed cell volume was used for calculating the cell lysis volume in 

preference to standardising by equal cell counts. 
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2.5.2  SDS-PAGE gels 

 

The discontinuous (Laemmli) system was employed for improved resolution of protein 

separation, whereby a large-pore “stacking” gel was layered above the “separating” gel.  

Both the stacking and separating gels were prepared according to (Table 2.2). 

 

 Stacking Gel Separating gel 

30% acrylamide/bis-acrylamide solution  

4 × stacking gel buffer 

4 × separating gel buffer 

Water 

Glycerol 

10% ammonium persulphate 

N,N,N’,N’,-tetramethylethylenediamine 

(TEMED) 

1.2 ml 

1.8 ml 

   - 

3.0 ml 

1.0 ml 

112 µl 

20 µl 

5.6-9.0 ml 

   - 

5.7 

7.5 -10.9 ml 

- 

336 µl 

15 µl 

Total Volume 7.132 ml 22.551 ml 

 

Table 2.2: Solutions for preparing resolving and stacking gels. 

30% acrylamide/bisacrylamide solution consisted of 58.4 g acrylamide and 1.6 g bis-acrylamide 

in distilled water to a final volume of 200 ml, producing a 29:1 acrylamide:bis-acrylamide 

molar  ratio.  4 × stacking gel buffer consisted of 1.5 M Tris-HCl (pH 8.8), 0.4% SDS; 4 × 

separating gel buffer consists of 0.5 M Tris-HCl (pH 6.8), 0.4% SDS. 

 

 

Samples of 100-200 µl were loaded onto SDS-PAGE gels in addition to either SDS-7B 

prestained molecular weight marker (Sigma) or Precision Plus Protein
TM

 WesternC
TM 

Standard molecular weight markers (Bio-Rad, Hercules, CA).  Electrophoresis was 

carried out in 1 × SDS-PAGE running buffer [25 mM Tris (unbuffered), 0.19 M 

glycine, 0.1% SDS] at 120 V until the samples had penetrated the stacking gel and at 

150 V thereafter. 

 

2.5.3  Western transfer 

 

Proteins were transferred onto a BioTrace
TM

 polyvinylidine difluoride (PVDF) 

membrane with a pore size of 0.45 µm (Pall) by application of an electrical current 

across a semi-dry western blotting apparatus.  The PVDF membrane was soaked in 

methanol for 10 sec, then soaked in transfer buffer [SDS-PAGE running buffer 
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containing 5% methanol] and carefully laid on the gel to avoid the air bubbles.  The gel 

and membrane were surrounded on each side by 2 pieces of 3MM Whatman 

chromatography paper and sponges soaked in transfer buffer.  Protein transfer was 

carried out at 38 V for 2 h.  The current applied varied from 1 A to 0.25 A and 

decreased over the 2 h of electrophoretic transfer. 

2.5.4  Immunoblotting 

 

The membrane was removed from the Western transfer apparatus and washed with PBS 

to remove any residual acrylamide.  It was then blocked by incubation for 1 h at 42°C in 

blocking solution (5% skim milk powder, 1 × PBS, 0.1% Tween 20) with vigorous 

shaking.  Primary antibody was diluted in the blocking solution at between 1:1,000 and 

1:10,000 and the membrane incubated in this solution for 1 to 2 h at room temperature, 

shaking, or at 4°C overnight.  Following three 10 min washes in wash buffer (1 × PBS 

and 0.1% Tween-20) gently shaking at room temperature, the membrane was incubated 

with secondary antibody conjugated to horseradish peroxidise (HRP) diluted at 1:5,000 

in blocking solution for 2-3 h.  After three further washes, as above, immunodetection 

was carried out using enhanced chemiluminence kits.  Lumi-light western blotting 

substrate (Hoffmann-La Roche) was used for low sensitivity detection whilst 

RapidStep
TM

 ECL Reagent (Calbiochem
TM

) was used when higher sensitivity was 

required.  Signal development was carried out according to the protocol described by 

the manufacturer and luminescence was detected on a Gel Doc 2000 system (Bio-Rad).  

Image acquisition and analysis was carried out using Quantity One
®

 analysis software 

(Bio-Rad). 

 

2.5.5  Stripping of protein blots 

 

Protein blots were submerged in stripping buffer (62.5 mM Tris-Cl pH 6.8, 2% SDS, 

100 mM β-mercaptoethanol) and incubated at 60°C for 20 min to remove the antibody 

complexes from the membranes.  Membranes were washed twice in wash buffer to 

remove traces of the stripping buffer.  The membrane was then blocked and blotted with 

further antibodies, as above. 
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2.5.6  Antibodies 

 

Primary antibodies used for immunoblot analysis included the rabbit polyclonal anti-

REST (Upstate Technology Inc., now Millipore, Billerica, MA, cat# 07-579), rabbit 

polyclonal anti-REST/anti-REST4 (Santa Cruz Biotechnologies Inc., Santa Cruz, CA, 

cat# sc-25398) (see Fig. 2.1), mouse monoclonal anti-STAT1 (Cell Signaling 

Technology Inc., Beverly, MA, cat # 9176), rabbit polyclonal anti c-Myc (Santa Cruz 

Biotechnology, sc-764) and mouse monoclonal anti-α-tubulin (DMIA) (Sigma, cat# 

T92026).  Secondary antibodies used were horse radish peroxidase (HRP)-conjugated 

sheep anti-mouse IgG (Chemicon, Billerica, MA; cat# AP326P) and HRP-conjugated 

sheep anti-rabbit IgG (Cell Signalling, cat# 7074).  

 

 

 

Figure 2.1: Antibodies specific for REST and the splice variant REST4.  

The anti-REST antibody (Upstate cat# 07-579) was specific for the C-terminal region of REST 

and therefore only bound to the full length REST protein.  The anti-REST antibody (Santa Cruz 

cat# sc-25378) was specific for the N-terminal region of REST and therefore binds to both full 

length REST and REST4.  REST4 could easily be distinguished from full length REST by the 

difference in molecular weight (200 kDa for full-length REST and 50 kDa for REST4). 
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2.6  Luciferase reporter gene analysis 

 

2.6.1  Luciferase reporter constructs 

 

pGL3-STAT1, pGL3-STAT1-Repressor, pGL3-STAT1-stat1-RE1, pGL3-STAT1-stat1-

2*RE1, pGL3-STAT1-stat1-4*RE1 and pGL3-STAT1-scg10-RE1 constructs all contain 

specific segments of the human STAT1 gene cloned upstream of the firefly luciferase 

gene in the pGL3-basic luciferase reporter vector (Promega). 

 

 The pGL3-STAT1 construct contains the proximal promoter region of the STAT1 

gene with an enhancer region comprising the 1
st
 exon, 1

st
 intron, 2

nd
 exon, and part 

of the 2
nd

 intron of the STAT1 gene (nucleotides -338 to +1033 relative to the start 

site of transcription) (Fig. 2.2). 

 

 The pGL3-STAT1-Repressor construct contains the STAT1 gene promoter and 

enhancer region as in pGL3-STAT1, with the addition of the 123 bp repressor 

segment from the second intron (nucleotides +1034 to +1156) (Fig. 2.3).  

 

 The pGL3-STAT1-stat1-RE1 construct contains the STAT1 gene promoter and 

enhancer region as in pGL3-STAT1, with the addition of a 21 bp RE1 sequence from 

the STAT1 gene (Fig. 2.4). 

 

 The pGL3-STAT1-stat1-2*RE1 construct contains the STAT1 gene promoter and 

enhancer region as in pGL3-STAT1, with the addition of two tandem RE1 sequences 

from the STAT1 gene (Fig. 2.5). 

 

 pGL3-STAT1-stat1-4*RE1 construct contains the STAT1 gene promoter and 

enhancer region as in pGL3-STAT1, with the addition of four tandem RE1 sequences 

from the STAT1 gene (Fig. 2.6). 

 

 pGL3-STAT1-scg10-RE1 construct contains the STAT1 gene promoter and enhancer 

region as in pGL3-STAT1, with the addition of a 21 bp RE1 sequence from the 

SCG10 gene (Fig. 2.7). 
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Figure 2.2: Vector map of pGL3-STAT1. 

(adapted from Promega technical manual #TM033) 

 

 

 

 

 

Figure 2.3: Vector map of pGL3-STAT1-Repressor. 

(adapted from Promega technical manual #TM033) 

 

pGL3-STAT1-Repressor

pGL3-STAT1
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Figure 2.4: Vector map of pGL3-STAT1-stat1-RE1. 

(adapted from Promega technical manual #TM033) 

 

 

 

 

 

Figure 2.5: Vector map of pGL3-STAT1-stat1-2*RE1.  

(adapted from Promega technical manual #TM033) 

pGL3-STAT1-stat1- 2*RE1

pGL3-STAT1-
Repressor 

pGL3-STAT1-stat1-RE1
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Figure 2.6: Vector map of pGL3-STAT1-stat1-4*RE1  

(adapted from Promega technical manual #TM033) 

 

 

Figure 2.7: Vector map of pGL3-STAT1-scg10-RE1.  

(adapted from Promega technical manual #TM033) 

 

 

NFκB mediated activity was measured using the pGL4-NFκB-luc construct containing 

four NFκB binding sites along with a TATA like promoter (PTAL) in the pGL4.17 vector 

backbone (Promega). 

  

pGL3-STAT1-scg10-RE1

pGL3-STAT1-
stat1- 2*RE1

pGL3-STAT1-stat1- 4*RE1
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2.6.2  Transient transfection 

 

Cells were cultured for approximately 16 h prior to transfection in wells of a 24-well 

cell culture plate (Costar® Corning, NY, USA model 3524) at a density of 3 × 10
4
 cells 

per well.  Transfection was performed using either GenJet
TM 

(Signagen Laboratories, 

Albany, NY), GenJet
TM 

Plus (Signagen laboratories) or FuGENE
®

HD (Hoffmann-La 

Roche) transfection reagents according to the manufacturers’ instructions.  Cells were 

transfected with either the reporter constructs described in Section 2.6.1, or the pEF-luc 

construct as a positive control for firefly luciferase activity.  All transfection reactions 

included a firefly luciferase reporter plasmid in addition to an internal calibration 

control plasmid, phRL-SV40 (Promega), which encodes a modified form of the 

luciferase from the sea pansy Renilla reniformis cloned downstream of the SV40 early 

promoter/enhancer, which has been cleared of known transcription factor binding sites.  

All transfections were performed in triplicate. 

 

2.6.3  Transient transfection using Genjet
TM  

 

Plasmid DNA/GenJet
TM

 mixtures were prepared according to the manufacturer’s 

protocol.  1 µg firefly luciferase plasmid DNA and 10 ng phRL-SV40 were diluted to a 

final volume of 50 µl using unsupplemented DMEM medium and 2.5 µl of GenJet
TM

 

was diluted in a final volume of 50 µl using unsupplemented DMEM.  The two 

mixtures were combined together into a 100 µl DNA/GenJet
TM

 mixture.  The 

DNA/GenJet
TM

 mixture was incubated at room temperature for 15 min to allow 

formation of complexes.  Complexes were then added to the cells and incubated at 37°C 

for 6 h, whereupon the culture medium was replaced with fresh medium. 

 

2.6.4  Transient transfection using Genjet
TM

 Plus 

 

0.5 µg firefly luciferase plasmid DNA and 10 ng phRL-SV40 were diluted to a final 

volume of 25 µl using unsupplemented DMEM medium and 1.5 µl of GenJet
TM

 Plus 

was diluted in a final volume of 25 µl using unsupplemented DMEM.  The two 

mixtures were combined together into a 50 µl DNA/GenJet
TM

 mixture.  The 

DNA/GenJet
TM

 mixture was incubated at room temperature for 15 min to allow 
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formation of complexes.  Complexes were then added to the cells and incubated at 37°C 

for 6 h, whereupon the culture medium was replaced with fresh medium. 

 

2.6.5  Transient tranfection using FuGENE
®
HD 

 

Plasmid DNA/FuGENE
®
HD mixtures were prepared according to the manufacturer’s 

protocol.  1 µl FuGENE
®
HD was mixed with 0.35 µg firefly luciferase plasmid DNA 

and 10 ng phRL-SV40 in OptiMEM medium, in a total volume of 25 µl.  The 

DNA/FuGENE
®

HD mixtures were incubated at room temperature for 15 min to allow 

formation of complexes.  Complexes were then added to cells and incubated at 37°C. 

 

2.6.6  Firefly (Photinus pyralis) luciferase assay 

 

Culture medium was removed from the 24-well plates and replaced with 100 µl PBS.  

Cells were lysed by two freeze-thaw cycles, freezing each time at -80°C.  Cell lysates 

were then transferred to wells of a black 96-well plate (Greiner, model # 655077).  100 

µl of 2 × luciferase buffer [80 mM Tricine pH 8.0, 8 mM MgCl2, 0.1% Tergitol NP-9 

(Sigma), 1 mg/ml BSA, 40 mM DTT, 200 µM EDTA, 10% glycerol, 600 µM co-

enzyme A, 1 mM beetle luciferin, 1 mM ATP] at pH 8.2 was added and mixed by 

pipetting.  Co-enzyme A, luciferin and ATP were added to the remaining firefly 

luciferase buffer components immediately prior to the measurement of luciferase 

activity.  Luciferase levels were detected on a microplate reader (FLUOstar OPTIMA, 

BMG Labtechnologies, Melbourne, Australia) set to luminescence mode.  Three repeat 

measurements were obtained and the average values used for analysis. 

 

2.6.7  Photinus pyralis / renilla reniformis  dual-reporter luciferase assay 

 

Firefly (Photinus pyralis) luciferase levels were initially determined by the procedure 

outlined in the previous section.  The Renilla reniformis luciferase levels were 

subsequently measured by adding a further 100 µl of 3 × Renilla luciferase buffer [22.5 

mM sodium pyrophosphate, 30 mM 1,2-cyclohexane-dinitrilotetraacetic acid (CDTA), 

600 mM Na2SO4, 22.5 mM sodium acetate, 9 mM thiourea, 0.03% Tween-20, 1 µM 

coelenterazine] at pH 5.9.  Coelenterazine was added to the Renilla luciferase buffer 
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components immediately prior to the measurement of Renilla luciferase activity.  

Reactions were carefully mixed by pipetting prior to measurement of Renilla luciferase.  

Detection of Renilla luciferase levels in the microplate reader was carried out exactly as 

per firefly luciferase.  

 

2.7  Flow cytometric analysis 

2.7.1  Cell surface staining for flow cytometry 

 

Approximately 1 × 10
6 

cells were washed twice in 1 ml cell staining buffer [2% (v/v) 

FBS in PBS] by centrifugation at low speed in a mini-centrifuge followed by 

resuspension.  Fc receptor (FcR) was blocked by incubation with anti-mouse 

CD16/CD32 IgG (Innovex Biosciences, Richmond, CA) at 4°C for 5 min.  After FcR 

blocking, the cells were stained in a 100 µl volume of cell staining buffer in a microfuge 

tube by the addition of 1 µl of fluorochrome-conjugated antibody (usually equivalent to 

200 µg antibody).  Cells were incubated at 4°C in the dark for 30 min.  Cells were 

washed with cell staining buffer and resuspended in 500 µl cell staining buffer for 

antibody detection. 

 

2.7.2  Intracellular staining for flow cytometry 

 

Approximately 1 × 10
6 

cells were washed twice in 1 ml cell staining buffer [2% (v/v) 

FBS in PBS] by centrifugation at low speed in a mini-centrifuge followed by 

resuspension.  Cells were then fixed with 1% paraformaldehyde in PBS for 15 min at 

room temperature.  Paraformaldehyde fixation allows preservation of cell morphology 

and intracellular antigenicity.  After fixation, the cells were washed twice with cell 

staining buffer and permeablised with 90% methanol at 4°C for 20 min.  

Permeablisation by methanol allows the antibody to penetrate the cell membrane, 

cytosol and membranes of the intracellular organelles.  Following permeabilisation, the 

cells were washed twice with cell staining buffer and FcR was blocked by incubation 

with anti-mouse CD16/CD32 IgG (Innovex Biosciences) at 4°C for 5 min.  After FcR 

blocking, the cells were incubated in a 100 µl volume of cell staining buffer in a 

microfuge tube with 1 µl of primary antibody at 4°C for 1 h.  The cells were then 

washed once with staining buffer and stained in a 100 µl volume of cell staining buffer 
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by the addition of 1 µl of flurochrome-conjugated secondary antibody.  Cells were then 

incubated at 4°C in the dark for 30 min.  Cells were washed with cell staining buffer 

and resuspended in 500 µl of cell staining buffer for antibody detection. 

2.7.3  Flow cytometry 

 

Flow cytometric data for stained cell populations were acquired on an LSRFortessa
TM

 

flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ) and analysed 

using FACSDiva software (Becton, Dickinson and Company) or FlowJo software (Tree 

Star Inc., Ashland, OR).  Single stained cells were used to set the compensation settings. 

 

2.7.4  Antibodies 

 

Primary antibodies used for immunofluorescence work included Alexa Fluor
®
 647 

mouse anti-STAT1 (N-Terminus) (Becton, Dickinson and Company, cat# 558560), 

Alexa Fluor
®
 647 mouse IgG1k Isotype (Becton, Dickinson and Company, cat# 

557732), FITC-conjugated mouse anti-MHC class I (Santa Cruz Biotechnologies Inc., 

cat# sc-32235), mouse anti-VP16 (Santa Cruz Biotechnologies Inc., cat# sc-7546), R-

Phycoerythrin (PE)-conjugated rabbit anti-phospho-NFκB p65 (Cell Signaling 

Technology Inc., cat# 5733), mouse monoclonal anti-β-tubulin III (Sigma, cat# T5076), 

and mouse monoclonal anti-neurofilament (NF)-200 (Sigma, cat# N0142).  Secondary 

antibodies included Alexa Fluor
®
 488 Donkey anti-mouse IgG (Invitrogen, cat# A-

21202). 

 

2.8  Immunocytochemistry 

 

Cell lines cultured in laminin-coated wells of 24-well culture plates were grown to 

approximately 50-60% confluence.  Cells were washed with staining buffer [2% (v/v) 

FBS in PBS] and fixed using 4% paraformaldehyde in PBS, for 15 min at room 

temperature.  After washing three times with staining buffer, the cells were 

permeablised by pre-cooled 90% methanol for 10 min at -20°C.  After washing with 

staining buffer, the cells were blocked with 1% BSA in PBS for 1 h at room 

temperature.  After washing with staining buffer, the cells were incubated with primary 

antibody (diluted 1:200 with staining buffer) at 4°C for 1 h.  The cells were then washed 

with staining buffer and incubated with fluorochrome-conjugated secondary antibody 
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(diluted 1:200 with staining buffer) at 4°C for 30 min.  Primary antibodies used for 

immunocytochemistry work included mouse monoclonal anti-β-tubulin III (Sigma, cat# 

T5076), and mouse monoclonal anti-neurofilament (NF)-200 (Sigma, cat# N0142).  

Secondary antibodies included Alexa Fluor
®
 488 Donkey anti-mouse IgG (Invitrogen, 

cat# A-21202).  Cell nuclei were counter-stained with propidium iodide (Invitrogen).  

Cells were analysed using a Ti-Eclipse epifluorescence (Ti-E) microscope and NIS-

Elements software (Nikon). 

 

2.9  Chromatin immunoprecipitation assay 

2.9.1  Preparation of chromatin extracts 

 

Cross-linking of cellular protein and DNA was carried out by adding 1% formaldehyde 

to the culture media for 15 mins, followed by the addition of 125 mM glycine to quench 

cross-linking.  Cells were then washed twice with ice-cold PBS and detached by 

scraping in a small volume of PBS with added protease inhibitors (15 Kallikrein 

inhibitor units [KIU]/ml aprotinin, 3 µg/ml leupeptin, 300 µM PMSF, 1 µg/ml 

pepstatin).  Cell pellets were counted and pelleted by low speed centrifugation.  Cells 

were resuspended in 1.5 ml sonication buffer (1% Triton X-100, 0.1% sodium 

deoxycholate, 50 mM tris-HCl pH8.1, 5 mM EDTA, 150 mM NaCl, protease inhibitors 

as above).  Chromatin was sheared to produce fragments of approximately 1 kb in 

length by sonication using a microprobe for 10 rounds of 15 sec.  Sonication was 

performed using a Branson Sonifier 450 (Branson Ultrasonics Corporation, Danbury, 

CT) with a tapered microtip at 3/10 output setting.  Cells debris was removed by 

centrifugation at 14,000 rpm for 15 min at 4°C.  Supernatants were stored at -80°C in 

aliquots equivalent to 4.5 × 10
6 

cells.  For assaying, aliquots were diluted to 1.35 ml 

with sonication buffer.  300 μl of diluted chromatin was used for each 

immunoprecipitaion (equivalent to 1 × 10
6 

cells) and 30 μl was set aside for input 

controls. 

 

2.9.2  Immunoprecipitation of chromatin extracts 

 

The sheared chromatin was precleared by constant rotation with 40 μl of a 50% slurry 

of ImmunoPure Immobilized protein A/G agarose (Pierce Biotechnology, Rockford, IL) 
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and 2 μg sheared herring sperm DNA for 1 h at 4°C.  Upon removal of the protein A/G 

agarose by low speed centrifugation, immunoprecipitation of DNA-protein complexes 

was performed overnight at 4°C, rotating, with 5 μg of antibody against either REST 

(Upstate, cat# 07-579), NFκB p65 (Santa Cruz Biotechnologies Inc., cat# sc-372) or 

NFκB p50 (Abcam
®
 Cambridge, United Kingdom cat# ab7971).  Immunoprecipitation 

using actetyl-histone H3 (Upstate, cat# 06-599) was also used as a positive control as 

well as mouse whole IgG (Sigma cat# I5381) as a negative control.  50 µl of a 50% 

protein A/G agarose slurry and 2 μg sheared herring sperm DNA was added to the 

chromatin/antibody mixtures.  The mixtures were rotated for a further 2 h at 4°C to 

allow antibody-bound chromatin to bind to the protein A/G agarose beads.  Beads were 

sequentially pelleted by centrifugation at 100 g for 1 min and resuspended once with 

sonication buffer, twice with high salt buffer (1% Triton X-100, 0.1% sodium 

deoxycholate, 50 mM Tris-HCl pH8.1, 5 mM EDTA, 500 mM NaCl, protease inhibitors 

as above), once with LiCl buffer (0.25 M LiCl, 0.5% Nonidet P-40, 0.5% sodium 

deoxycholate, 50 mM Tris-HCl pH8.1, 1 mM EDTA, protease inhibitors as above) and 

three times with TE buffer containing protease inhibitors. 

 

Following the washes, bead precipitates were eluted twice by the addition of 150 μl 

elution buffer (1% SDS and 0.1 M NaHCO3).  Eluates and input samples were 

incubated with 0.3 M NaCl and 3 ng RNase A at 65°C for 4 h to reverse the cross-

linking of DNA and protein.  Proteins were then digested by proteinase K (75 

µg/reaction) overnight at 45°C.  Following the addition of 5 μg tRNA carrier, DNA was 

precipitated and the pellet was dissolved in 100µl TE buffer (pH 8.0).  Residual proteins 

were extracted using phenol/chloroform followed by precipitation with ethanol.  The 

final DNA pellet was dissolved in 30 μl TE buffer.  2 μl of immunoprecipitation 

samples and 0.5 μl input samples were used for PCR amplification. 

 

 

2.9.3  Quantitative ChIP assay 

 

Real-time PCR analysis was carried out using the samples with 10 µl PerfeCTa
TM

 

SYBR
®
 Green FastMix

TM
 for iQ (Quanta Biosciences) and 500 nM of each primer.  

Amplification cycling conditions were: 3 min denaturation step at 95°C, then 43 

amplification cycles of 95°C for 30 sec, 59°C for 30 sec, 72°C for 30 sec.  PCR 

products were detected in real time using the IQ iCycler System (Bio-Rad) and cycle 
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threshold (CT) values were obtained.  The specificity and purity of PCR products 

obtained at end point were confirmed by melt curve analysis and 2% agarose gel 

electrophoresis.  ChIP results obtained from real-time PCR analysis are represented as a 

percentage of input DNA that was present in the respective input sample.  Normalised 

cycle threshold scores (dCT) were calculated for each IP sample.  Thus, the CT for each 

of the IP real-time PCR amplifications was normalised by subtracting the mean CT of 

the respective input.  % input was calculated by: 100÷2 
mean dCT

.   

 

Primer sets for amplifying ChIP products were designed for each target gene region 

under investigation (Table 2.3). 

 

Gene Forward (5’) Reverse (5’) 

 STAT1 (RE1/NFκB) GACTCACACTTGTGAGATCA CTGTGATGCCTCCAGAGTC 

STAT1 (exon 3) CTATAGGATGTCTCAGTGG ACTTCTTCTTCTGTCTAGTG 

SCG10 (RE1) CCAGTAGCATCCTATCAGT CTCCAGGAACAATACACAG 

IL8 (NFκB) GGGCCATCAGTTGCAAATC TTCCTTCCGGTGGTTTCTTC 

 

Table 2.3: List of oligonucleotide sequences used as primers for ChIP analysis. 

 

 

2.10  Statistical methods 

 

The results are presented as the mean with error bars depicting +/- standard error of the 

mean (SEM).  Statistical analysis was carried out using GraphPad Prism Ver 4.03 

(GraphPad Software Inc., La Jolla, CA).  Statistical analysis was conducted by 

Student’s t test (two-tailed) or ANOVA analysis.  P-values < 0.05 were considered 

significant.  Graphs were plotted using GraphPad Prism ver 4.03 (GraphPad Software 

Inc.) or Microsoft
®
 Office excel 2007 (Microsoft Corporation, Redmond, WA) 

software.  For all experiments whose results are shown, the data represents replicates as 

indicated (minimum of three) and a minimum of two independent repetitions of each 

experiment. 
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Chapter 3 

Transcriptional regulation of the STAT1 gene by the REST 

protein 
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3.1 Introduction 

 

Interferons (IFNs) are broadly expressed cytokines that regulate antiviral, 

antiproliferative and immunoregulatory activities by regulating the expression of 

various IFN-stimulatory genes (ISGs).  Given their wide-reaching functions, IFNs are 

implicated in various disorders including bacterial and viral infections, inflammatory 

bowel disease, psoriasis, systemic lupus erythematous, multiple sclerosis, and various 

types of cancer (Gonzalez-Navajas et al., 2012).  IFNs have been used clinically to treat 

various malignancies including haematological malignancies (for example, hairy cell 

leukaemia and some B and T cell lymphomas) and solid tumours (for example 

melanoma, renal cell carcinoma and Kaposi’s sarcoma) (Ferrantini et al., 2007, Rizza et 

al., 2010). 

 

Resistance to IFN therapy is a persistent problem in clinical practice.  Several studies 

have described resistance to IFN to be mainly due to deficiencies in IFN signalling 

molecules, specifically those comprising the ISGF3 complex, which include STAT1, 

STAT2 and IRF9 (Improta et al., 1992, Dron and Tovey, 1993, Petricoin et al., 1994, 

Wong et al., 1997).  Among these factors, STAT1 protein levels correlate well with 

responsiveness to IFN in various cell lines (Matikainen et al., 1997).  Therefore, the 

transcriptional regulation of the STAT1 gene is of great importance for understanding 

mechanisms of IFN resistance. 

 

Previous studies from our research group have characterised regulatory elements at the 

5’ end of the STAT1 gene.  An intronic enhancer was identified in the first intron of the 

STAT1 gene (Wong et al., 2002) (Fig. 3.1).  In addition, a 715 bp region (nucleotides 

+508 to +1223 relative to the STAT1 transcriptional start site) spanning the second exon 

and part of the second intron was shown to possess potent repressive activity (Wong et 

al., 2002).  The repressor region was further characterised, revealing a 123 bp segment 

responsible for the total repression produced by the greater repressor region (Cutler, 

2012).  Further analysis of this region revealed a putative RE1 element, which we 

proposed to be a binding site for the REST repressor protein.  Previous work showed 

REST to bind to this element in both IFN-resistant (MM96) and IFN-sensitive (SK-

Mel-28) human melanoma cell lines by ChIP assay (Cutler, 2012, Amalraj, 2008).  
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Therefore, one of the aims of this chapter was to examine the relative occupancy of the 

RE1 element in the STAT1 gene in vivo in both IFN-sensitive and IFN-resistant 

melanoma cell lines by real-time chromatin immunoprecipitation (ChIP) assay.  To this 

end, REST was shown to bind to a slightly higher proportion of the STAT1 RE1 sites in 

the IFN-resistant than in the IFN-sensitive melanoma cell lines. 

 

 

Figure 3.1: A schematic representation of the 5’ regulatory region of the human STAT1 

gene (the diagram is not drawn to scale). 

 

 

 

 

REST is a zinc finger DNA binding protein originally identified as a suppressor of 

neuronal genes in non-neuronal cells (Chong et al., 1995, Wood et al., 1996).  Various 

studies have shown that REST binds to a characteristic DNA motif called an RE1 

element, thereby conferring transcriptional repression of the neuronal associated genes 

to which it binds (Kemp et al., 2002, Coulson, 2005, Patel et al., 2007, Pinnoji et al., 

2007).  Upon binding to DNA, REST recruits the co-repressors mSin3 and /or coREST, 

which cause repression of gene expression mainly by inducing hypoacetylation of 

histones and remodelling of the chromatin structure (Seth and Majzoub, 2001, Lunyak 

et al., 2002, Belyaev et al., 2004, Yeo et al., 2005).  Therefore, we have aimed to 

examine the functional role of the RE1 element within the STAT1 gene.  Transcriptional 

repression of the STAT1 gene was shown by gene reporter assays to be mediated by the 

RE1 element. 

Exon 1 Exon 2

Intron 1Promoter Intron 2

Repressor
Segment

5’ 3’

Enhancer region Repressor region

-338 +1034 +1156
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To further study the relationship between REST and STAT1, we analysed the relative 

expression of REST and STAT1 in melanoma cell lines with different IFN 

responsiveness.  IFN responsiveness of melanoma cell lines was previously ascertained 

based on the level of IFN-α2 required for 50% inhibition of cell growth (IC50) and 50% 

reduction in viral-mediated cytopathic effect (CPE50) (Johns et al., 1992).  These 

antiproliferative and antiviral assays demonstrated SK-Mel-28 cells to be very sensitive 

to IFN-α2 and MM96 cells to be resistant. 

 

Various truncated forms of REST can exist in cells.  Of these, REST4 has been studied 

the most, although its role remains controversial.  While some studies have shown that 

REST4 acts in a dominant negative manner, competing with REST for binding to RE1 

elements (Shimojo et al., 1999a, Spencer et al., 2006), others have shown that REST4 

neither represses nor derepresses gene transcription (Magin et al., 2002).  Therefore, we 

sought to determine the protein levels of REST, REST4 and STAT1 in melanoma cell 

lines with different IFN sensitivity.  Analysis of protein expression was also extended to 

melanoma cell lines established from biopsies of patient lymph node metastases.  The 

outcome of this study showed REST to be highly expressed in an IFN-resistant cell line 

that expressed a very low level of STAT1, as well as an inverse trend between STAT1 

and REST expression in cell lines established from lymph node metastases.  However, 

there were no observable differences in the expression of REST4 between either IFN-

sensitive or IFN resistant cell lines. 

 

The principal function of the REST protein appears to be the repression of neuronal 

genes in non-neuronal cells (Schoenherr and Anderson, 1995a).  Mature neuronal cells 

are devoid of REST protein, allowing then to express neuronal genes.  Since the 

neuroendocrine cell line INS-1, derived from β pancreatic cells, do not express 

detectable REST protein, they are commonly used as a negative control cell line for 

REST expression (Atouf et al., 1997, Kemp et al., 2002, Martin et al., 2003, Li et al., 

2008).  We have used the INS-1 cell line to further evaluate the role of REST mediated 

STAT1 gene regulation and found that the repression produced by the RE1 element of 

STAT1 was partially relieved in the INS-1 cells. 
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REST mediated repression is carried out by the binding of REST to RE1 elements in 

target genes.  The repressive activity of the REST protein is mediated by two repressor 

domains: one at the N-terminal region and one at the C-terminal region.  REST-VP16 is 

a recombinant fusion protein generated by removing the repressor domains and 

combining the remaining DNA-binding domain with the activation domain of VP16 

from the herpes simplex virus.  In reporter gene assays, REST-VP16 binds to target 

DNA containing RE1 elements and activates transcription of target genes rather than 

functioning as a repressor (Immaneni et al., 2000, Fuller et al., 2005, Gopalakrishnan et 

al., 2010).  Therefore, in this chapter, REST-VP16 was used in co-transfection assays to 

examine the REST mediated repression of the STAT1 gene.  Repression produced by the 

RE1 element was inhibited in the presence of the REST-VP16 protein. 

 

Oncogenic roles for REST, including its association with the proto-oncogene c-myc, 

have been well described (Higashino et al., 2003, Neumann et al., 2004, Fuller et al., 

2005, Su et al., 2006).  Furthermore, in the presence of c-MYC and REST, neuronal 

stem cells have been shown to differentiate into cerebellar tumour cells (Su et al., 2006).  

High expression of c-MYC in melanoma is associated with very poor prognosis (Grover 

et al., 1996, Schlagbauer-Wadl et al., 1999).  Therefore, we examined expression levels 

of REST and c-MYC in two melanoma cell lines.  The results indicate that a direct 

correlation of c-MYC and REST may exist in melanoma cell lines, providing an 

intriguing proposition for further studies. 
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3.2 Results 

 

3.2.1  Transcriptional repression of the human STAT1 gene conferred by an 

intronic repressor element. 

 

Previous studies by our research group identified a 715 bp repressor region present in 

the human STAT1 gene downstream of the enhancer region (Fig. 3.1) (Wong et al., 

2002).  A 123 bp segment within this 715 bp was shown to mediate the full repressive 

activity (Cutler, 2012).  To validate that the transcriptional activity of the STAT1 gene 

was regulated by this intronic repressor region, luciferase reporter plasmids, pGL3-

STAT1 (containing the promoter and enhancer regions [nucleotides -338 to +1033] of 

STAT1) and pGL3-STAT1-Repressor (containing the STAT1 promoter and enhancer 

regions in addition to the repressor region) were used in luciferase assays.  Plasmid 

pGL3-STAT1-Repressor contains pGL3-STAT1 extended at the 3’ end by 123 bp from 

the second intron (nucleotides from +1034 to +1156, relative to the STAT1 

transcriptional start site). 

 

Transient transfections were performed on two melanoma cell lines SK-Mel-28 (IFN-

sensitive) and MM96 (IFN-resistant) with the pGL3-STAT1 and pGL3-STAT1-

Repressor luciferase constructs, and phRL-SV40 (Promega) as an internal calibration 

control.  phRL-SV40 encodes the luciferase cDNA from Renilla reniformis is under the 

control of the SV40 virus promoter and enhancer.  Cells were transfected using the 

GenJet
TM 

transfection reagent (Signagen) and dual-luciferase assays were carried out on 

the transfected cells.  Firefly luciferase activity (luminescence) obtained from each of 

the pGL3 vectors was normalised by the corresponding Renilla luciferase activity 

(luminescence) and the results expressed as relative luminescence units (RLU).  The 

luciferase activity of pGL3-STAT1-Repressor was significantly lower than the luciferase 

activity of pGL3-STAT1 in both IFN-sensitive (SK-Mel-28) (>99%, p<0.0001) and 

IFN-resistant (MM96) (98%, p<0.0001) cell lines (Fig. 3.2).   
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Figure 3.2: Validation of the repressive activity of the human STAT1 intronic repressor 

segment by luciferase assay.   

(A)  SK-Mel-28 (IFN-sensitive) and (B) MM96 (IFN-resistant) melanoma cell lines were 

transfected with the luciferase reporter vectors pGL3-STAT1 or pGL3-STAT1-Repressor using 

GenJet
TM 

transfection reagent and phRL-SV40, encoding Renilla luciferase, as an internal 

control.  Luciferase activity is expressed as relative luminescence units (RLU).  Results are 

presented as mean ± SEM, (n=3), (* p < 0.0001 by two-tailed student T-test, with respect to 

pGL3-STAT1). 
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3.2.2  Identification of a putative RE1 element within the intronic repressor region 

of the human STAT1 gene. 

 

A putative RE1 element possessing close homology to the published consensus 

sequence (Schoenherr and Anderson, 1995a) was identified in the intronic repressor 

region of the human STAT1 gene (nucleotides +1073 to +1093, relative to the start site 

of transcription) by manual inspection (Fig. 3.3).  The REST repressor protein binds to 

RE1 elements in target genes, repressing their transcription.  

 

Figure 3.3: A schematic representation of the repressor region containing the RE1 element 

in the human STAT1 gene. 

 

The putative RE1 element in the human STAT1 gene is 86% homologous to the 

consensus RE1 element, where 18 out of 21 bases are exact matches with the consensus 

sequence (Fig. 3.4).  This represents considerable homology considering that some 

mismatching can be tolerated in RE1 elements while still maintaining binding of the 

REST protein (Schoenherr et al., 1996).  REST can also bind to bipartite motifs where 

the two halves of the RE1 element can be separated by various numbers of bases (Patel 

et al., 2007).  The flexibility in the sequences for potentially functional RE1 sites 

presents a considerable challenge when altering an RE1 site for complete loss of REST 

binding activity.  Indeed, attempts to mutate the STAT1 RE1 site by using up to four 

base substitutions were undertaken without success (results not shown).  In addition, 

Cutler 2012 showed that the repressor activity of the repressor region of STAT1 gene 

was decreased by deleting the entire RE1 element (Cutler, 2012). 

 

Figure 3.4: Comparison of the putative STAT1-RE1 element with the consensus RE1 

sequence. 

TTCAGCACCNNGGACAGNGCC

TTATGGACCTTGGACAGTGCCSTAT1 RE1 element

Consensus RE1 element

Exon 1 Exon 2

Intron 1Promoter Intron 2

Repressor

5’ 3’

RE1
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3.2.3  Binding of REST to the RE1 element of the STAT1 gene in melanoma cell 

lines. 

 

Chromatin immunoprecipitation (ChIP) assays were carried out in order to confirm the 

in vivo binding of REST to the putative RE1 element in the STAT1 gene.  In ChIP 

assays, the interaction of DNA binding proteins with target genes is analysed in the 

context of native chromosomal DNA/chromatin in the cell nucleus.  Crosslinked 

protein:DNA complexes obtained from SK-Mel-28 and MM96 cells were sheared by 

sonication and immunoprecipitated using antibodies against REST or mouse whole IgG 

as a control.  ChIP products were used as templates for PCR reactions.  Primer pairs 

were designed to specifically amplify a 211 bp fragment containing the putative RE1 

element in the second intron of the human STAT1 gene.  A 167 bp fragment in the third 

exon of the STAT1 gene located 3 kb downstream of the REST binding site was used as 

a negative control to demonstrate specificity for REST binding to the RE1 element since 

this region did not contain an RE1 element.  In addition, a 153 bp fragment containing 

the RE1 element from the human SCG10 gene was used as a positive control for REST 

binding activity.  Initially, the STAT1 primer set was optimised for annealing 

temperature using input DNA from SK-Mel-28 cells as a template.  Amplification was 

found to be the most efficient at 59°C (Fig. 3.5).  This annealing temperature was also 

validated for PCR reactions using the STAT1 downstream and SCG10 RE1 primer sets 

(results not shown). 

Figure 3.5: Annealing temperature PCR optimisation for ChIP PCR primers. 

The REST binding region of the STAT1 gene was amplified from SK-Mel-28 input DNA using 

a range of annealing temperatures.   

 

65 64.5 63.3 61.4 59 57 55.7 55 Annealing
temperature (°C)

500
400
300
200 211 bp

MW
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Using chromatin extracts from SK-Mel-28 and MM96 cells, the fragment containing the 

putative RE1 element of the STAT1 gene was amplified following ChIP with the anti-

REST antibody (Figs. 3.6, 3.7).  As expected, negligible amplification occurred 

following ChIP using the control whole IgG antibody.  In addition, the positive control 

for REST binding activity in the SCG10 gene was amplified following ChIP with the 

anti-REST antibody, while the third exon of the STAT1 gene was not amplified.  

Together these results suggest that the putative RE1 element in the STAT1 gene is a 

bona fide RE1 element, to which REST binds specifically in vivo. 

 

Quantitative ChIP analyses performed by real time PCR showed REST binding to the 

RE1 element of the STAT1 gene in SK-Mel-28 (11% of input) (Fig. 3.6) and MM96 

cells (13% of input) (Fig. 3.7).  REST was shown to bind more frequently to the RE1 

element of the SCG10 gene in both SK-Mel-28 (25% of input) and MM96 cells (33% of 

input).  The binding activity observed in the MM96 cell line was slightly higher than the 

binding activity observed in the SK-Mel-28 cell line.  Similarly to the end-point ChIP, 

PCR amplification following ChIP using the control whole IgG antibody was much less 

than that obtained using the REST specific antibody.  Amplification of the third exon 

region of the STAT1 gene also occurred much later than the target region containing the 

RE1 element. 
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Figure 3.6: The binding activity of REST to RE1 elements in SK-Mel-28 cells ascertained 

by end-point and real time ChIP assay. 

(A) Chromatin extracts from SK-Mel-28 cells were immunoprecipitated using anti-REST or 

mouse IgG antibodies.  ChIP products were analysed by end-point PCR using primer sets 

specific for the regions containing the RE1 elements from the STAT1 and SCG10 genes and 

exon 3 from the STAT1 gene.  (B) Real-time, quantitative PCR was carried out on the ChIP 

products from (A), using primer sets specific for the REST binding regions of the STAT1 and 

SCG10 genes as well as exon 3 from the STAT1 gene.  The amplification levels were normalised 

against input DNA and presented as mean ± SEM, (n=3), (* p < 0.001; ** p< 0.0001 by two-

tailed student T-test with respect to the mouse IgG control). 
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Figure 3.7: The binding activity of REST to RE1 elements in MM96 cells ascertained by 

end-point and real time ChIP assay. 

(A) Chromatin extracts from MM96 cells were immunoprecipitated using anti-REST or mouse 

IgG antibodies.  ChIP products were analysed by end-point PCR using primer sets specific for 

the regions containing the RE1 elements from the STAT1 and SCG10 genes and exon 3 from the 

STAT1 gene.  (B) Real-time, quantitative PCR was carried out on the ChIP products from (A), 

using primer sets specific for the REST binding regions of the STAT1 and SCG10 genes as well 

as exon 3 from the STAT1 gene The amplification levels were normalised against input DNA 

and presented as mean ± SEM, (n=3), (* p< 0.0001 by two-tailed student T-test with respect to 

the mouse IgG control). 
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3.2.4  Regulation of transcriptional activity of the STAT1 gene by the RE1 element. 

 

The importance of the 21 bp RE1 element for regulating the transcriptional activity of 

the STAT1 gene was further investigated using luciferase gene reporter assays.  Two 

luciferase reporter constructs, pGL3-STAT1-stat1-RE1, and pGL3-STAT1-scg10-RE1 

were used in these assays.  pGL3-STAT1-stat1-RE1 was generated by ligating synthetic 

oligonucleotides containing only the 21-bp STAT1 RE1 sequence to the 3’ end of the 

pGL3-STAT1 insert.  As a control for the REST activity, pGL3-STAT1-scg10-RE1 was 

generated by ligating synthetic oligonucleotides containing the 21-bp consensus RE1 

sequence from the SCG10 gene to the 3’ end of the pGL3-STAT1 insert (Fig. 3.8).  The 

RE1 element from the SCG10 gene is frequently used as a control when studying 

REST-mediated repression (Schoenherr et al., 1996). 

 

The four plasmid reporter constructs (pGL3-STAT1, pGL3-STAT1-Repressor, pGL3-

STAT1-stat1-RE1 and pGL3-STAT1-scg10-RE1) were transfected into SK-Mel-28 and 

MM96 cells along with the internal calibration control vector phRL-SV40 using the 

GenJet
TM 

transfection reagent and assayed for luciferase activity after 48 h.  Firefly 

luciferase activity was normalised to the corresponding Renilla luciferase activity. 

 

As shown previously, luciferase expression was high when the reporter gene was 

controlled by the STAT1 promoter and enhancer (pGL3-STAT1), but was significantly 

reduced when the reporter gene was controlled by the STAT1 promoter and enhancer in 

addition to the repressor segment containing the RE1 element (pGL3-STAT1-Repressor) 

(Fig. 3.9).  The luciferase activity of the construct containing the STAT1 promoter and 

enhancer and a single copy of STAT1 RE1 element also showed significant (p<0.0001) 

repression compared with the STAT1 promoter and enhancer alone.  Indeed, the 

repression of luciferase activity exclusively through the RE1 element amounted to 70% 

of the total repression mediated by the 123 bp repressor segment in SK-Mel-28 cells 

and 78% of the total repression in MM96 cells, indicating a small increase in the 

repressor activity in the MM96 cell line.  The STAT1 promoter/enhancer was 

completely repressed (indistinguishable from background levels) by the consensus RE1 

element from the SCG10 gene. 
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Figure 3.8: Schematic representation of the reporter gene constructs used for transient 

transfection experiments. 
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Figure 3.9: Regulation of STAT1 transcriptional activity by RE1 elements as determined 

by luciferase reporter assays. 

(A) SK-Mel-28 (IFN-sensitive) and (B) MM96 (IFN-resistant) cells were transfected with the 

luciferase reporter vectors pGL3-STAT1, pGL3-STAT1-Repressor, pGL3-STAT1-stat1-RE1 or 

pGL3-STAT1-scg10-RE1 using GenJet
TM 

transfection reagent and phRL-SV40, encoding 

Renilla luciferase, as an internal control.  Promoter activity is presented as relative luciferase 

units (RLU).  Results are presented as mean ± SEM, (n=3), (* p <0.0001 by two-tailed student 

T-test, with respect to pGL3-STAT1). 
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3.2.5  Cumulative repression of the STAT1 gene through tandem RE1 elements. 

 

To provide additional confirmation of the regulation of STAT1 gene transcriptional 

activity by the RE1 element, we generated luciferase constructs containing multiple 

copies of the STAT1 RE1 sequence.  The pGL3-STAT1-stat1-2*RE1 construct was 

generated by ligating synthetic oligonucleotides containing two tandem copies of 

STAT1 RE1 sequence to the 3’ end of the pGL3-STAT1 insert (Fig. 3.8).  Ligation of 

these oligonucleotides abolished the restriction enzyme cloning site at the 5’ end, 

facilitating the insertion of another copy of the tandem RE1 oligonucleotides, thus 

generating the 4*RE1 construct. (Fig. 3.8).  The four plasmid reporter constructs 

(pGL3-STAT1,  pGL3-STAT1-stat1-RE1, pGL3-STAT1-stat1-2*RE1 and pGL3-STAT1-

stat1-4*RE1) were transfected into SK-Mel-28 and MM96 cells along with phRL-SV40 

using the transfection reagent GenJet
TM 

and assayed for luciferase activity after 48 h.  

 

As previously found, in the SK-Mel-28 cell line, the plasmid construct containing a 

single copy of the STAT1 RE1 element exhibited 70% repression of luciferase activity.  

The pGL3-STAT1-stat1-2*RE1 construct exhibited 88% repression and the pGL3-

STAT1-stat1-4*RE1 construct exhibited 100% repression.  In the MM96 cell line the 

construct containing a single copy of STAT1 RE1 element exhibited 78% repression of 

luciferase activity, the pGL3-STAT1-stat1-2*RE1 construct exhibited 90% repression 

and the pGL3-STAT1-stat1-4*RE1 construct exhibited 100% repression (Fig. 3.10). 

 

In both SK-Mel-28 and MM96 cells, the observed repression of the STAT1 

promoter/enhancer was cumulative as the number of RE1 elements increased.  Although 

the repressor activities mediated through the single and double RE1 elements were 

similar in both of the melanoma cell lines, they were slightly higher in the MM96 cell 

line. 
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Figure 3.10: Cumulative repressor activity of the STAT1 promoter/enhancer by tandem 

copies of the STAT1 RE1 element. 

(A) SK-Mel-28 (IFN-sensitive) and (B) MM96 (IFN-resistant) cells were transfected with the 

luciferase reporter vectors pGL3-STAT1, pGL3-STAT1-stat1-RE1, pGL3-STAT1-stat1-2*RE1 or 

pGL3-STAT1-stat1-4*RE1 using GenJet
TM 

transfection reagent and phRL-SV40, encoding 

Renilla luciferase, as an internal control.  Promoter activity is presented as relative luciferase 

units (RLU).  Results are presented as mean ± SEM, (n=3), (* p <0.0001 by two-tailed student 

T-test, with respect to pGL3-STAT1). 
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3.2.6  REST expression is higher in IFN-resistant cells than in IFN-sensitive 

human melanoma cells. 

 

Two human melanoma cell lines, SK-Mel-28 and MM96, with well-characterised 

differences in responsiveness to IFN-α2, were initially chosen for comparing REST 

mRNA and protein levels.  The level of IFN-α2 required for 50% inhibition of cell 

growth (IC50) and 50% reduction in viral mediated cytopathic effect (CPE50) were 

determined previously (Johns et al., 1992).  The responsiveness of these cell lines to 

IFN-α2 is high in SK-Mel-28 and very low in MM96.  Previous studies by our research 

group characterised a reduced level of STAT1 expression present in MM96 cells 

compared to SK-Mel-28 cells (Wong et al., 1997).  Therefore, the level of REST 

expression in these two melanoma cell lines may be important for understanding the 

regulatory interaction between REST protein and the STAT1gene. 

 

Reverse transcriptase (RT)-PCR was carried out in order to determine the expression of 

REST mRNA in the melanoma cell lines.  REST specific primers were chosen from a 

previous study (Qiang et al., 2005), and confirmed for specificity by BLAST analysis.  

Expression of 18S rRNA was included as a normalisation/loading control.  While 18S 

expression was approximately equal in the two cell lines, REST mRNA expression 

differed quite markedly between the two cell lines with high expression in the MM96 

cell line and low expression in the SK-Mel-28 cell line (Fig. 3.11A).  Quantitative (real 

time) RT-PCR also showed that REST mRNA expression was greater in the MM96 cell 

line and STAT1 mRNA expression was lower in the MM96 cell line (Fig. 3.11B).  

Quantitative analysis determined the increase in REST mRNA expression in MM96 

cells to be 21-fold higher than in SK-Mel-28 cells and STAT1 mRNA expression in 

SK-MEL-28 cells to be 2-fold higher than in MM96 cells. 

 

Relative protein levels of STAT1 and REST in the SK-Mel-28 and MM96 cell lines was 

analysed by Western blotting.  An equal amount of cell lysate based on packed cell 

volume from each cell line was loaded onto a 7% SDS-polyacrylamide gel, 

electrophoresed, transferred to PVDF membrane and immunoblotted using REST 

antiserum specific for the C-terminal region of the REST protein.  REST protein 

migrated with a molecular weight of approximately 200 kDa.  The membrane was then 

stripped and reprobed with STAT1 antiserum.  Finally, the membrane was again 
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stripped and reprobed with α-tubulin antiserum, for use as a loading control.  Consistent 

with previous studies (Wong et al., 1997), SK-Mel-28 cells showed greater levels of 

STAT1 expression compared to MM96 cells (Fig. 3.12).  When the immunoblot signals 

were analysed by densitometry and normalised to α-tubulin expression as control, 

STAT1 expression in MM96 cells amounted to 60% of the level in SK-Mel-28 cells 

(Table 3.1).  Densitometric analysis of the REST immunoblot signals indicated that the 

REST protein level in MM96 cells was 6.9-fold higher than that in SK-Mel-28 cells 

(Table 3.1).  Thus, STAT1 and REST protein levels showed an inverse relationship 

between these two cell lines correlating with their IFN responsiveness.  

 
 
 

Figure 3.11: Analysis of REST mRNA expression in melanoma cell lines by RT-PCR.  

(A) RT-PCR analysis of REST mRNA expression in SK-Mel-28 (IFN-sensitive) and MM96 

(IFN-resistant) cell lines.  18S is included as control for RNA loading. High Pure RNA Isolation 

Kit (Roche) was used to extract RNA and the Transcriptor First Strand cDNA Synthesis Kit 

(Roche) was used to synthesise cDNA according to the manufacturer’s protocol. The PCR 

amplification was carried out using SYBR® Green master mix (Bio-Rad) using an iCycler 

thermal cycler (Bio-Rad).  (B) Quantitative (real time) RT-PCR analysis of REST and STAT1 

mRNA expression in SK-Mel-28 (IFN-sensitive) and MM96 (IFN-resistant) cell lines were 

carried out as previously described in (A).   Results are presented as mean ± SEM, (n=2) and by 

two-way ANOVA with Bonferroni’s test, with respect to the SK-Mel-28 (* p <0.001).  
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Figure 3.12: Western blot analysis of REST and STAT1 protein expression in melanoma 

cell lines. 

(A) Equivalent amounts of SK-Mel-28 (IFN-sensitive) and MM96 (IFN-resistant) cell lysates 

were separated by SDS-PAGE, transferred to PVDF membrane and subjected to 

immunoblotting with an anti-REST antibody (raised in rabbit) specific for the C-terminal region 

of the REST.  The membrane was then incubated with an HRP-conjugated anti-rabbit secondary 

antibody (raised in sheep).  (B) The blot from panel (A) was stripped and reprobed with an anti-

STAT1 monoclonal antibody (raised in mouse) and an HRP-conjugated sheep anti-mouse 

secondary antibody.  (C) The membrane was stripped and reprobed with an anti-α-tubulin 

monoclonal antibody (raised in mouse) and an HRP-conjugated sheep anti-mouse secondary 

antibody. Similar results were obtained in at least three independent experiments. 

 

 

 

 

 

 
Table 3.1: Relative REST and STAT1 protein levels in melanoma cell lines based on 

densitometric analysis. 

* Based on the densitometric ratios of STAT1:α-tubulin and REST: α-tubulin.  The ratios were 

then standardised for comparison relative to SK-MEL-28 levels which were arbitrarily assigned 

a value of 1.00. 

 Relative STAT1 level * Relative REST protein level * 

SK-Mel-28 1.00 1.00 

MM96 0.60 6.92 

A) 

C) 
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3.2.7 The level of REST4 protein expression in IFN-sensitive versus IFN-resistant 

cell lines. 

 

It has been reported that REST4, which is a neuron-specific truncated form of REST 

that contains the N-terminal domains of REST, either binds weakly or does not bind at 

all to RE1 sequences (Lee et al., 2000).  While some studies have reported REST4 to act 

as a dominant negative form of REST competing with the full length REST for binding 

to RE1 elements (Shimojo et al., 1999a, Spencer et al., 2006), other studies have shown 

that REST4 is neither a transcriptional repressor nor derepressor (Magin et al., 2002).  

Therefore, the levels of REST4 protein in the SK-Mel-28 and MM96 cell lines were 

determined by Western blotting.  Whereas the anti-REST primary antibody used in the 

previous section was specific for the C-terminal region of REST and therefore only 

binds to the full length REST protein, the primary antibody used in this section was 

specific for the N-terminal region of REST and therefore binds to both full length REST 

and REST4 (Fig. 2.1).  REST4 could easily be distinguished from full length REST 

since it migrated with much lower approximate molecular weight of only 50 kDa. 

 

SK-Mel-28 and MM96 cell lysates were separated on a 9% SDS-PAGE gel, transferred 

to a PVDF membrane and immunoblotted using the N-terminal specific REST antibody.  

Although the level of immunoreactive protein appeared higher in the MM96 cell line 

(Fig. 3.13), when normalised to the levels of the housekeeping protein, α-tubulin, the 

levels of REST4 detected in SK-Mel-28 and MM96 cells were similar.  
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Figure 3.13: Western blot analysis of REST4 protein expression in melanoma cell lines. 

(A) SK-Mel-28 (IFN-sensitive) and MM96 (IFN-resistant) cell lysates were separated by SDS-

PAGE, transferred to a PVDF membrane and subjected to immunoblotting with an anti-REST 

antibody (raised in rabbit) specific for the N-terminal region of the REST.  The membrane was 

then incubated with an HRP-conjugated anti-rabbit secondary antibody (raised in sheep).  (B) 

The blot from panel (A) was stripped and reprobed with an anti-α-tubulin antibody (raised in 

mouse) and an HRP-conjugated sheep anti-mouse secondary antibody to control for differences 

in protein loading. Similar results were obtained in two independent experiments. 
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3.2.8 Relative REST and STAT1 mRNA expression levels in cell lines established 

from melanoma patient lymph node metastases. 

 

Quantitative (real time) RT-PCR analysis was performed on seven cell lines established 

from melanoma patient lymph node biopsies in order to determine their relative levels 

of REST and STAT1 mRNA expression.  cDNA from seven cell lines (WW, MM127, 

MM329, MM455, MM485, MM537, MM595) was kindly donated by Dr Glen Boyle 

(Queensland Institute of Medical Research [QIMR], Queensland, Australia) and 

quantitative real-time PCR was carried out using primers specific for REST, STAT1 and 

18S rRNA.  Quantitative analysis determined that there was an inverse trend between 

REST mRNA and STAT1 mRNA expression (Fig. 3.14).  A statistically significant 

correlation could not be obtained from this sample size (n=7; Pearson’s r = -0.417, p 

=0.351). 

 

Figure 3.14: Relative levels of STAT1 and REST mRNA expression in cell lines established 

from melanoma patient lymph node biopsies. 

Quantitative RT-PCR analysis of STAT1 and REST mRNA expression normalised to 18S rRNA 

levels in cell lines established from patient lymph node biopsies. RT-PCR reactions were 

carried out as previously described in (Fig. 3.11). Scattergram and regression line showing a 

trend toward a negative relationship between STAT1 and REST expression. (n=7; Pearson’s r =  

-0.417, p=0.351). 
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3.2.9  Decreased transcriptional repression of the STAT1 gene through the RE1 

element in a REST-deficient cell line.  

 

To further confirm the RE1-mediated REST repressor activity in the STAT1 gene, 

luciferase gene reporter analysis was carried out using a REST-deficient cell line, 

INS-1.  Several studies previously reported the INS-1 pancreatic β-cell line to express 

no detectable REST mRNA and have shown the decreased REST protein activity in 

INS-1 cells (Atouf et al., 1997, Kemp et al., 2002, Martin et al., 2003, Li et al., 2008).  

Accordingly, the INS-1 cell line has been used as a REST-negative cell line and as a 

negative control for REST mediated activity (Kemp et al., 2002, Martin et al., 2003).  

The INS-1 cell line was kindly donated by Dr Trevor Biden (Garvan Institute of 

Medical Research, Sydney, Australia).  INS-1 cells were cultured in RPMI 1640 

medium supplemented with 10% serum. 

 

In order to validate that INS-1 cells do not express REST, RT-PCR and Western 

blotting were carried out on the INS-1 cell line, using MM96 as a positive control for 

REST expression.  For RT-PCR, expression of 18S rRNA was also measured as a 

normalisation/loading control.  While 18S rRNA expression was almost equal in the 

two cell lines, indicative of equal cDNA loading, abundant expression of REST was 

detected in the MM96 cell line but not in the INS-1 cell line (Fig. 3.15A-B), confirming 

previous findings regarding the absence of REST mRNA expression in the INS-1 cell 

line (Atouf et al., 1997, Kemp et al., 2002, Li et al., 2008). 

 

For Western blotting, protein extracts were prepared from the INS-1 and MM96 cell 

lines.  Extracts were separated by SDS-PAGE, transferred to a PVDF membrane and 

probed using an antibody against the C-terminus of REST.  The membrane was then 

stripped and reprobed using an antibody against α-tubulin, which was used as a loading 

control.  Although the loadings were not equal, indicating that the lysate from the INS-1 

cell line was overloaded, the MM96 cell line expressed abundant REST protein.  While 

the REST protein level in INS-1 cells was barely detectable, it was not entirely absent 

(Fig. 3.15C-D), contrary to the previous assertions of others (Martin et al., 2003, Li et 

al., 2008).  Nevertheless, the INS-1 cell line was used as a very low REST-expressing 

cell line for luciferase gene reporter experiments alongside the SK-Mel-28 and MM96 

cell lines. 



 

97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: REST mRNA and protein expression in the pancreatic β-cell line, INS-1. 

RT-PCR analysis of (A) REST mRNA and (B) 18S rRNA expression in MM96 and INS-1 cells. 

RT-PCR reactions were carried out as previously described in (Fig. 3.11).   (C) Total cell 

lysates of equivalent amount of cellular protein were subjected to immunoblotting with anti-

REST specific for the C-terminal region of the REST protein as the primary antibody followed 

by HRP-conjugated sheep anti-rabbit antibody.  (D) The blot shown in panel C was stripped and 

reprobed using an anti-α-tubulin antibody (raised in mouse) and an HRP-conjugated sheep anti-

mouse secondary antibody. Similar results were obtained in at least two independent 

experiments. 
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STAT1 gene constructs were used to determine the variation of the transcriptional 

repression of the STAT1 gene through the RE1 element in cell lines expressing varying 

amounts of REST.  The six plasmid reporter constructs previously described in this 

chapter (pGL3-STAT1,  pGL3-STAT1-stat1-RE1, pGL3-STAT1-stat1-2*RE1, pGL3-

STAT1-stat1-4*RE1, pGL3-STAT1-scg10-RE1 and pGL3-STAT1-Repressor) were 

transfected into SK-Mel-28, MM96 and INS-1 cell lines using the GenJet
TM 

transfection 

reagent and assayed for luciferase activity.  Firefly luciferase activity obtained from 

each experiment was normalised against the corresponding Renilla luciferase activity 

from the co-transfected phRL-SV40 vector.  The transfection efficiencies of the three 

cell lines were normalised according to the luciferase levels detected from the pGL3-

STAT1 construct, which did not contain the RE1 element. 

 

As found previously, the plasmid construct containing the repressor region (pGL3-

STAT1-Repressor) showed close to 100% repression of luciferase activity in the SK-

Mel-28 melanoma cell line and 98% repression in the MM96 melanoma cell line (Fig. 

3.16).  Likewise, the plasmid construct containing a single copy of the STAT1 RE1 

element (pGL3-STAT1-stat1-RE1) exhibited 70% repression of luciferase activity in 

SK-Mel-28 cells and 78% of repression of luciferase activity in MM96 cells (Fig. 3.16).  

The pGL3-STAT1-stat1-2*RE1 plasmid construct exhibited 88% repression in SK-Mel-

28 and 90% repression in MM96 and the pGL3-STAT1-stat1-4*RE1 plasmid construct 

exhibited close to 100% repression in both SK-Mel-28 and MM96 cell lines.  In 

addition, the pGL3-STAT1-scg10-RE1 construct containing a single copy of the RE1 

element from the SCG10 gene exhibited 100% of repression in both the SK-Mel-28 and 

MM96 cell lines. 

 

In the INS-1 cell line, the plasmid construct containing the repressor region (pGL3-

STAT1-Repressor) showed 90% of repression of luciferase activity (Fig. 3.16).  The 

luciferase activity of the reporter containing a single copy of the STAT1 RE1 element 

exhibited 17% repression of luciferase activity.  The pGL3-STAT1-stat1-2*RE1 plasmid 

construct exhibited 73% repression and the pGL3-STAT1-stat1-4*RE1 plasmid 

construct exhibited 95% repression.  In addition, the pGL3-STAT1-scg10-RE1 construct 

exhibited 97% of repression.  All of the constructs containing at least one RE1 element 

showed a lower level of repression in the INS-1 cell line compared to the SK-Mel-28 

and MM96 cell lines (Fig. 3.16), consistent with the reduced level of REST activity 

present in INS-1 cells. 
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Figure 3.16: Decreased repression of the STAT1 gene regulatory region mediated by the 

RE1 element in the REST-deficient INS-1 cell line. 

SK-Mel-28, MM96 and INS-1 cells were co-transfected with STAT1 reporter vectors and phRL-

SV40, encoding Renilla luciferase, as an internal calibration control for transfection.  Cells were 

transfected using the GenJet
TM 

transfection reagent.  Promoter activity is expressed as relative 

luciferase units (RLU).  Given the variation in transfection efficiencies between the three cell 

lines, RLUs were normalised according to the luciferase levels detected from the pGL3-STAT1 

construct (which were defined as 100% for each cell line). The insert shows the last three 

reporter vectors drawn using an expanded scale RLU.  Results are presented as mean ± SEM, 

(n=3) and analysed by two-way ANOVA with Bonferroni’s test, with respect to the SK-Mel-28 

and MM96 cell lines (* p <0.001). 
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3.2.10  Decreased transcriptional repression of the STAT1 gene by REST-VP16. 

 

REST mediated repression through the RE1 element of the STAT1 gene was further 

investigated using the REST-VP16 fusion protein in luciferase gene reporter assays. 

REST-VP16 is a recombinant transcription activator, which was constructed by 

replacing the two repressor domains of REST with the activation domain of the VP16 

protein from herpes simplex virus.  Since REST-VP16 retains the DNA-binding domain 

of REST, it can bind to RE1 elements and counter the repressive effects of REST 

(Immaneni et al., 2000, Lawinger et al., 2000, Watanabe et al., 2004).  In previous 

studies employing luciferase reporter gene experiments, REST-VP16 has been shown to 

bind to RE1 elements and compete with endogenous REST for DNA binding, thereby 

activating plasmid-encoded promoter genes (Immaneni et al., 2000, Su et al., 2004, 

Watanabe et al., 2004, Fuller et al., 2005).  Therefore luciferase reporter gene assays in 

conjunction with REST-VP16 would be predicted to enhance the transcription of STAT1 

gene constructs containing RE1 elements, which would further confirm a role for 

REST- mediated repression of STAT1.  

 

In order to examine REST-VP16 mediated inhibition of REST repressor activity 

through the RE1 element in STAT1 gene, the recombinant REST-VP16 gene was firstly 

excised from the expression vector pcDNA3.1-REST-VP16 (kindly donated by 

Professor Sadhan Majumder, MD Anderson Cancer Centre, Houston, TX), gel purified 

and cloned into pEFIRES-Puro (Figs. 4.2, 4.3).  In pEFIRES-REST-VP16, the REST-

VP16 gene is under the transcriptional control of the highly active EF-1α promoter.  

Cloning of the pEFIRES-REST-VP16 construct is described in detail in chapter 4, 

sections 4.2.1 and 4.2.2. 

 

The six previously described plasmid reporter constructs (pGL3-STAT1,  pGL3-STAT1-

stat1-RE1, pGL3-STAT1-stat1-2*RE1, pGL3-STAT1-stat1-4*RE1, pGL3-STAT1-scg10-

RE1 and pGL3-STAT1-Repressor), along with phRL-SV40 and either pEFIRES-REST-

VP16 or the empty pGL3 vector (as a carrier DNA control), were co-transfected into 

SK-Mel-28 cells using the GenJet
TM 

transfection reagent and assayed for luciferase 

activity after 48 h.  Firefly luciferase activity obtained from each experiment was 

normalised by the corresponding Renilla luciferase activity.  The varying transfection 

efficiencies between the cells transfected with pEFIRES-REST-VP16 or the empty 
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pGL3 vector were normalised according to the construct which did not contain the RE1 

element (pGL3-STAT1), which was defined as 100%.  

 

The repression observed from all the STAT1 constructs containing at as least one RE1 

element was significantly lower in the cells co-transfected with REST-VP16 compared 

to the cells co-transfected with the empty vector (Fig. 3.17).  This includes the pGL3-

STAT1-Repressor construct, which contains the whole repressor region of the STAT1 

gene.  The repressive activity produced by the RE1 element of the SCG10 gene was also 

significantly decreased in the presence of REST-VP16.  These results confirm the 

significance of the RE1 element in regulating transcription of the STAT1 gene and 

confirm the importance of REST activity as a regulator of STAT1 expression in SK-

Mel-28 cells. 
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Figure 3.17: Decreased repression of the STAT1 gene regulatory region by REST-VP16.  

SK-Mel-28 cells in wells of a 24-well tissue culture plate were co-transfected with 0.5µg of one 

luciferase reporter vector (either pGL3-STAT1, pGL3-STAT1-stat1-RE1, pGL3-STAT1-stat1-

2*RE1, pGL3-STAT1-stat1-4*RE1, pGL3-STAT1-scg10-RE1 or pGL3-STAT1-Repressor), 1µg 

of either the pEFIRES-REST-VP16 expression vector or the pGL3 empty vector, and phRL-

SV40, encoding Renilla luciferase, using GenJet
TM 

transfection reagent.  Promoter activity is 

expressed as relative luciferase units (RLU), normalised to luciferase expression from the 

pGL3-STAT1 construct, which was defined as 100%. The insert shows the last three reporter 

vectors drawn using an expanded scale RLU.  Results are presented as mean ± SEM, (n=3), (* p 

<0.01; ** p <0.001; *** p <0.0001 by two-tailed student T-test, with respect to the cells 

transfected with the empty vector). 
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3.2.11  High level co-expression of c-Myc and REST mRNA and protein in an IFN-

resistant melanoma cell line. 

 

Previous studies identified an association between tumourigenicity and high expression 

levels of c-Myc and REST in human medulloblastomas (Fuller et al., 2005, Su et al., 

2006).  Furthermore, neural stem cells (NSCs) overexpressing activated c-Myc and 

REST proteins were blocked from neuronal differentiation, in contrast to NSCs 

overexpressing only c-Myc, and produced cerebellar tumours morphologically similar 

to human medulloblastomas (Su et al., 2006). 

 

In order to determine whether high levels of REST and c-Myc expression were 

correlated in melanoma cell lines, end-point RT-PCR and real time RT-PCR were 

carried out in SK-Mel-28 and MM96 cells.  Primers specific for c-myc and REST were 

used in RT-PCR, with 18S rRNA as a normalisation/loading control, using the same 

cDNA samples that were used in (Fig. 3.11).  While 18S rRNA expression was equal in 

the two cell lines, indicative of equal cDNA loading, expression of REST and c-myc 

mRNA were both higher in the MM96 cell line compared to the SK-Mel-28 cell line 

(Fig. 3.18A).  Quantitative (real time) RT-PCR also showed that c-myc and REST 

mRNA expression were greater in the MM96 cell line (Fig. 3.18B).  Quantitative 

analysis determined the increase in c-myc and REST mRNA expression in MM96 cells 

to be 500-fold and 21-fold higher than in SK-Mel-28 cells, respectively. 

 

Protein expression levels of REST and c-Myc in SK-Mel-28 and MM96 cells were 

determined by Western blotting.  The membrane used in (Fig. 3.12) was stripped and 

immunoblotted using c-Myc specific antiserum.  The c-Myc protein migrated at 67 kDa.  

The results of Western blotting showed higher levels of c-Myc and REST proteins in 

the MM96 cell line, compared to the SK-Mel-28 cell line (Fig. 3.19).  When the 

immunoblot signals were analysed by densitometry and normalised to α-tubulin 

expression, they indicated that the c-Myc protein level in MM96 cells was 3.3-fold 

higher than in SK-MEL-28 cells and that the REST protein level in MM96 cells was 

6.9-fold higher than in SK-Mel-28 cells (Table 3.2). 
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Figure 3.18: RT-PCR analysis of REST and c-myc expression in melanoma cell lines. 

(A) RT-PCR analysis of REST and c-myc mRNA expression in SK-Mel-28 and MM96 

melanoma cell lines.  18S rRNA was included as a cDNA loading control. RT-PCR reactions 

were carried out as previously described in (Fig. 3.11).  (B) Quantitative (real time) RT-PCR 

analysis of REST and c-myc mRNA expression normalised to 18S rRNA levels.  Results are 

presented as mean ± SEM, (n=2), (* p < 0.05 by two-tailed student T-test, with respect to the 

SK-Mel-28 cell line). 
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Figure 3.19: Western blot analysis of REST and c-Myc protein expression in melanoma 

cell lines. 

(A) SK-Mel-28 and MM96 whole cell lysates were separated by SDS-PAGE, transferred to a 

PVDF membrane and subjected to immunoblotting with a rabbit anti-REST antibody specific 

for the C-terminal region of REST followed by an HRP-conjugated sheep anti-rabbit secondary 

antibody.  (B) The blot from panel (A) was stripped and reprobed with an anti-c-Myc antibody 

(raised in rabbit) and an HRP-conjugated sheep anti-rabbit secondary antibody.  (C) The 

membrane was stripped and reprobed with an anti-α-tubulin monoclonal antibody (raised in 

mouse) and an HRP-conjugated sheep anti-mouse secondary antibody. Similar results were 

obtained in two independent experiments.  

 

 

 

 

Table 3.2: Relative REST and c-Myc protein levels in melanoma cell lines based on 

densitometric analysis. 

* Based on the densitometric ratios of c-Myc:α-tubulin and REST:α-tubulin.  The ratios were 

then standardised for comparison relative to SK-Mel-28 levels which were arbitrarily assigned a 

value of 1.00. 

  

 Relative c-Myc level * Relative REST protein level * 

SK-Mel-28 1.00 1.00 

MM96 3.33 6.92 
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C) 
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3.3 Discussion 

 

IFNs exhibit multiple biological effects on cell proliferation, cellular differentiation and 

up-regulation of immune responses in various cell types.  IFN-α2 has been widely used 

for the treatment of malignant melanoma, but unfortunately melanomas differ in their 

responsiveness to IFN with about only 20% response rate (Agarwala and Kirkwood, 

1996).  Previous studies from our research group identified a deficiency in ISGF3 

component subunits (STAT1, STAT2 and p48-ISGF3γ) as a probable cause for the 

resistance of melanoma cell lines to the IFNs (Wong et al., 1997).  In addition to this, a 

similar type of ISGF3 deficiency has been described in other IFN-resistant cancer cell 

types (Improta et al., 1992, Dron and Tovey, 1993, Petricoin et al., 1994, Matikainen et 

al., 1997).  Of the ISGF3 components, reduced levels of STAT1 showed the greatest 

correlation with IFN resistance in melanoma (Wong et al., 1997).  Furthermore, the 

reduced levels of STAT1 have been reported to occur in IFN-resistant breast cancer cell 

lines (Matikainen et al., 1997) and an adenocarcinoma cell line (Abril et al., 1998). 

Although the reduced level of STAT1 is an important mechanism underlying the 

development of IFN-resistance throughout a wide range of cancers, the molecular basis 

for the reduction in cellular levels of STAT1 protein in IFN-resistant cells had not 

previously been determined.  Indeed, it was not known whether it is caused by the 

failure of IFN-resistant cells to constitutively express STAT1 protein or by a loss of the 

normal regulation of STAT1 expression. 

 

Previous studies from our research group identified an intronic regulatory element 

within the 340 bp first intron of the human STAT1 gene that enhanced STAT1 

transcription in response to IFN (Wong et al., 2002).  In addition, the second exon and 

second intron of STAT1 was shown to possess very strong repressive activity in 

luciferase gene reporter assays (Wong et al., 2002).  The location of the region 

mediating STAT1 repressor activity was refined from this 715 bp region to a 123 bp 

region located entirely within the second intron of the STAT1 gene (Cutler, 2012) (Fig 

3.1). 

 

Further analysis of the 123 bp repressor segment in the second intron of the STAT1 gene 

revealed a 21 bp RE1 element (Fig. 3.3).  RE1 elements are binding sites for the REST 
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protein, which serves as a transcriptional repressor in many genes involved in neuronal 

differentiation (Chong et al., 1995, Schoenherr and Anderson, 1995a) .  The RE1 

element in the STAT1 gene was 86% homologous to the consensus RE1 element (Fig. 

3.4).  Previous studies revealed that 14 bases of the 21 base pair consensus RE1 

sequence were of much greater importance for REST binding than the remaining seven 

bases (Schoenherr et al., 1996).  For instance, the guanine-guanine dinucleotide in the 

12th and 13th positions was shown to affect the binding and silencing activity of REST 

in some genes, but is not found in the RE1 elements of all REST target genes.  For 

example, The RE1 element in the glycine receptor gene has an adenine in the 13th base 

position while still binding REST (Schoenherr et al., 1996).  REST can also bind to RE1 

elements with up to five base changes (and up to three changes in the core element) 

from the consensus RE1 sequence.  In fact, a comparison of the different RE1 elements 

suggests that no single residue is critical for REST binding activity. 

 

The RE1 element in the STAT1 gene was very similar to the consensus RE1 element 

with three residues different from the consensus sequence (Fig. 3.4).  The flexibility in 

the sequence of potentially functional RE1 sites makes altering an RE1 site for complete 

loss of REST binding activity a difficult task.  Indeed, attempts to mutate the STAT1 

RE1 site to contain up to four base substitutions were undertaken without success 

(results not shown).   

 

Luciferase gene reporter assays in melanoma cell lines clearly showed significant 

repression of the STAT1 promoter by the 123 bp fragment in the second intron, which 

includes the RE1 element (Fig. 3.2).  Indeed, repression through the RE1 element 

accounted for 70% of the total repression mediated by the 123 bp repressor segment in 

the SK-Mel-28 cell line and 78% in the MM96 cell line.  This indicates that although 

substantial repression of the STAT1 gene is mediated through the interaction of REST 

with the RE1 element, another unidentified factor may also be involved in repression of 

the STAT1 gene by the repressor region.  Further inspection of the repressor gene 

segment by TFSEARCH revealed a putative NFκB binding site within the region.  

NFκB and REST have previously been reported to function synergistically to regulate 

the TAC1 gene (add reference Greco et al, 2007). Therefore, NFκB could be another 

factor involved in repressing expression of the STAT1 gene.    Notwithstanding these 

results, transiently transfected DNA does not associate with the nucleosomal structure 
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of chromatin and therefore does not completely resemble DNA in the context of the cell 

nucleus, where repression of transcription from the STAT1 promoter by REST takes 

place.  In addition, the mechanism of REST function is to recruit chromatin modifying 

enzymes that alter the nucleosomal structure of the nuclear DNA (Seth and Majzoub, 

2001, Lunyak et al., 2002).  Therefore, to investigate REST binding activity in the 

context of nuclear chromatin, ChIP assays were carried out using protein cross-linked 

chromatin extracts from melanoma cell lines. 

 

In the ChIP assay experiments, REST protein was shown to bind specifically to the RE1 

element of the STAT1 gene in both SK-Mel-28 and MM96 cell lines (Figs. 3.6, 3.7).  

Quantitative ChIP analysis further confirmed the binding of the REST protein to the 

STAT1 RE1 element in both melanoma cell lines and showed a small increase in binding 

frequency in the MM96 cell line.  The increased occupation of the RE1 element in 

MM96 cells was not unexpected, given the higher expression level of REST in this cell 

line (Fig. 3.12).  However, the REST binding activity in the IFN-resistant MM96 cell 

line was only slightly greater than the REST binding activity in the IFN-sensitive SK-

Mel-28 cell line.  Furthermore, these two cell lines show substantial variation in their 

levels of STAT1 protein expression (Fig. 3.12).  This indicates that the repression of the 

STAT1 gene through REST may be associated with another factor, or factors, which 

may be differentially present or activated in IFN-resistant and IFN-sensitive cell lines. 

 

The repression of the STAT1 promoter through the RE1 element of the STAT1 gene was 

also observed in both IFN-resistant and IFN-sensitive cell lines (Figs. 3.9, 3.10).  

Similar to the binding results obtained in the ChIP assays, there was only a small 

increase in the magnitude of repression in the IFN-resistant cell line in the presence of 

single (Fig. 3.9) and multiple (Fig. 3.10) copies of the RE1 element in luciferase 

reporter constructs.  This may have been due to the increase in expression of REST 

protein in the MM96 cell line compared to the SK-Mel-28 cell line (Fig. 3.12).  

However, from these results, the increased STAT1 protein levels in the IFN-sensitive 

cell line (SK-Mel-28) (Fig. 3.12) are inconsistent with the observed (>99%) repression 

of the STAT1 promoter by the 123 bp repressor segment of the STAT1 gene when 

located in gene reporter plasmids (Fig. 3.2).   
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REST is a Krüppel-type zinc finger protein, predominantly expressed in non-neuronal 

cells and neural stem/progenitor cells.  It was originally viewed as a negative regulator 

that helps restrict neurogenesis to neurons (Chong et al., 1995, Schoenherr and 

Anderson, 1995a) by binding to RE1 elements, of which there are approximately 1900 

in the human genome (Weissman, 2008).  REST plays critical roles in preventing 

differentiation and maintaining the self-renewal capability of neuronal stem cells 

(Weissman, 2008).  In accordance with its function in the silencing of both neuronal and 

non-neuronal genes, REST is essential for embryonic development and for a number of 

cellular responses in neurons and other cell types (Gopalakrishnan, 2009).  However, an 

increasing number of studies suggest that the functional role of REST might be more 

complex, involving aspects of cell context, cell type and developmental stage (Sun et 

al., 2005, Majumder, 2006). 

 

Analysis of melanoma cells by immunoblotting and RT-PCR showed high expression 

levels of REST protein and mRNA present in the IFN-resistant MM96 cells (Figs. 3.11, 

3.12, Table 3.1).  The elevated level of REST protein expression and low level of 

STAT1 protein expression in the MM96 cell line, compared to the IFN-sensitive cell 

line, SK-Mel-28, supports an inverse correlation between STAT1 and REST proteins.  

To further examine the correlation between STAT1 and REST mRNA expression in 

melanoma, seven cell lines established from biopsies of melanoma patient lymph node 

metastases were used for quantitative RT-PCR analysis.  The scatter plot showed a 

negative trend between the expression of STAT1 and REST mRNA in these melanoma-

derived cell lines, although the sample size was insufficient to obtain statistical 

significance (p=0.351) (Fig. 3.14).  It would be interesting to determine in future studies 

whether a greater sample size would confirm an inverse correlation in REST and STAT1 

mRNA and protein expression exists in melanomas.  

 

REST4, a neuron-specific truncated form of REST, can suppress the silencing function 

of REST (Shimojo et al., 1999b).   However the function of REST4 remains 

controversial (Magin et al., 2002).  It was reported that the interaction of REST4 with 

REST resulted in the formation of a hetero-oligomer complex, which may prevent the 

binding of REST to RE1 elements (Shimojo et al., 1999a).  It remains unclear whether 

the competitive action of REST4 in neurons is due to competition with full length REST 

for binding to RE1 elements or due to a dominant negative action of REST4 forming 
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hetero-oligomer complexes with REST (Palm et al., 1998, Lee et al., 2000, Kojima et 

al., 2001, Tabuchi et al., 2002).  Recent studies have shown REST4 to possess neither 

repressive nor activating activity in gene regulation (Magin et al., 2002).  In our studies, 

both SK-Mel-28 and MM96 cell lines were found to express REST4 with no significant 

difference in REST4 expression between the two cell lines (Fig. 3.13). 

 

The principal function of REST has been described to be the repression of neuronal-

associated genes in non-neuronal cells (Schoenherr and Anderson, 1995a).  The absence 

of REST protein causes undifferentiated cells to differentiate into a neuronal lineage 

(Watanabe et al., 2004).  Therefore, neuronal cells do not express REST protein.  INS-1 

is a neuroendocrine cell line derived from pancreatic β cells which has been used 

previously as a REST-negative control cell line for studying REST-mediated activity 

(Atouf et al., 1997, Kemp et al., 2002).  Although we confirmed the absence of 

detectable REST mRNA in INS-1 cells by RT-PCR, consistent with previous studies 

(Atouf et al., 1997, Kemp et al., 2002, Li et al., 2008), a trace amount of REST protein 

was detected by Western blotting (Fig. 3.15).  Therefore, INS-1 was used as a REST-

deficient cell line and luciferase reporter gene assays were used to examine the 

repression of the STAT1 in the context of low REST.  While a single copy of the STAT1 

RE1 element repressed the transcriptional activity of the STAT1 promoter/enhancer 

region by 70% in SK-Mel-28 cells and 78% in MM96 cells, the repression in INS-1 

cells was only 17% (Fig. 3.16).  Furthermore, repression mediated by tandem copies of 

the STAT1 RE1 element, or through the consensus RE1 element from the SCG10 gene, 

was also significantly decreased in the INS-1 cell line (Fig. 3.16).  Finally, the complete 

123 bp repressor segment repressed the STAT1 promoter/enhancer by >99% in SK-Mel-

28 cells, 98% in MM96 cells and only 90% in INS-1 cells (Fig. 3.16).  These results 

further confirm REST to be mediating the repression of the STAT1 gene expression 

through the RE1 element, but also indicate that other factors that bind to the repressor 

region and are involved in transcriptional repression.  Furthermore siRNA co-

transfections and EMSA analysis of the DNA binding profiles of this repressor region in 

both melanoma and INS-1 cell lines would be very informative. 

 

The regulatory region mediating the full extent of gene repression spans 123 bp and 

contains a putative NFκB binding site, along with the RE1 element and other potential 

transcription factor binding sites.  While the complete repression may be due to an 
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additional RE1 element, no others could be identified within this region using 

transcription factor binding site database searches (TFSEARCH).  The repression may 

also be due to the other transcription factors which could be examined by further 

targeted gene mutations, gene reporter assays, ChIP assay and electromobility shift 

assays (EMSA). 

 

Transcriptional repression by the REST protein is mainly mediated through its two 

repressor domains.  The two repressor domains were removed and replaced with a 

transactivation domain from the viral VP16 protein to generate the recombinant fusion 

protein REST-VP16.  REST-VP16 was used in previous studies to examine the role 

REST mediated repressor activity (Immaneni et al., 2000, Fuller et al., 2005).  In 

luciferase reporter gene assays, REST-VP16 from a transiently co-transfected 

expression vector competed with REST for binding to RE1 elements, activating the 

target genes rather than repressing them.  Thus, in our study, co-transfection of the 

REST-VP16 expression vector with STAT1 constructs containing RE1 elements showed 

significant inhibition of the repressor activity in all the constructs (Fig. 3.17).  The 

REST-mediated repression was not completely removed by REST-VP16.  This may be 

accounted for by competition between endogenous REST and REST-VP16 for binding 

to the RE1 binding element of the STAT1 gene. 

 

 

In addition to the transcriptional repressor activity of the REST protein, it can also 

function as either a tumour suppressor or an oncogene, depending on the cellular 

context (Weissman, 2008, Kamal et al., 2012).  The increased levels of REST resulting 

from overproduction or C-terminal truncations would both inhibit differentiation and 

generate chromosomal instability, two mechanisms that contribute to tumour 

development (Coulson et al., 2000).  An oncogenic role of REST has been established 

in medulloblastoma, an aggressive childhood malignancy of neural progenitors, where 

high REST levels coupled with c-Myc overexpression drives cells towards proliferation 

and tumourigenesis rather than differentiation (Lawinger et al., 2000, Coulson, 2005, 

Fuller et al., 2005, Su et al., 2006).  Additionally, neural stem cells overexpressing 

activated c-Myc and REST proteins are blocked in neuronal differentiation and give rise 

to cerebellar tumours morphologically similar to human medulloblastoma (Su et al., 

2006).  
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High expression of c-Myc in human melanoma is responsible for the aggressive growth 

of tumours (Schlagbauer-Wadl et al., 1999).  In addition, overexpression of c-myc 

mRNA due to gene amplification or other unidentified mechanisms has been associated 

with poorer clinical outcomes (Herms et al., 2000, Grotzer et al., 2001, Eberhart and 

Burger, 2003, Eberhart et al., 2004).  It was confirmed that higher levels of REST and 

c-Myc mRNA and protein expression existed in the MM96 cell line compared to the 

SK-Mel-28 cell line by RT-PCR and Western blotting (Figs. 3.18, 3.19).  The 

correlation of high levels of c-Myc and REST expression in the IFN-resistant MM96 

cell line supports the possibility of an oncogenic role of REST in the development of 

human melanoma. 

 

Finally, in this chapter we have investigated the effects the REST on the constitutive 

expression of STAT1 in human melanoma cell lines with different sensitivity to IFN.  

Future studies will be required to determine whether REST, c-Myc, or indeed other 

unidentified repressor proteins that bind to the STAT1 repressor region affect the 

expression of STAT1 and ISGs in IFN-treated cells. 
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Chapter 4 

Neuronal-like transdifferentiation of human melanoma cells 

by REST-VP16  
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4.1  Introduction 

 

Transdifferentiation is a process in which a cell committed to a particular specialisation 

changes to another distinct cell type.  Melanoma arises from melanocytes which 

originate as multipotent neural crest cells during neural tube genesis (Iyengar and Singh, 

2010, Sommer, 2011).  Although melanoma cells tend to maintain typical melanocytic 

differentiation characteristics, they also exhibit a degree of plasticity and can progress 

along multiple differentiation pathways, including endothelial and neuronal pathways 

(Hendrix et al., 2003).  Transdifferentiation of tumour cells in to a neuronal cell fate 

depends on reprogramming the cells by activation of certain neuronal-associated genes.  

The expression of neural-specific proteins such as microtubule-associated protein and 

beta III-Tubulin protein in melanoma is established and is consistent with the tendency 

of neoplastic melanocytes to differentiate along neural pathways (Mhaidat et al., 2008, 

Maddodi et al., 2010). 

 

The neuronal differentiation pathways were previously thought to be mediated primarily 

through positive regulation.  Several genes encoding such regulators and their cellular 

interactions were identified through the analysis of mammalian and non-mammalian 

embryogenesis, repair and disease (Mandel and McKinnon, 1993, McMahon et al., 

1998, Immaneni et al., 2000).  However, the mechanisms responsible for initiating these 

processes as well as the exact order of the molecular pathways are not known.  In 

contrast to positive regulation, the transcriptional repressor REST was identified as the 

first global neuronal repressor and potentially one of the critical regulators of 

neurogenesis (Chong et al., 1995).  Neuronal differentiation occurs in multiple steps in 

which the terminal differentiation step is characterised by the expression of REST target 

genes such as those that encode SCG10, sodium channel type II, synapsin glutamate 

receptor and acetylcholine receptor (Su et al., 2004).  

 

REST blocks transcription of target genes by binding to specific RE1 elements that are 

present in the regulatory regions of these target genes.  REST-dependent promoter 

repression requires interaction of the REST protein with several cofactors, including 

Co-REST, N-CoR, mSin3A and histone deacetylase complex (Immaneni et al., 2000).  

Although REST is expressed mainly in non-neural cells, it has also been shown to be 
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expressed in certain mature neurons in adults, suggesting that the role of REST is 

complex and depends on the cellular and physiological environment (Ballas et al., 2001, 

Su et al., 2004).  REST is typically down-regulated for the induction and maintenance 

of the neuronal phenotype, whereas overexpression of REST in differentiating neurons 

disrupts neuronal gene expression and causes axon guidance errors (Paquette et al., 

2000). 

 

Although REST function is required to repress the transcription of multiple neuronal 

differentiation genes, the absence of REST is insufficient to activate a subset of these 

genes (Gopalakrishnan et al., 2010).  In accordance with this observation, a hybrid 

transcription factor, REST-VP16, was created in which both REST repressor domains 

were substituted with the VP16 activation domain from herpes simplex virus, retaining 

the REST DNA-binding domain (Fig. 4.1).  Previous studies and results in this chapter 

showed that REST-VP16 competes with endogenous REST for binding to RE1 

elements, in transient transfection experiments (Fuller et al., 2005).  Binding of REST 

activates plasmid-encoded neuronal promoters in melanoma, medulloblastoma and 

other mammalian cell lines, and activates cellular REST target genes even in the 

absence of factors otherwise required to activate such genes.  REST-VP16 expression in 

myoblasts blocked their differentiation into myotubes in vitro, converting them instead 

into cells exhibiting a neuronal phenotype with the expression of neuronal 

differentiation genes, depolarisation-dependent calcium influx, synaptic vesicle 

recycling, and survival in the presence of mitotic inhibitors (Fuller et al., 2005, 

Gopalakrishnan et al., 2010). 

 

Although it is widely accepted that neoplastic melanocytes exhibit plasticity, including 

a tendency to differentiate along neural cell pathways, no definitive studies have yet 

described neuronal differentiation of melanoma cells.  In this chapter the direct 

activation of REST target genes through REST-VP16 was investigated, to determine 

whether melanoma cells could be converted into the mature neuronal phenotype.  The 

outcome of this study showed that the melanoma cells stably expressing REST-VP16 

transdifferentiate into neuronal-like cells in their phenotype and also expressed neuronal 

differentiating markers. 
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Figure 4.1: Schematic representation of the REST versus the modified REST-VP16 genes. 

The transcriptional repressor REST contains a DNA-binding domain, consisting of eight zinc 

finger motifs, which bind to the consensus RE1 sequence. It contains two distinct repressor 

domains (RD): one within the first 73 amino acids at the N-terminus (RD1), and the other 

within another zinc finger motif at the C-terminus. It also contains a proline-rich and lysine-rich 

motif of unknown function. The recombinant REST-VP16 was constructed by replacing the C-

terminal sequence of REST beyond the DNA-binding domain by the strong activation domain 

of the viral activator VP16 and deleting the N-terminal repressor domain [Model based on 

(Immaneni et al., 2000)].  
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4.2  Results 

 

4.2.1  Generation of the SK-Mel-28:pEF-RESTVP16 human melanoma cell line 

 

This study investigated the potential of melanoma cells to differentiate into neuronal 

cells by inhibition of the REST gene mediated through the hybrid REST-VP16 protein.  

To achieve this, the human melanoma cell line SK-Mel-28 was stably transfected with 

the expression vector pEFIRES-REST-VP16. 

 

4.2.1.1  REST-VP16 expression vector 

 

In order to induce the stable expression of REST-VP16 rapidly and efficiently in SK-

Mel-28 cells, the recombinant REST-VP16 gene was firstly excised from the expression 

vector pcDNA3.1-REST-VP16 (kindly donated by Professor Sadhan Majumder, MD 

Anderson Cancer Centre, Houston, TX), gel purified and cloned into pEFIRES-Puro 

(Fig. 4.2). In pEFIRES-REST-VP16, REST-VP16 is under transcriptional control of the 

highly active EF-1α promoter. pEFIRES-Puro also contains the puromycin resistance 

gene (pac), enabling transfected mammalian cells to be rapidly selected using 

puromycin.  The presence of an internal ribosome entry site (IRES) in the vector allows 

for the transcription of both the REST-VP16 cDNA and the puromycin resistance gene 

as a single mRNA, ensuring that puromycin resistant cells also express REST-VP16. 
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Figure 4.2: Clonal transfer of the REST-VP16 gene from pcDNA3.1 into the pEFIRES 

mammalian expression vector.   

The REST-VP16 gene was excised from pcDNA3.1-REST-VP16 by digestion with the 

restriction enzymes NheI and NotI.  The digested DNA was electrophoresed on a 1% agarose 

gel and the fragment containing REST-VP16 was identified by size and purified using the 

QIAEX II gel purification kit.  REST-VP16 was then ligated with pEFIRES-Puro that had also 

been digested with NheI and NotI.  The ligation products were transformed into DH5α cells and 

selected with ampicillin. 
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4.2.1.2  Confirmation of the successful cloning of the REST-VP16 gene into the 

pEFIRES-Puro mammalian expression vector. 

 

To ensure that the pEFIRES-Puro vector contained the REST-VP16 insert in the desired 

orientation, recombinant vector DNA was purified from pure colonies of transformed 

DH5α cells and analysed by digestion with three different restriction enzymes.  The 

insert excised from the pcDNA3.1-REST-VP16 construct contained the REST-VP16 

gene flanked by restriction enzymes sites BamHI, BstXI, EcoRI, EcoRV and NotI 

downstream of REST-VP16, as well as HindIII, AflII, PmeI and NheI upstream of REST-

VP16.  When the pEFIRES-REST-VP16 construct was digested with BamHI, it 

produced two bands of the expected sizes 4.1 and 1.8 kb (Fig. 4.3).  The 1.8 kb band 

comprised part of the pEFIRES-Puro vector backbone, which contains a BamHI 

restriction enzyme site, but not the REST-VP16 sequence.  When the pEFIRES-REST-

VP16 construct was digested with EcoRV or NheI, for which there were only single 

restriction enzyme sites in the REST-VP16 multiple cloning site, the expected single 

band of approximately 5.9 kb was produced.  To further confirm presence of an insert, 

the empty background vector, pEFIRES-Puro, was digested with NheI.  This reaction 

produced a single band of approximately 4.2 kb. 

 

The presence of the DNA binding domain of REST and the VP16 gene of herpes 

simplex virus within the pEFIRES-REST-VP16 construct was confirmed by DNA 

sequencing.  Several sequencing reactions were carried out using primers at 

intermediate locations to confirm the whole sequence of the insert.  The sequences of 

the insert matched the requisite parts of the REST (NM_00562.4) and herpes simplex 

virus VP16 (GenBank: M15621.1) genes, which were published in the NCBI database 

(Fig. 4.4).  The sequences were further analysed to confirm that there were no other 

mutational changes that occurred during the process of cloning (see Appendix 4).  
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Figure 4.3: Characterisation of the restriction enzyme digestion of the pEFIRES-REST-

VP16 expression vector.  

(A) pEFIRES-REST-VP16 vector DNA was digested individually with either BamHI , EcoRV 

or NheI.  The pEFIRES-Puro vector was digested with NheI.  Molecular weight marker – λ 

HindIII digest. (B) Schematic diagram of pEFIRES-REST-VP16 vector and sizes of the 

background vector (~4.2 kb), the RESTVP16 gene insert (~1.7 kb) and the sizes of this vector 

cut by specific restriction enzymes.  
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Figure 4.4: Sequencing analysis of the pEFIRES-REST-VP16 to confirm the presence of 

the REST-VP16 gene. 

Multiple sequencing reactions were performed to ensure that the complete REST-VP16 insert 

was sequenced.  The T7 sequencing primer was used along with primers designed from internal 

regions of the REST-VP16 gene. 
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TTWAGCTTGGTACGAGCTCGGATCCACTAGTAACGGCCGCCAGTGTGCTGGAATTCGGCACGAGSAGAGA

GAGAGAGAGAGAGAGACGGTGAAGAAAGACAGATGGCAGAACTGATGCCGGTTGGGGATAACAACTTTTC

AGATAGTGAAGAAGGAGAAGGACTTGAAGAGTCTGCTGATATAAAAGGTGAACCTCATGGACTGGAAAAC

ATGGAACTGAGAAGTTTGGAACTCAGCGTCGTAGAACCTCAGCCTGTATTTGAGGCATCAGGTGCTCCAG

ATATTTACAGTTCAAATAAAGATCTTCCCCCTGAAACACCTGGAGCGGAGGACAAAGGCAAGAGCTCGAA

GACCAAACCCTTTCGCTGTAAGCCATGCCAATATGAAGCAGAATCTGAAGAACAGTTTGTGCATCACATC

AGAGTTCACAGTGCTAAGAAATTTTTTGTGGAAGAGAGTGCAGAGAAGCAGGCAAAAGCCAGGGAATCTG

GCTCTTCCACTGCAGAAGAGGGAGATTTCTCCAAGGGCCCCATTCGCTGTGACCGCTGCGGCTACAATAC

TAATCGATATGATCACTATACAGCACACCTGAAACACCACACCAGAGCTGGGGATAATGAGCGAGTCTAC

AAGTGTATCATTTGCACATACACAACAGTGAGCGAGTATCACTGGAGGAAACATTTAAGAAACCATTTTC

CAAGGAAAGTATACACATGTGGAAAATGCAACTATTTTTCAGACAGAAAAAACAATTATGTTCAGCATGT

TAGAACTCATACAGGAGAACGCCCATATAAATGTGAACTTTGTCCTTACTCAAGTTCTCAGAAGACTCAT

CTAACTAGACATATGCGTACTCATTCAGGTGAGAAGCCATTTAAATGTGATCAGTGCAGTTATGTGGCCT

CTAATCAACATGAAGTAACCCGCCATGCAAGACAGGTTCACAATGGGCCTAAACCTCTTAATTGCCCACA

CTGTGATTACAAACAGCAGATAGAAGCAACTTCAAAAACATGTAGAGCTACATGKGAACCCACGGCAGTT

CATGCCCTGTATGTGACTATGCAGCTTCCAGGAGTGTATCTACAGTATCACTTCAAATCTAAGCATCCTA

CTTGTCCTAATAAAACAATGGATGTCTCAAAAGTGAAACTAAAGAAAACCAAAAAACGAGAGGCTGACTT

GCCTGATAATATTACCAATGAAAAAACAGAAATAGAACAAACAAAAATAAAAGGGGATGTGGCTGGAAAG

AAAAATGAAAAGTCCGTCAAAGCAGAGAAAAGAGATGTCTCAAAAGAGAAAAAGCCTTCTAATAATGTGT

CAGTGATCCAGGTGACTACCAGAACTCGAAAATCAGTAACAGAGGTGAAAGAGATGGATGTGCATACAGG

AAGCGATCTGGCCCCCCCGACCGATGTCAGCCTGGGGGACGAGCTCCACTTAGACGGCGAGGACGTGGCG

ATGGCGCATGCCGCGCGCTAGACGATTTCGATCTGGACATGTTGGGGGACGGGGATTCCCCGGGTCCGGG

ATTTACCCCCCACGACTCCGCCCCCTACGGCGCTCTGGATATGGCCGACTTCGAGTTTGAGCAGATGTTT

ACCGATGCCCTTGGAATTGACGAGTACGGTGGGTAGGGGGCGCGACCGGACCCGCATCCCCCGTCTGGGT

TTTCCCCTCCCGTCCCCGGTTCGTATCCACAATAAACACGAGCACATACATTACAAAAACCTGCGGTTGT

CGTCTGATTATTTGGTGGATCCAC

5’
DNA-Binding Domain of RESTHind III

REST VP16

VP16 BamHI

3’
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4.2.1.3  Stable transfection of SK-MEL-28 cells with the REST-VP16 expression 

vector 

A kill-curve assay was carried out to determine the concentration of puromycin required 

to completely kill wild-type SK-Mel-28 cells.  For this purpose, 5×10
4
 SK-Mel-28 cells 

were seeded into wells of 48 well plates in complete RPMI 1640 medium to achieve 

approximately 80% confluence after culturing overnight.  The cells were then treated 

with puromycin at concentrations ranging from 0.4 μg/ml to 4 µg/ml.  Treatment of SK-

Mel-28 cells with puromycin at concentrations greater than 3 µg/ml resulted in 100% 

cell death after approximately 48 hours.  Treatment with 1 µg/ml and 2 µg/ml required 5 

and 4 days, respectively, to produce 100% cell death.  SK-Mel-28 cells were not 

completely killed by puromycin concentrations less than or equal to 0.5 µg/ml.  

Puromycin was therefore used at 2 µg/ml to select for stable transfectants and 1 µg/ml 

to maintain selected cells in culture.  It was also noted that puromycin selection at these 

concentrations was hindered when the cells were subjected to stressful conditions such 

as overgrowth. 

 

Upon establishing the kill curve, 5×10
4
 SK-Mel-28 cells

 
were seeded in to the wells of a 

24-well tissue culture plate approximately 24 hours prior to transfection.  Cells were 

transfected with 1 µg of pEFIRES-REST-VP16 or 1 µg of empty vector pEFIRES-Puro 

as a negative control using 3 µl of GenJet
TM 

transfection reagent (Signagen 

Laboratories).  Treatment of the transfected cells with puromycin was initiated 24 hours 

after transfection at a concentration of 1 µg/ml.  The puromycin concentration was 

increased to 2 µg/ml, in fresh medium, 48 hours after transfection.  Approximately one 

week after transfection and puromycin selection, when the selected cells had formed 

small colonies, they were passaged and maintained thereafter in 1 µg/ml puromycin.  

Individual clones of SK-Mel-28:pEF-RESTVP16 (stably transfected with the pEFIRES-

REST-VP16 vector) and SK-Mel-28:pEF (stably transfected with the empty background 

vector pEFIRES-Puro) were isolated by serial dilution from the initial cell passage.  

Five individual colonies were combined as a polyclonal cell line for analysis in order to 

avoid any bias inherent in selecting a single colony. 

4.2.1.4  Confirmation of REST-VP16 expression in SK-Mel-28:pEF-RESTVP16 

RT-PCR analysis was carried out in order to measure the expression of REST-VP16 

mRNA in the SK-Mel-28:pEF-RESTVP16 clones.  VP16 primers designed in a 
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previous study (Gopalakrishnan et al., 2010) were used to confirm the expression of 

REST-VP16.  RT-PCR analysis was performed on clones of SK-Mel-28:pEF-

RESTVP16 and SK-Mel-28-pEF, as well as wild-type SK-Mel-28 cells.  Expression of 

GAPDH mRNA was also measured as an internal control.  While GAPDH expression 

was almost equal in the three cell lines, indicative of equal cDNA loading, expression of 

VP16 was amply detected, but only in the SK-Mel-28:pEF-RESTVP16 cell line, as 

expected (Fig. 4.5). 

 

 

Figure 4.5: High levels of REST-VP16 mRNA expression in the transfected cell line. 

RT-PCR analysis of VP16 mRNA expression in the SK-Mel-28 stably transfected with REST-

VP16 construct (SK-Mel-28:pEF-RESTVP16) , the cells transfected with vector control (SK-

Mel-28:pEF)  and the wildtype  cells.  Similar results were obtained in at least three independent 

experiments. 

 

Flow cytometry analysis was carried out to confirm the expression of REST-VP16 

protein in the SK-Mel-28:pEF-RESTVP16 cell line.  SK-Mel-28:pEF-RESTVP16, SK-

Mel-28:pEF and wild-type SK-Mel-28 cells were fixed, permeablised and stained 

intracellularly with a mouse anti-VP16 primary antibody and an anti-mouse IgG 

antibody conjugated to Alexa Fluor
®
 488.  The results showed a significant increase in 

the expression of REST-VP16 in the SK-Mel-28:pEF-RESTVP16 cell line, 

approximately six-fold higher than the baseline detection in SK-Mel-28:pEF and wild 

type SK-Mel-28 cell lines (Fig. 4.6A-B).  No significant difference was detected in the 

expression of VP16 in the SKMel28:pEF and wild type SK-Mel-28 cell lines which 

should not express any VP16, suggesting the levels detected were non-specific 

background signals. 

VP16

GAPDH
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Figure 4.6: FACS analysis of high levels of REST-VP16 protein expression in transfected 

cells.  

(A) Representative flow cytometry histograms showing the fluorescence intensity of  

SK-Mel-28, SK-Mel-28:pEF and SK-Mel-28:pEF-RESTVP16 cells stained with a mouse anti-

VP16 antibody and anti-mouse IgG conjugated to Alexa Fluor® 488.  Cell counts were plotted 

using FlowJo software.  (B) Quantitative representation of the results from (A).  The mean 

fluorescence intensities were plotted relative to the mean fluorescence from wild-type cells.  

Results are presented as mean ± SEM, (n=3), (* p < 0.001 by one-way ANOVA with 

Bonferroni’s test, with respect to the wild-type and empty vector-transfected cells). 

  



 

138 

 

       

 

                         

A) 

B) 

SK-Mel-28:pEF-
RESTVP16

SK-Mel-28:pEF

SK-Mel-28

S
K
-M

el
-2

8

S
K
-M

el
-2

8:
pE

F

S
K
-M

el
-2

8:
pE

F-R
E
S
TV

P
16

0

1

2

3

4

5

6

7 *

R
E

S
T

-V
P

1
6

M
F

U
  
F

o
ld

 I
n

c
re

a
s
e



 

139 

 

 

 

 

 

 

  



 

140 

 

4.2.2  Binding activity of the REST protein to RE1 elements of target genes in the 

SK-Mel-28:pEF-RESTVP16 cell line 

In order to analyse the in vivo binding of REST to RE1 elements on target genes in 

cultured cells, chromatin immunoprecipitation (ChIP) assays were performed.  Sheared 

chromatin was obtained from the SK-Mel-28:pEF-RESTVP16 and wild type SK-Mel-

28 cells, and was immunoprecipitated using an antibody specific for one of the 

repressor domains of REST that was deleted in REST-VP16.  Therefore any binding 

detected in the ChIP assay was specific for REST and not for REST-VP16.  Chromatin 

was also immunoprecipitated with mouse whole IgG as a negative control.  ChIP 

products were used as templates in the PCR reactions.  Primer pairs were designed to 

specifically amplify a fragment containing the RE1 element in the STAT1 gene and the 

RE1 element in the SCG10 gene.  Annealing temperature optimisation of these primers 

was previously carried out (Chapter 1; Fig. 3.5). 

 

Results from the ChIP assays showed a small reduction in amplification of input DNA 

from wild-type SK-Mel-28 cells compared to SK-MEL-28:pEF-RESTVP16 cells (Fig. 

4.7A), indicative of a smaller amount of DNA in the wild-type chromatin pool.  

Amplification from immunoprecipitates using mouse whole IgG was negligible in both 

cell lines but similarly reflected the smaller amount of DNA in the wild-type chromatin 

pool.  In contrast, the fragment containing the RE1 element from the STAT1 gene was 

amplified more efficiently from wild-type cells following ChIP with the REST 

antibody, suggesting that the REST binding activity to the STAT1 gene was 

significantly decreased in SK-MEL-28:pEF-RESTVP16 cells.  In addition, the fragment 

containing the RE1 element from the SCG10 gene was also amplified more efficiently 

in wild-type SK-MEL-28 than in SK-MEL-28:pEF-RESTVP16, relative to the input 

controls.  This suggests that the binding activity of REST to the SCG10 gene was also 

significantly decreased in the SK-MEL-28:pEF-RESTVP16 cell line. 

 

To confirm these results, quantitative ChIP analysis was carried out using real time PCR 

(Fig. 4.7B).  The results showed that the binding activity of REST to the RE1 element 

of the STAT1 gene was approximately seven-fold higher in wild-type SK-Mel-28 cells 

than in SK-Mel-28:pEF-RESTVP16 cells.  In addition, the binding activity of REST to 

the SCG10 gene was approximately three-fold higher in wild-type cells than in 

SKMel28-pEF-RESTVP16 cells. All of these results suggest that REST binding activity 

was significantly decreased in the SK-Mel-28:pEF-RESTVP16 cell line. 
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Figure 4.7: Chip assay for reduced binding activity of REST to REST-target genes in the  

REST-VP16 transfected cell line.  

(A) Chromatin extracts were immunoprecipitated using REST and mouse IgG antibodies from 

wild-type SK-Mel-28 and the REST-VP16 transfected SK-Mel-28:pEF-RESTVP16 cell line.  

ChIP products were analysed by PCR using primer sets specific for the regions containing the 

RE1 elements from the STAT1 and SCG10 genes.  (B) Real-time, quantitative PCR was carried 

out on the ChIP products using primer sets specific for the REST binding regions of the STAT1 

and SCG10 genes.  The amplification levels were normalised against input DNA and presented 

as mean ± SEM, (n=3), (* p < 0.001 by two-tailed student T-test with respect to the wild-type). 

  



 

142 

 

 

A) 

B) 

Input DNA Mouse IgG Anti-REST Water
Control

STAT1-gene, 
REST binding site

SCG10-gene, 
REST binding site

M
ouse

 Ig
G

A
nti-

R
ES

T S
TA

T1 
re

gio
n

A
nti-

R
ES

T S
C
G
10

 r
eg

io
n

0

25

50

75

100

125

SK-Mel-28

SK-Mel-28:pEF-RESTVP16

*

*

%
 o

f 
in

p
u

t



 

143 

 

  



 

144 

 

4.2.3  Functional activity of REST in the SK-Mel-28:pEF-RESTVP16 cell line. 

 

To investigate the functional (repressor) activity of REST, the luciferase reporter 

construct pGL3-STAT1-scg10-RE1 was used, in which the sequence of the RE1 element 

from the human SCG10 gene was cloned into the commercial pGL3-basic vector 

(Promega) immediately downstream of the inserted human STAT1 promoter and 

enhancer.  This construct was previously used to assess REST activity since the addition 

of the RE1 element reduced constitutive transcriptional activity from the STAT1 

promoter/enhancer by 70% in SK-Mel-28 cells (Chapter1; Fig. 3.9).  The RE1 element 

from the SCG10 gene is frequently used as a control when studying REST-mediated 

repression (Schoenherr et al., 1996).  Transient transfections were performed in SK-

Mel-28:pEF-RESTVP16, SK-Mel-28:pEF and wild-type SK-Mel-28 cells using the 

GenJet
TM 

transfection reagent and dual-luciferase assays were carried out on the 

transfected cells.  The phRL-SV40 plasmid (Promega) was used as the internal 

calibration control.  In this plasmid, the luciferase cDNA from Renilla reniformis is 

under the control of the SV40 virus promoter and enhancer.  Firefly luciferase activity 

obtained from each experiment was normalised by the corresponding Renilla luciferase 

activity. 

 

The luciferase activity of pGL3-STAT1-scg10-RE1 was increased approximately 2.5-

fold in the SK-Mel-28:pEF-RESTVP16 cell line, which express high levels of REST-

VP16, compared to both wild-type and SK-Mel-28:pEF cells (Fig. 4.8).  This indicates 

that the REST-mediated repression of the STAT1 promoter was decreased in the 

SKMel28-pEF-RESTVP16 cell line. 
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Figure 4.8: Luciferase reporter assays to determine the reduced repressive activity of the 

REST protein in the REST-VP16 transfected cell line. 

SK-Mel-28:pEF-RESTVP16, SK-Mel-28:pEF (empty vector) and wild-type SK-Mel-28 cells 

were transfected with the luciferase reporter vector pGL3-STAT1-scg10-RE1 using GenJetTM 

transfection reagent and phRL-SV40, encoding Renilla luciferase, as an internal control.  

Promoter activity is expressed as relative luciferase units (RLU).  Results are presented as mean 

± SEM, (n=3), (* p < 0.01 by one-way ANOVA with Bonferroni’s test, with respect to both 

wild-type and empty vector). 
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4.2.4  The conversion of melanoma cells into a mature neuronal-like phenotype 

through stable expression of REST-VP16 

 

SK-Mel-28:pEF-RESTVP16, SK-Mel-28:pEF and wild-type SK-Mel-28 cells were 

cultured in tissue culture flasks and observed for morphological changes in cell 

phenotype.  Each flask was coated with mouse laminin and washed thoroughly prior to 

seeding of the cells in order to enhance the attachment of the cells to the surface of the 

flask and to assist in their potential transdifferentiation into a neuronal phenotype (Sun 

et al., 2008).  The cells were grown in standard RPMI 1640 medium with 10% serum 

without any specific neuronal supplements.  

 

Initially SK-Mel-28:pEF-RESTVP16 cells grew much more slowly than wild-type cells.  

Within a week, the cells showed gradual changes in shape compared to the normal 

spindle shape of the SK-Mel-28:pEF and wild-type SK-Mel-28 cells (Fig. 4.9).  After 

two weeks the cytoplasmic content of the SK-Mel-28:pEF-RESTVP16 cells was 

reduced compared to the SK-Mel-28:pEF and wild- type cells, and an increase in 

projections appeared to extend from the borders of the cells.  After 20 days, SK-Mel-

28:pEF-RESTVP16 cells showed a typical neuronal aspect, with multipolar processes.  

These features were completely absent in the SK-Mel-28:pEF and wild-type SK-Mel-28 

cells. 

 

Previous studies have described that cells treated with nerve growth factor (NGF) and 

epidermal growth factor (EGF) increased neuronal transdifferentiation (Traverse et al., 

1994, Angenieux et al., 2006, Chung et al., 2010).  Therefore, to further promote the 

growth of the neuronal-like SK-Mel-28:pEF-RESTVP16 cells, they were treated with 

100 ng/ml NGF and/or 20 ng/ml EGF included in the culture medium.  However, the 

results showed that the cells treated with NGF and/or EGF did not show any significant 

morphological changes compared to the untreated cells.  The wild-type melanoma cells 

were also not affected by the NGF and EGF treatments and they did not show any 

indications of neuronal transdifferentiation. 
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Figure 4.9: Stable REST-VP16 expression in melanoma cells enables them to exhibit a 

neuronal phenotype. 

(A) SK-Mel-28 cells stably expressing REST-VP16 (SK-Mel-28:pEF-RESTVP16), were 

cultured in the laminin coated tissue culture plates and photographed using Ti-E microscopy. 

(B) SK-Mel-28 cells stably transfected with an empty vector (SK-Mel-28:pEF), was cultured in 

the laminin coated tissue culture plates and photographed using Ti-E microscopy. (C) Wild type 

SK-Mel-28 cells was cultured in the laminin coated tissue culture plates and photographed using 

Ti-E microscopy (magnification x20).   

* note the abundant appearance of neurite-like extension in the cells expressing REST-VP16. 
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4.2.5  Analysis of neuronal morphology and expression of neuronal markers by 

immunocytochemistry assay. 

 

To further characterise the neuronal transdifferentiation of the human melanoma cell-

derived SK-Mel-28:pEF-RESTVP16 cells line, immunocytochemistry was carried out 

using markers typical of neuronal cells.  The two neuronal markers most commonly 

used in studies to characterise the neuronal differentiation of cells are β-III-Tubulin and 

NF-200 (Immaneni et al., 2000, Su et al., 2004).  SK-Mel-28:pEF-RESTVP16 and SK-

Mel-28:pEF cells were stained intracellularly with antibodies against these two markers 

and analysed by TIE microscopy.  Cell nuclei were stained with the nucleic acid stain 

Propidium Iodide (PI), shown as a red colour in the images. 

 

Bright field images very clearly show the neuronal-like morphology of the SK-Mel-

28:pEF-RESTVP16 cells, with multiple processes.  In contrast, the SK-Mel-28:pEF 

cells showed mostly an oval shape without any neuronal projections.  The SK-Mel-

28:pEF-RESTVP16 cells exhibited much more intense labelling for β-III-Tubulin than 

the SK-Mel-28:pEF cells, and their neuronal morphology was well illustrated with this 

antibody, with many neuronal multi-processes showing complete staining (Fig. 4.10).  

In contrast, SK-Mel28:pEF cells were only weakly stained with this antibody and no 

neuronal morphology was observed.  As expected, the cell nuclei in both cell lines were 

stained red in colour from propidium iodide. 

 

Similar to β-III-Tubulin, the NF-200 antibody stained the SK-Mel-28:pEF-RESTVP16 

cells much more intensely, very clearly showing neuronal morphology (Fig. 4.11).  The 

cytoplasm of cells was well stained and some neuronal projections were clearly evident.  

In contrast, the SK-Mel-28:pEF cells were stained much more weakly with NF-200, 

showing no indications of neuronal morphology. 
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Figure 4.10: Neuronal morphology and the expression of the neuronal differentiation 

marker β-III-Tubulin in melanoma cells stably expressing REST-VP16. 

SK-Mel-28 cells stably expressing REST-VP16, or stably transfected with an empty vector, 

were used in this immunocytochemistry assay.  Cells were stained using anti-β-III-Tubulin 

antibody, followed by anti-mouse-IgG Alexa Fluor® 488 and propidium iodide (PI) and 

photographed using Ti-E microscopy (magnification x20).   Similar results were obtained in two 

independent experiments. 

 

 



 

154 

 

SK-Mel-28:pEF-RESTVP16

Bright
Image

PI

β-III-
Tubulin

Merge 

SK-Mel-28:pEF



 

155 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.11: Neuronal morphology and the expression of the neuronal differentiation 

marker NF-200 in melanoma cells stably expressing REST-VP16. 

SK-Mel-28 cells stably expressing REST-VP16, or stably transfected with an empty vector, 

were used in this immunocytochemistry assay.  Cells were stained using anti-NF-200 antibody, 

followed by anti-mouse-IgG Alexa Fluor
®
 488 and propidium iodide (PI) and photographed 

using Ti-E microscope (magnification x20).  Similar results were obtained in two independent 

experiments. 
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4.2.6  RT-PCR analysis of terminal differentiation neuronal marker expression in 

SK-Mel-28:pEF-RESTVP16 cells 

 

Previous studies have described SCG10 to be a specific marker for terminal 

differentiation of neurons and the expression of this marker was determined to confirm 

the neuronal transdifferentiation of a myoblast cell line, as well as other mammalian cell 

lines (Gopalakrishnan et al., 2010).  Therefore, the expression of SCG10 was 

determined in SK-Mel-28:pEF-RESTVP16 cells and compared to SK-Mel-28:pEF and 

wild-type SK-Mel-28 cells to further confirm the neuronal transdifferentiation of the 

melanoma cells.  Real time PCR (RT-PCR) was carried out using primers specific for 

SCG10 that were previously used in studies confirming SCG10 mRNA expression in 

neuronal cell lines (Bieche et al., 2003).  The specificity of the primers was first 

confirmed by BLAST analysis.  The expression of 18s mRNA was used as an internal 

control.  Expression of the SCG10 gene was detected in SK-Mel-28:pEF-RESTVP16 

cells, but not in the wild- type SK-Mel-28 cells or the cells transfected with an empty 

vector (Fig. 4.12A).  This result was validated by the equal amplification levels of the 

18s rRNA in cells samples analysed. 

 

To further characterise the neuronal transdifferentiation of the melanoma cell line, 

expression of β-III-Tubulin mRNA was compared between in the three SK-Mel-28-

derived cell lines by quantitative real time PCR (qRT-PCR), using primers specific for 

β-III-Tubulin which was designed based on previous study (Nourbakhsh et al., 2011) as 

well as 18s rRNA used as a control.  Expression of β-III-Tubulin mRNA in the SK-Mel-

28:pEF-RESTVP16 cells was increased compared to that of the SK-Mel-28:pEF and 

wild-type SK-Mel-28 cells (Fig. 4.12B).  Quantitative analysis determined the increase 

in the expression of β-III-Tubulin mRNA in SK-Mel-28:pEF-RESTVP16 cells to be 

2.5-fold higher than in SK-Mel-28-pEF and wild type SK-Mel-28 cell lines. 
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Figure 4.12: RT-PCR analysis of terminal neuronal differentiation marker expression in 

the neuronal-like REST-VP16 transfected melanoma cell line. 

(A) RT-PCR analysis of SCG10 mRNA expression in SK-Mel-28:pEF-RESTVP16, SK-Mel-

28:pEF (empty vector) and wild-type SK-Mel-28 cells.  18s rRNA was included as control for 

RNA loading.  Similar results were obtained in three independent experiments.  (B) Quantitative 

RT-PCR analysis of β-III-Tubulin mRNA expression normalised to 18s rRNA levels.  Results 

are presented as mean ± SEM, (n=3), (* p < 0.001 by one-way ANOVA with Bonferroni’s test, 

with respect to both wild-type and empty vector-transfected cells).  
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4.2.7  Flow cytometric quantification of neuronal marker expression in the 

neuronal-like transdifferentiated melanoma cell line. 

 

Flow cytometric analysis was used in order to quantify the protein levels of β-III-

Tubulin and NF-200 in the neuronal–like transdifferentiated melanoma cells.  SK-Mel-

28:pEF-RESTVP16, SK-Mel-28:pEF and wild-type SK-Mel-28 cells were fixed, 

permeablised and stained intracellularly using antibodies against β-III-Tubulin and NF-

200.  To prevent non-specific binding of the antibodies, FcR blocker was included. 

 

While the level of β-III-Tubulin protein in SK-Mel-28:pEF cells was not significantly 

different from wild-type SK-Mel-28 cells, the level in SK-Mel-28:pEF-RESTVP16 

cells was approximately four-fold higher than the level in wild-type cells (Fig. 4.13A-

B).  Similarly, the levels of NF-200 protein did not differ significantly between wild-

type and SK-Mel-28:pEF cells, while the level in SK-Mel-28:pEF-RESTVP16 cells was 

approximately three-fold higher than that detected in the wild-type cells (Fig. 4.14A-B).  
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Figure 4.13: FACS analysis showing increased expression of β-III-Tubulin protein in the 

neuronal-like transdifferentiated melanoma cells expressing REST-VP16.  

(A) Representative flow cytometry histograms of SK-Mel-28, SK-Mel-28:pEF and SK-Mel-

28:pEF-RESTVP16 cells stained with mouse anti-β-III-Tubulin antibody and anti-mouse IgG 

conjugated to Alexa Fluor® 488.  (B) Quantitative representation of the results from (A).  The 

mean fluorescence intensities were plotted relative to the mean fluorescence from wild-type 

cells.  Results are presented as mean ± SEM, (n=3), (* p < 0.001 by one-way ANOVA with 

Bonferroni’s test, with respect to the wild-type cells and empty vector-transfected cells). 
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Figure 4.14: FACS analysis showing increased expression of NF-200 in the neuronal-like 

transdifferentiated melanoma cells expressing REST-VP16.  

(A) Representative flow cytometry histograms of SK-Mel-28, SK-Mel-28:pEF and SK-Mel-

28:pEF-RESTVP16 cells stained with mouse anti-NF-200 antibody and anti-mouse IgG 

conjugated to Alexa Fluor® 488.  (B) Quantitative representation of the results from (A).  The 

mean fluorescence intensities were plotted relative to the mean fluorescence from wild-type 

cells. Results are presented as mean ± SEM, (n=3), (* p < 0.001 by one-way ANOVA with 

Bonferroni’s test, with respect to the wild-type cells and empty vector-transfected cells). 
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4.3 Discussion 

 

Current available treatments for malignant melanoma are very poor with high death 

rates among patients with advanced stage disease.  While immunotherapy and 

chemotherapy constitute the current standard of care, new modes of treatment are 

necessary to achieve higher rates of remission or complete remission from advanced 

stage melanoma.  Finding suitable targets to block malignant transformation or to 

reverse malignant transformation that has already occurred appears to be the most 

promising avenue for exploring new treatments. 

 

Tumour transdifferentiation is a phenomenon whereby tumour cells can change from an 

established cell type into another cell type.  Several recent studies have investigated the 

potential of brain and prostate cancer cells to transdifferentiate (Marcu et al., 2010, Soda 

et al., 2011).  However to date, the study of transdifferentiation of melanoma cells has 

been very limited.  An earlier study demonstrated transdifferentiation of melanoma cells 

into microvessel formation in a process described as vasculogenic mimicry (Maniotis et 

al., 1999, Hendrix et al., 2003). 

 

Although it is widely accepted that melanoma cells exhibit a certain degree of plasticity, 

including a tendency to differentiate along neural cell pathways, the clinical significance 

and the mechanisms involved in melanoma neuronal differentiation are poorly 

understood (Reed et al., 1999, Maddodi et al., 2010).  However, It is known that dermal 

nevus cells morphologically resemble Schwann cells of the peripheral nervous system 

and express Schwann cell-related antigens (Reed et al., 1999).  In addition, expression 

of the marker of terminal neuronal differentiation, MAP2, is high in benign melanocytic 

nevi and primary melanomas, but not metastatic lesions.  Increased expression of MAP2 

inhibits melanoma cell proliferation, invasion and tumour growth in vitro and in vivo 

(Maddodi et al., 2010).  This would indicate that the neuronal differentiation of 

melanoma cells is a potential goal for therapy and that understanding the genetic 

regulation involved in the neuronal differentiation is vital.  To date, there has not been a 

single study investigating the potential of neuronal transdifferentiation of melanoma 

cells, either in vivo or in vitro.  Therefore, this study was conceived to investigate the 

feasibility of this phenomenon. 
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The pathway by which neural stem cells (NSCs) differentiate into neurons is generally 

believed to involve four steps characterised by the expression and action of specific 

gene products (Su et al., 2004, Lawinger et al., 2000).  In the first step, NSCs, which 

regenerate more stem cells under certain conditions and differentiate under other 

conditions, express p75 and nestin.  The second step, which is the neuronal 

determination step, is characterised by the functioning of basic helix-loop-helix proteins 

such as MASH, MATH, and neuroD3/neurogenin (Immaneni et al., 2000).  This is 

followed by the commitment step, in which gene products such as neuroD1/2, Myt1, and 

neurofilament 150 are expressed.  Finally, the terminal differentiation step is 

characterised by the expression of gene products such as SCG10, sodium channel type 

II, synapsin, glutamate receptor, and the acetylcholine receptor (Immaneni et al., 2000).  

Several of the neuronal terminal differentiation genes are direct targets for the 

transcriptional repressor REST (Su et al., 2004, Chong et al., 1995, Schoenherr and 

Anderson, 1995a).  REST contains a DNA-binding domain and two repressor domains 

and is expressed in non-neuronal cells.  The mechanism by which REST represses 

transcription occurs by binding to a specific RE1 site present in the regulatory regions 

of its target genes (Bruce et al., 2004, Otto et al., 2007).  The expression of REST is 

down-regulated during the induction and maintenance of the neuronal phenotype (Ballas 

et al., 2001) whereas overexpressing REST in differentiating neurons disrupts the 

normal neuronal gene expression and causes axon guidance errors (Paquette et al., 

2000). 

 

Neuronal differentiation is regulated, particularly in the early stages, by negative 

transcriptional regulators (Schoenherr and Anderson, 1995b).  This raises the possibility 

of bypassing these steps and directly activating terminal differentiation genes.  NSCs 

that would otherwise be restricted at the preceding steps could then differentiate into 

neurons.  Furthermore, such a manipulation may also convert non-neural progenitor 

cells to a neuronal phenotype.  As an example, the direct activation of REST target 

genes with a single transgene, REST-VP16, was sufficient to activate terminal neuronal 

differentiation genes, triggering neuronal differentiation in myoblasts and neural stem 

cells (Gopalakrishnan et al., 2010, Su et al., 2004).  REST-VP16 was designed by 

replacing the repressor domains of REST with the VP16 gene of the herpes simplex 

virus while retaining the REST DNA-binding domain (Fig. 4.1).  REST-VP16 inhibits 
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REST activity and simultaneously activates the REST targeted genes in various cell 

lines (Fuller et al., 2005, Gopalakrishnan et al., 2010).  Thus, REST-VP16 was used in 

this study as a tool to convert melanoma cells into mature neuronal cells. 

 

The REST-VP16 fusion gene was provided in a vector construct containing the 

pcDNA3.1 vector backbone.  Initially, this vector was stably transfected into the 

melanoma cell line, SK-Mel-28.  These cells showed no observable changes, possibly 

due to the low levels of resulting expression of REST-VP16.  Therefore, the REST-

VP16 gene was transferred from the pcDNA3.1 vector into the highly efficient 

expression vector, pEF-IRES, in order to further increase the expression of the REST-

VP16 fusion protein (Fig. 4.2).  The presence of the REST-VP16 insert within the pEF-

IRES vector was confirmed by restriction enzyme analysis (Fig. 4.3) and sequencing 

analysis (Fig. 4.4).  The sequencing analysis also confirmed that there were no 

mutational changes in the REST-VP16 transgene.  Since expression of high levels of 

REST-VP16 was considered to be essential for inducing the melanoma to neuronal-like 

transdifferentiation, a melanoma cell line was stably transfected with the REST-VP16 

expression vector.  The increased expression of REST VP16 in the transfected cell line 

was confirmed by RT-PCR (Fig. 4.5) and flow cytometric analysis (Fig. 4.6). 

 

Since REST-VP16 contains the DNA binding domain of REST, it was expected to 

compete with endogenous REST for binding to the RE1 elements of target genes.  The 

binding activity of REST to the RE1 element of two target genes was analysed in the 

REST-VP16-expressing melanoma cell line and compared against the wild-type SK-

Mel-28 melanoma cell line by ChIP assay (Fig. 4.7).  For this assay, an antibody 

specific for one of the repressor domains of REST was used.  Since this domain was 

deleted in REST-VP16, any binding detected in the ChIP assay was specific for REST 

and not for REST-VP16.  Indeed, the binding activity of REST decreased in the REST-

VP16 expressing cell line (Fig. 4.7), indicating strong competition for binding by 

REST-VP16. 

 

Since REST-VP16 expressed in SK-Mel-28:pEF-RESTVP16 cells was shown to bind to 

the promoter and enhancer region of REST target genes, it was expected to activate the 

expression of these genes rather than repress like the wild-type REST protein.  

Therefore, the functional activity of REST would be decreased in REST-VP16-
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transfected cell lines (Immaneni et al., 2000).  The normal cellular function of REST is 

to bind to the RE1 elements in the promoter regions of target genes, such as SCG10, and 

repress their expression.  Many of these REST target genes are essential for neuronal 

differentiation (Schoenherr and Anderson, 1995a, Chong et al., 1995, Schoenherr and 

Anderson, 1995b).  In reporter gene assays, luciferase activity which would ordinarily 

be repressed by the addition of the RE1 element from the SCG10 gene was increased in 

the REST-VP16-transfected cell line (Fig. 4.8).  No significant differences were 

detected between the transcription repressive activity of REST in wild-type cells or cells 

transfected with the empty pEF-IRES vector, eliminating any effects due to the 

transfection reaction itself.  Clearly, the increased luciferase expression in the REST-

VP16-expressing cells was due to REST-VP16 competing with REST for binding to the 

RE1 element, decreasing the REST-mediated repressor activity.  

 

A previous study observed REST-VP16 to directly activate expression of terminal 

neuronal differentiation genes that are targets of REST, which themselves trigger the 

activation of terminal neuronal differentiation genes that are not direct targets of REST 

(Gopalakrishnan et al., 2010).  Together, expression of these gene subsets was shown to 

produce functionally active neurons from myoblasts.  Therefore, it was hypothesised 

that the change towards a neuronal morphology observed in the REST-VP16-

transfected melanoma cell line (Fig. 4.9) was due to the activity of the REST-VP16 

protein.  These changes were not observed in melanoma cells transfected with the empty 

pEF-IRES vector, nor were they observed in cells treated with the growth factors NGF 

and EGF, indicating that the neuronal phenotype transdifferentiation of melanoma cells 

was not due to the effect of transfection or the effects of other potential neuronal growth 

factors. 

 

In addition to the morphological changes, increased expression of terminal neural 

differentiation markers such as β-III-Tubulin and NF-200 was confirmed in the REST-

VP16-transfected cells by immunocytochemistry (Figs. 4.10, 4.11) and flow cytometric 

analysis (Figs. 4.13, 4.14).  Furthermore, immunocytochemistry clearly showed 

neuronal projections and multi-processes stained with neuronal markers.  This 

observation was completely absent in the cells transfected with the background vector.  

Interestingly, these experiments also showed that neural differentiation genes were 

expressed at low levels, but were not absent in wild-type cells or in the cells transfected 
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with the empty vector.  The low level of expression of neuronal markers in the wild-

type cell line may be due to the embryological origin of melanocytes from neural crest 

cells (Sommer, 2011). To further confirm the neuronal transdifferentiation of SK-Mel-

28 melanoma cells by REST-VP16, mRNA expression of the terminally differentiated 

neuronal marker SCG10 was analysed by RT-PCR. SK-Mel-28:pEF-RESTVP16 cells 

were shown to expresses high levels of SCG10 while expression of SCG10 mRNA 

could not be detected in the wild-type cells (Fig. 4.12A).  In addition, the increased 

expression of β-III-Tubulin in the neuronal differentiated cell line was also confirmed 

by qRT-PCR (Fig. 4.12B). 

 

In addition to the morphological and genetic aspects of the neurological 

transdifferentiation of melanoma cells by expression of REST-VP16, future studies will 

be required to further investigate whether neuronal functional activity is also conferred 

by this transgene.  These experiments should aim to determine the full extent of the 

transdifferentiation process.  Indeed, previous studies established the conferral of 

neuronal function to other types of cells transfected to express REST-VP16 (Watanabe 

et al., 2004, Gopalakrishnan et al., 2010). 

 

Previous studies showed the tendency of neoplastic melanocytes to differentiate along 

the neural pathway and suggested that the expression of neuronal specific protein in 

these cell lines may be due to the common derivaton of the melanocytes from neural 

crest cells (Sangueza and Requena, 1998, Reed et al., 1999, Fang et al., 2001). Our 

study has also shown the very low expression levels of some neuronal markers in a 

melanoma cell line.  However, the expression of REST-VP16 leads the melanoma cells 

to change into a neuronal cell phenotype and express very high levels of neuronal 

differentiation markers. Thus, these results confirm the potential of neuronal plasticity 

of melanoma. 

 

In some cancer cell types, their malignant potential has been correlated with the levels 

of expression of REST protein (Su et al., 2006, Kamal et al., 2012).  Decreasing the 

expression of REST decreased the malignant potential of the cancer cells in vitro 

(Kamal et al., 2012).  Further, the observation of a decrease in the growth of a 

melanoma cell line stably expressing REST-VP16 protein compared to wild type cells 

also raises the question of changes in their malignant potential. Therefore, it would be 
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interesting to also investigate whether the malignant potential of neuronally-

transdifferentiated melanoma cells decreases as a result of REST-VP16 inhibiting the 

activity of REST.  It would be intriguing to compare the tumourigenicity of REST-

VP16-expressing cells with normal wild-type cells in a xenograft animal model.  

Furthermore, the expression of melanoma and melanocyte markers could be measured 

to determine the extent of cell differentiation.  The results of such experiments could 

potentially lead to new treatment modalities for malignant melanoma as well as 

providing fascinating insights into the process of transdifferentiation. 

 

Recent studies have identified a small non-coding double-stranded RNA (dsRNA) 

matching the RE1 sequence and showed that when dsRNA was expressed, REST was 

converted from a repressor to an activator complex, leading to the activation of neuron-

specific genes for the induction neurogensis (Kuwabara et al., 2004).  Therefore this 

dsRNA or small molecules that mimic REST-VP16 could be obtained screening 

chemical libraries, in order to find therapeutic tools for transdifferentiation of melanoma 

into neuronal cells.  

 



 

173 

 

  



 

174 

 

 

 

 

 

 

 

 

 

 

Chapter 5 

The role of TNF-α and NFκB on STAT1 and MHC class I 

expression in melanoma 
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5.1 Introduction  

 

The interferons (IFNs) are a diverse family of pleiotropic cytokines classified into two 

types based on the extracellular receptors to which they bind: type I IFN (IFN-α and 

IFN-β and others) and type II IFN (IFN-γ only).  IFNs play an important role in innate 

immunity by inhibiting the replication of pathogens.  They also modulate immune 

responses and exert antiproliferative effects in some cell types.  As a result of these 

functions, the IFNs have been used in the clinic to treat viral infections, some cancer 

types and multiple sclerosis (Wadler and Schwartz, 1997, Pfeffer et al., 1998).  The 

functions of the IFNs are dependent on the expression of many IFN-stimulated genes 

(ISGs) via the classical JAK-STAT signalling pathways (Nguyen et al., 2000).  STAT1 

is an important component in the classical JAK-STAT pathways of both type I and type 

II IFNs.  As a result of IFN binding to its receptor, which triggers upstream signalling 

events, STAT1 becomes phosphorylated and forms dimers or small complexes with 

itself or with other molecules.  These complexes translocate to the cell nucleus where 

they recognise and bind to the promoters of ISGs.  The intracellular expression levels of 

STAT1, as well as their ability to homo- or heterodimerise with other STAT proteins 

and form complexes with other transcription factors are important determinants of the 

IFN response (Chen et al., 2004). 

 

The induction of STAT1 gene expression by both type I and type II IFNs has been 

comprehensively studied (Meraz et al., 1996, Wong et al., 2002).  Furthermore, 

previous studies from our research group have described the further enhancement of 

STAT1 gene expression by priming cells with IFN-γ prior to treatment with IFN-β 

(Dezfouli et al., 2003).  While the IFNs are known to stimulate expression of the STAT1 

gene, the time frame during which the expression of STAT1 reaches its peak has not 

previously been fully elucidated.  Knowledge of this time frame would be extremely 

beneficial for studying IFN-mediated responses and associated signalling pathways. 

 

Activation of the immune response plays an important role in the identification and 

elimination of cancer cells within the body.  IFNs play an important role in tumour cells 

in facilitating their recognition by the immune system (Hiroishi et al., 2000, Sharma et 

al., 2011).  Previously it was thought that the anti-tumour responses observed in some 

patients treated with IFNs were entirely a result of their direct growth inhibitory effects.  
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In fact, while IFNs can directly inhibit the proliferation of normal and tumour cells in 

vitro and in vivo, they also exert other effects on tumour cells (Belardelli et al., 2002).  

These effects include the down-regulation of oncogene expression and induction of 

tumour suppressor genes, which can contribute to antiproliferative activities by, for 

example, increasing the expression of MHC class I expression, which enhances immune 

recognition (Bracci et al., 2007).  Indeed, previous studies by our research group have 

shown that IFN-γ priming further increases the expression of MHC class I by type I IFN 

(Wong et al., 1998, Dezfouli et al., 2003).  IFN-mediated immunomodulatory effects 

can therefore be measured by bioimmunoassays where the expression levels of MHC 

class I are detected.  Though various evidence implicating a role for IFN-γ treatment, 

IFN-  represents a “double-edged sword” whose anti- and protumorigenic activities are 

dependent on the cellular, microenvironmental, and molecular context (Zaidi and 

Merlino, 2011).  

 

The first objective of this chapter was to examine a possible relationship between 

STAT1 and MHC class I by determining the times of peak STAT1 and MHC class I 

expression occurring following stimulation of a human melanoma cell line with type I 

and type II IFNs.  In addition, the effect of priming the cells with IFN-γ prior to 

treatment with IFN-β was analysed.  Using flow cytometry, it was determined that both 

type I and type II IFNs produced the maximal expression of STAT1 and MHC class I 

after two and three days of treatment, respectively.  Priming cells with IFN-γ prior to 

treatment with IFN-β further increased the expression of STAT1 and MHC class I. 

 

TNF-α is a pleiotropic multifunctional cytokine involved in activities as diverse as cell 

differentiation, cell proliferation and death, inflammation and immune responses.   

TNF-α acts via two distinct cell surface receptors, TNFR1 and TNFR2.  TNFR1 is 

constitutively expressed by most cell types while TNFR2 is expressed mainly in 

immune and endothelial cells.  While most of the biological activities of TNF-α are 

attributed to TNFR1, its affinity for TNFR2 is five times higher than that for TNFR1 

(Tartaglia and Goeddel, 1992) and there is evidence that both receptors can transduce 

signals cooperatively (van Horssen et al., 2006). 

 

The effects mediated by TNF-α on ISGs appear to be complex and cell type specific, 

although they have not previously been comprehensively studied.  IRF-1 is one ISG 
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whose response to TNF-α has been well characterised (Fujita et al., 1989, Neish et al., 

1995, Yarilina et al., 2008).  Yarilina et al. described the sustained expression of IRF-1 

and IRF-3 by TNF-α to be dependent on the IFN-β produced from monocytes and 

macrophages.  TNF-α was also shown to increase the expression of STAT1 as well as 

many ISGs in monocytes and macrophages.  To date there have been no studies 

investigating the kinetics of STAT1 and MHC class I expression in cancer cells 

following treatment with TNF-α.  In order to more fully understand the IFN signalling 

pathway, it is important to further understand the effects of TNF-α on the levels of 

STAT1 expression in cancer cell lines that constitutively express high levels of STAT1. 

 

IFNs and TNF-α share many of the same activities.  The synergistic anti-viral activities 

of type I IFNs and TNF-α were first reported two decades ago (Mestan et al., 1988).  

Synergism between TNF-α and IFN-γ has also been well established with many IFN-γ- 

and TNF-α-inducible genes super-induced by a combination of these factors (Ohmori et 

al., 1997, Pine, 1997, Schroder et al., 2004).  Many mechanisms have been proposed for 

the synergistic activity between TNF-α and IFN-γ and although it is known to occur at 

the level of gene transcription (reviewed in Bartee et al., 2008), the specific mechanism 

is not yet clear.  The synergism between TNF-α and type I IFN has not been studied 

specifically in the same detail as that between TNF-α and IFN-γ, especially in cancer 

cell lines.  Moreover, the molecular mechanism of synergism is completely unclear 

(reviewed in Cantaert et al., 2010).  However, previous studies have shown synergistic 

antiviral activities between TNF-α and IFN-β against vesicular stomatitis virus (VSV) 

in Hep-2 cells and myxoma virus in human monocytes and fibroblasts (Mestan et al., 

1988, Reis et al., 1989) 

  

The second objective of this chapter was to investigate the synergistic effects of TNF-α 

and IFN-β on the expression of STAT1 and MHC class I in a human melanoma cell 

line.  Treatment with TNF-α alone was shown not to alter STAT1 expression and to 

increase MHC class I expression slightly.  However, treatment with a combination of 

TNF-α and IFN-β increased the expression of STAT1 and MHC class I by a greater 

amount than treatment with IFN-β alone, suggestive of synergistic effects. 

 

The inflammatory effects of TNF-α are mediated primarily through the activation of 

mitogen-activated protein kinases (MAPKs) and NFκB (Schutze et al., 1995, Perona et 
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al., 1997).  NFκB is a family of transcription factors that function in controlling several 

processes including immunity, inflammation, cell growth and survival (Du et al., 2007).  

The five members of the mammalian NFκB family include RelA(p65), RelB, cRel, 

NFκB1 (p105, processed to p50) and NFκB2 (p100, processed to p52).  Dimers formed 

by members of this family differ with regard to their DNA-binding specificity and 

transactivation potentials (Pfeffer, 2011).  Thus, the Rel family members function as 

either homodimers or heterodimers with distinct specificity for cis-binding elements 

located within the promoter domains of NFκB-regulated genes (Hoberg et al., 2006).  

These family members have transcription activation domains that, when complexed 

with p50 or p52, are capable of activating transcription.  In contrast, p50 and p52 lack a 

transcription activation domain and function as repressors. 

 

The most studied form of NFκB is the heterodimer formed from p65 and p50 which is 

most notable for its ability to upregulate genes that protect cells from apoptosis (Hoberg 

et al., 2006).  Prior to their activation, NFκB homodimers or heterodimers are bound to 

IκB inhibitory proteins in the cytoplasm.  Following cellular stimulation, a signal 

transduction cascade is activated that converges on the IκB multiprotein complex 

consisting of the IKKα and IKKβ catalytic subunits, and the IKKγ/NEMO regulatory 

subunit.  Once IKKβ becomes phosphorylated, the IκB multiprotein complex is 

subsequently degraded, leading to the cytosolic dissociation of NFκB/IκB complexes.  

This allows the NFκB transcription factor complex to translocate to the nucleus to 

initiate transcription (Pfeffer, 2011).  NFκB can also be activated by an alternative 

signalling pathway involving the proteins NIK and TRAF (Du et al., 2007, Pfeffer, 

2011). 

 

IFNs and NFκB are both involved in immunity, inflammation, cell growth and cell 

survival.  Several studies assert that IFNs activate the NFκB signalling pathway to 

protect cells against apoptosis induced by multiple apoptotic stimuli, including IFN 

itself (Yang et al., 2000, Chawla-Sarkar et al., 2003, Yang et al., 2005).  The NFκB 

pathway is essential for IFN-induced cell survival and multiple IFN-stimulated 

pathways lead to NFκB activation (Pfeffer, 2011).  For instance, IFNs mediate NFκB 

activation through cross talk between the IFN-activated STAT3 pathway and NFκB 

pathway.  NFκB activity is also induced by the activation of PI3K/AKT by IFNs.  Thus, 

the IFN-activated NFκB pathway not only counter balances the ability of IFNs to induce 
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apoptosis and antiviral activity, but it also differentially regulates the expression of 

specific ISGs.  Interestingly, specific inhibition of TNF-α-mediated NFκB activation by 

type I IFN and STAT1 has been observed in some cell lines (Manna et al., 2000, 

Wesemann and Benveniste, 2003).  Evidently there remains much unknown about the 

regulation of IFN-mediated responses by NFκB. 

 

NF-κB was previously reported to suppress the antiviral activity of IFN in mouse 

embryo fibroblasts (Wei et al., 2006)  where NFκB suppressed one subset of ISGs while 

enhancing the expression of a different subset of ISGs.  NFκB was also shown to 

negatively regulate the IFN-mediated immunomodulatory effect and this was not 

mediated through altering the binding activity of STAT1 to the promoters of its target 

genes.   

 

Interestingly, visual examination of the repressor segment of the human STAT1 gene, 

which was characterised in Chapter 3 (Fig. 3.2) showed it to contain a putative NFκB 

binding site overlaping with the RE1-binding element.  Previous studies have reported 

the synergistic effects of NFκB and REST in repressing transcription of the TAC1 gene 

(Greco et al., 2007).  Indeed, a conclusion from chapter 1 was that the repression 

produced by REST through the RE1-binding element of the STAT1 gene was 

approximately only 75% of the repression produced by the complete 123 bp STAT1 

gene repressor region (Fig. 3.9). Therefore, the final objective of this chapter was to 

investigate the role of NFκB in regulating the expression of STAT1 and MHC class I.  

Using quantitative ChIP assays, the NFκB subunits p50 and p65 were shown to bind to 

the putative NFκB binding site in the STAT1 repressor region. The binding activity of 

p50 was comparatively higher than p65.  In addition, the presence of NFκB inhibitors, 

the induction of STAT1 and MHC class I expression by IFN-β was found to increase in 

a prolonged fashion.  These studies imply a role for NFκB in the repression of STAT1 

gene expression. 
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5.2 Results 

 

5.2.1  Time course for induction of the STAT1 protein levels in a human melanoma 

cell line after stimulation with IFN-β. 

 

To investigate the induction of IFN-β-mediated STAT1 expression, the 

SK-Mel-28 cell line was cultured in the presence of IFN-β before cells were examined 

by flow cytometric analysis.  Cells were grown in 6 well culture plates until reaching 

60% confluence whereupon they were treated with 1000 IU IFN-β continuously and 

analysed for STAT1 expression after 2, 3 and 4 days, respectively.  Cells were fixed, 

permeablised and stained intracellularly with a STAT1-specific antibody conjugated to 

Alexa Fluor® 647.  Expression of STAT1 increased significantly after IFN-β 

stimulation, reaching a peak (approximately 10-fold above constitutive levels) after 2 

days, slowly decreasing after 3 days (~6-fold) and then maintaining levels until 4 days 

after stimulation (Fig. 5.1A-B). 

 

5.2.2  Time course for the induction of MHC class I levels in a human melanoma 

cell line after stimulation with IFN-β. 

 

To analyse IFN-β-mediated immunomodulatory effects, the cells from Section 5.2.1 

were also stained for both intracellular and cell surface levels of MHC class I using a 

specific antibody conjugated to FITC.  Although there was a significant increase in the 

expression of MHC class I 2 days following IFN-β stimulation, the expression level 

increased until after STAT1 expression had reached its peak, reaching its own peak after 

3 days (approximately 14-fold above constitutive levels) (Fig. 5.1A-B).  After the 3 day 

peak, there was a dramatic decrease, reaching a lower level of increment after 4 days 

(~6-fold above control values). 
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5.2.3 Time course for the induction of  STAT1 protein levels in a human melanoma 

cell line after stimulation with IFN-γ. 

 

To investigate the induction of IFN-γ-mediated STAT1 expression, 

SK-Mel-28 cells were again cultured in 6 well plates.  Upon reaching 60% confluence, 

the cells were then treated with 1000 IU IFN-γ  continuously and analysed for STAT1 

expression after 2 days, 3 days and 4 days, respectively, as described in section 5.2.1.  

Induction of STAT1 by IFN-γ followed a similar time course to that obtained with IFN-

β, although the peak expression after 2 days was only approximately 7-fold above 

constitutive levels, rather than the 10-fold with IFN-β (Fig. 5.2A-B).  Nevertheless, 

STAT1 levels were remained 6-fold above constitutive levels until 4 days after 

stimulation.  

 

5.2.4  Time course for the induction of  MHC class I levels in a human melanoma 

cell line after stimulation with IFN-γ. 

 

The cells from Section 5.2.3 were also stained for both the intracellular and cell surface 

marker levels of MHC class I, as described in section 5.2.2.  Similarly to IFN-β 

stimulation, MHC class I expression again peaked 3 days after IFN-γ treatment, 

followed by a sudden decrease on the fourth day (Fig. 5.2A-B).  The peak after 3 days 

was approximately 10-fold above constitutive levels, less than the 14-fold induction 

obtained with IFN-β.  
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Figure 5.1: Time course for the induction of STAT1 and MHC class I by IFN-β. 

(A) Representative quadrant analysis showing the fluorescence intensity of SK-Mel-28 cells at 

various time points following treatment with IFN-β.  Cells were stained with a STAT1-specific 

antibody conjugated to Alexa Fluor® 647 (horizontal axis) and an MHC class I (MHC I)-

specific antibody conjugated to FITC (vertical axis).  Cell counts were plotted using FlowJo 

software.  (B) Quantitative representation of the results from (A).  The mean fluorescence 

resulting from detection of the antibody-conjugated fluorophores in IFN-β-stimulated cells was 

plotted relative to the mean fluorescence from untreated cells.  Experiments were performed in 

triplicate and the results are represented as mean ± SEM.   
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Figure 5.2: Time course for the induction of STAT1 and MHC class I by IFN-γ. 

(A) Representative quadrant analysis showing the fluorescence intensity of SK-Mel-28 cells at 

various time points following treatment with IFN-γ.  Cells were stained with a STAT1-specific 

antibody conjugated to Alexa Fluor® 647 (horizontal axis) and an MHC class I (MHC I)-

specific antibody conjugated to FITC (vertical axis).  Cell counts were plotted using FlowJo 

software.  (B) Quantitative representation of the results from (A).  The mean fluorescence 

resulting from detection of the antibody-conjugated fluorophores in IFN-γ-stimulated cells was 

plotted relative to the mean fluorescence from untreated cells.  Experiments were performed in 

triplicate and the results are represented as mean ± SEM.   
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5.2.5  Time course for the induction of STAT1 protein levels in a human melanoma 

cell line after stimulation with TNF-α. 

 

While the effects of TNF-α on gene transcription have been previously studied, its 

effects on IFN-regulated genes appear to be very complex and cell type specific.  To 

date there have been no studies on the direct effects of TNF-α on STAT1 and MHC 

class I expression in cancer cells.  Therefore, to investigate the role of TNF-α on the 

expression of STAT1, the melanoma cell line SK-Mel-28 was cultured in the presence 

of TNF-α before analysis by flow cytometric analysis.  Cells were treated with 20 ng/ml 

TNF-α and STAT1 protein levels were determined after 2, 3 and 4 days, respectively, as 

described in section 5.2.1.  Although there were slight fluctuations in STAT1 levels 

after 2 and 3 days, respectively, no significant increase or decrease in STAT1 levels 

occurred over this time course (Fig. 5.3A-B). 

 

5.2.6  Time course for the induction of MHC class I levels in a human melanoma 

cell line after stimulation with TNF-α. 

 

The cells from 5.2.5 were also stained for both intracellular and cell surface levels of 

MHC class I, as described in section 5.2.2.  In contrast to STAT1 expression, but 

similarly to the effects of IFN-β and IFN-γ, there was a slight detectable increase in 

MHC class I expression 2 days after the addition of TNF-α (approximately 1.4-fold 

above constitutive levels) and a significant increase by the 3
rd

 day (~3-fold) (Fig. 5.3A-

B).  After 4 days the levels decreased to approximately 1.5-fold above constitutive 

levels. Overall, the increases in MHC class I expression (Fig. 5.3) were much lower 

than those observed with the IFN-treated cells (Figs. 5.1-5.2). 
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Figure 5.3: Time course for the induction of STAT1 and MHC class I by TNF-α. 

(A) Representative quadrant analysis showing the fluorescence intensity of SK-Mel-28 cells at 

various time points following treatment with TNF-α.  Cells were stained with a STAT1-specific 

antibody conjugated to Alexa Fluor® 647 (horizontal axis) and an MHC class I (MHC I)-

specific antibody conjugated to FITC (vertical axis).  Cell counts were plotted using FlowJo 

software.  (B) Quantitative representation of the results from (A).  The mean fluorescence 

resulting from detection of the antibody-conjugated fluorophores in TNF-α-stimulated cells was 

plotted relative to the mean fluorescence from untreated cells.  For the purpose of comparison, 

the scale used here was the as that used in Figs. 5.1A and 5.2A.  Experiments were performed in 

triplicate and the results are represented as mean ± SEM.   
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5.2.7  Synergistic effects of IFN-β/IFN-  and IFN-β/TNF-α on STAT1 protein 

expression. 

 

Previous studies from our research group showed that type I and II IFNs function 

synergistically to increase STAT1 gene expression (Wong et al., 1998, Dezfouli et al., 

2003). The timing of maximal STAT1 protein expression following the combined 

treatment is important for understanding the IFN signalling pathway and potentially 

useful information for future assays using this combination of treatment.  Potential 

synergistic effects of TNF-α and type I IFNs in cancer cells have not previously been 

comprehensively studied.  Therefore, to investigate the maximal levels of STAT1 

expression, flow cytometry was carried out on SK-Mel-28 cells following treatment 

with various cytokine combinations over a time course of several days.  Cells were 

cultured under the conditions previously described and treated with various 

combinations of 1000 IU IFN-β, 20 ng/ml TNF-α and 1000 IU IFN- .  For the 

combination of IFN-β and IFN- , the cells were first primed with IFN-  for 16 h and 

subsequently treated with IFN-β for various time periods.  Similarly, for the 

combination of TNF-α and IFN-β, the cells were first primed with TNF-α for 16 h and 

subsequently treated with IFN-β.  Cells were fixed, permeablised and stained 

intracellularly with a STAT1-specific antibody conjugated to Alexa Fluor® 647. 

 

As expected, treatment with IFN-β alone increased the expression of STAT1 and 

reached a peak on the second day (approximately 10-fold upregulation) while treatment 

with TNF-α alone did not alter the expression of STAT1 protein (Fig. 5.4A-B).  The 

combination of TNF-α followed by IFN-β also increased STAT1 protein expression, but 

with different kinetics than that observed with IFN-β alone.  Thus, two days after the 

addition of IFN-β, the level of STAT1 expression induced by TNF-α/IFN-β (~7-fold) 

was lower than the level induced by IFN-β alone at the same time point.  Interestingly, 

the TNF-α/IFN-β treated cells continued to gradually increase their level of STAT1 

protein expression which had not yet reached a peak even after 4 days (~10-fold), 

compared to those treated with IFN-β alone which declined to approximately 6-fold 

above control after 3 days and maintained this level on the fourth day. 

 

The combination of IFN-γ followed by IFN-β increased STAT1 protein expression by 

approximately 11-fold above constitutive levels 2 days after the addition of IFN-β (Fig. 
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5.4A-B).  The protein level3 peaked after 3 days (~13-fold) and slowly decreased after 

that.  Compared to treatment with IFN-β alone, the combination of IFN-β and IFN-γ 

mediated increased STAT1 expression to a higher level and reached a peak after 3 

instead of 2 days.  Beyond 2 days, the IFN- -primed cells maintained STAT1 levels 

significantly higher than those cells treated with IFN-β alone.  The IFN-γ-primal cells 

also had higher STAT1 levels on the second and third days than those primed with 

TNF-α then treated with IFN-β. 

 

5.2.8  Synergistic effects of IFN-β/IFN-  and IFN-β/TNF-α on MHC class I 

expression. 

 

The synergistic effect of type I and II IFN with regard to MHC class I expression has 

been well established (Dezfouli et al., 2003).  However, the combined effects of TNF-α 

and type I IFN have not been previously determined.  In order to investigate the 

maximal levels of MHC class I expression, flow cytometry was carried out on SK-Mel-

28 cells following various treatments over a time course of several days.  Cells were 

cultured and treated with cytokines as described in section 5.2.7 and then stained for 

both intracellular and cell surface MHC class I levels using a FITC-conjugated 

antibody.  

 

Similarly to the results previously observed in Figs. 5.1 and 5.3, IFN-β increased MHC 

class I expression which peaked after 3 days (approximately 14-fold above constitutive 

levels) and TNF-α slightly increased MHC class I expression but only on the third day 

(~3-fold) (Fig. 5.5A-B).  The combination of TNF-α and IFN-β treatment increased 

MHC class I expression to levels significantly higher than IFN-β alone throughout the 

time course, reaching a peak after 3 days (~19-fold) and maintaining levels 

approximately 18-fold above constitutive levels after 4 days.  Interestingly, while MHC 

class I expression peaked after 3 days when primed with TNF-α before treatment with 

IFN-β (Fig. 5.5A-B), the STAT1 levels were still increasing on the fourth day (Fig. 

5.4A-B). 

 

The combination of IFN-γ priming and IFN-β treatment increased MHC class I 

expression by approximately 14-fold after 2 days, peaking on the third day (~22-fold) 



 

194 

 

and slowly decreasing after that (~17-fold after 4 days) (Fig. 5.5A-B).  Throughout the 

time course, the level of increase in MHC class I expression from the combined of IFN-

γ and IFN-β treatment was significantly higher than that obtained with IFN-β treatment 

alone.  In comparison to the combination of TNF-α and IFN-β, the combination of IFN-

γ/IFN-β produced similar increased levels of MHC class I upregulation except on the 

third day when the IFN-γ/IFN-β combination produced a peak (~22-fold above control 

values) slightly  higher than the peak TNF-α/IFN-β combination treatment (~19-fold 

above control values). 
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Figure 5.4: Time course for the induction of STAT1  by combinations of IFN and TNF-α. 

(A) Fluorescence intensity of SK-Mel-28 cells at various time points following treatment.  IFN-

γ/IFN-β and TNF-α/IFN-β cells were primed for 16 h prior to treatment with IFN-β (day 0).  

Cells were stained with a STAT1-specific antibody conjugated to Alexa Fluor® 647.  Cell 

counts were plotted using FlowJo software.  (B) Quantitative representation of the results from 

(A).  The mean fluorescence resulting from detection of the antibody-conjugated fluorophores 

was plotted relative to the mean fluorescence from untreated cells.  Experiments were 

performed in triplicate and the results are represented as mean ± SEM.   
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Figure 5.5: Time course for the induction of MHC class I by combinations of IFN and 

TNF-α. 

(A) Fluorescence intensity of SK-Mel-28 cells at various time points following treatment.  IFN-

γ/IFN-β and TNF-α/IFN-β cells were primed for 16 h prior to treatment with IFN-β (day 0).  

Cells were stained with a FITC-conjugated antibody specific for MHC class I.  Cell counts were 

plotted using FlowJo software.  (B) Quantitative representation of the results from (A).  The 

mean fluorescence resulting from detection of the FITC-conjugated MHC-class I-specific 

antibody was plotted relative to the mean fluorescence from untreated cells.  Experiments were 

performed in triplicate and the results are represented as mean ± SEM.   
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5.2.9 Identification of a putative NFκB element within the intronic regulatory 

element of the STAT1 gene. 

 

Using the transcription factor binding site (ver1.3) analysis software from TFSEARCH, 

a putative NFκB binding site was predicted to exist within the intronic regulatory 

element of the human STAT1 gene (from nucleotide +1070 to +1082, where +1 

corresponds to the start of the first exon).  Most of the NFκB binding site is located 

within one half of the RE1 element constituting the REST binding site (Fig. 5.6).   

 

 

 

 
Figure 5.6: Schematic representation of the putative NFκB binding site within the STAT1 

repressor segment. 

The putative NFκB binding site (boxed in red colour) shown in the context of the STAT1 

intronic repressor segment.  Also shown is the RE1 element (indicated by the blue colour) 

which overlaps most of the NFκB binding site.  The putative NFκB binding sequence exists in 

the forward orientation while the RE1 element is in the reverse orientation with respect to the 

STAT1 gene. 

 

Exon 1 Exon 2

Intron 1Promoter Intron 2

Repressor
Segment

5’ 3’

Enhancer region Repressor region

CAATTCAACAAACTGTTTCGAGCACATAGTATATGCAGGGCACTGTCCAAGGTCCATAAGA

TGTTAAAAAGCAAAATACCCCACTACTCTACCCCCTCCCCACCCACCTTCCCCCGCCGGGGAC

TCTGGAGGCATCACAGAGCTTTACAAGGAAAACTGGAACCGATGCTCTAATAGAG

NFκB Binding site
RE1 element
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5.2.10  NFκB subunits bind to the NFκB binding site of the STAT1 gene in a 

melanoma cell line. 

 

In order to test the in vivo binding of NFκB to the putative NFκB binding site in the 

STAT1 gene, chromatin immunoprecipitation (ChIP) assays were performed.  

Crosslinked protein:DNA complexes obtained from SK-Mel-28 cells were sheared by 

sonication and immunoprecipitated using antibodies against p65 and p50 as well as 

mouse whole IgG as a control.  ChIP products were used as templates for PCR 

reactions.  Primer pairs were previously designed to specifically amplify a 211 bp 

fragment containing the REST binding site (see section 3.2.3), which also contains the 

putative NFκB binding site in the second intron of STAT1 gene.  Primers were also 

designed for a 167 bp fragment in the third exon of the STAT1 gene located 3 kb 

downstream of the NFκB binding site as a negative control.  A 182 bp fragment 

containing the NFκB binding site in the IL8 gene was designed as a positive control for 

NFκB binding activity, based on previous ChIP assays by others (Chavey et al., 2008, 

Chen et al., 2005).  Since the IL-8 primers had not previously been used by our 

laboratory, this set of primers was initially optimised for annealing temperature using 

genomic DNA from SK-Mel-28 cells as a template.  Amplification was found to be the 

most efficient at 59°C (Fig. 5.7).  

 

Figure 5.7: Annealing temperature optimisation for the IL-8 ChIP primer set. 

Genomic DNA from SK-Mel-28 cells was used to amplify the region containing the NFκB 

binding site in the promoter of IL8 gene.  SYBR green supermix was used in the PCR reactions. 
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The fragment containing the putative NFκB binding site in the STAT1 gene was 

amplified by ChIP assay using the anti-p65 and anti-p50 antibodies but not with the 

control IgG antibody (Fig. 5.8A).  In addition, the NFκB subunits p65 and p50 bound to 

the positive control NFκB site from the IL8 gene but did not interact with the negative 

control region in the third exon of the STAT1 gene.  Together these results indicate that 

the element in the STAT1 gene is a bona fide NFκB binding site to which the subunits 

p65 and p50 bind in vivo.  The fragment from the STAT1 gene containing the NFκB 

binding site was amplified more efficiently using immunoprecipitates from the anti-p50 

antibody than immunoprecipitates using the anti-p65 antibody, indicating that the p50 

subunit binds to this site more frequently and therefore probably with higher affinity 

than p65 in SK-Mel-28 cells. 

 

To quantitate the relative binding efficiencies of the NFκB factors to the NFκB binding 

site of the STAT1 gene, quantitative ChIP analysis was performed by real time PCR 

(Fig. 5.8B).  The results showed amplification of immunoprecipitates using anti-p50 

(11% of input) to be approximately 10-fold more efficient that immunoprecipitates 

using anti-p65 (1% of input) in the SK-Mel-28 cell line.  Binding of non-specific (IgG) 

antibody to this region was negligible (<0.3% of input).  In addition, the p50 subunit 

bound to the NFκB binding site in the IL8 gene (efficiency 19% of input) at a greater 

frequency than the p65 subunit (efficiency 4% of input).  NFκB binds to NFκB binding 

sites as p65/p50 or p50/p50 complexes (Tong et al., 2004).  Therefore, equal binding 

activity of p50 and p65 would be expected if binding favoured the p65/p50 heterodimer 

complex.  Since there was a 10-fold increase in amplification of p50 

immunoprecipitates from the STAT1 gene compared to p65, binding of p50/p50 

homodimer complexes appears to be favoured. 
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Figure 5.8: ChIP assay confirming binding of the NFκB subunits p65 and p50 to the NFκB 

binding element of the STAT1 gene in SK-Mel-28 cells. 

(A)  SK-Mel-28 chromatin extracts were immunoprecipitated using antibodies against p65, p50 

and mouse whole IgG.  ChIP products were analysed by PCR using primer sets specific for the 

regions containing the NFκB binding site from the STAT1 and IL8 genes and a region of the 3
rd

 

exon of the STAT1 gene as a negative control for NFκB binding.  (B) Real-time, quantitative 

PCR was carried out on the ChIP products using the same primer sets as in (A).  The 

amplification levels were normalised against input DNA and presented as mean ± SEM, (n=3). 

(* p < 0.05; ** p < 0.01; *** p < 0.001 by two-tailed student T-test with respect to the IgG 

controls) 
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5.2.11  NFκB does not bind in close proximity to the REST binding site in the 

SCG10 gene. 

 

In a previous study, the TAC1 gene was shown to be repressed in non-neural cells by 

synergistic interaction between NFκB and the repressor protein REST (Greco et al., 

2007).  In a similar manner, using a melanoma cell line NFκB was shown to bind to the 

STAT1 gene in close proximity to the location that was known to be a REST binding 

site (Figs. 3.6, 5.8A-B).  To investigate whether NFκB bound to all REST target genes 

in the vicinity of the REST binding sites, end-point and quantitative ChIP assays were 

performed focussing on well characterised REST target gene, SCG10, to which REST 

had been previously shown to bind in SK-Mel-28 cells (Fig. 3.6).  The 

immunoprecipitates described in section 5.2.10 were used as templates in PCR 

reactions.  Primer pairs previously used to specifically amplify the REST- and NFκB-

binding region of the STAT1 gene (see section 5.2.10) and the REST binding site of 

SCG10 gene (see section 3.2.3) were again used in this experiment. 

 

Consistant with previous results, the fragment containing the NFκB and REST binding 

site of the STAT1 gene was amplified following ChIP with antibodies against REST and 

the two NFκB subunits, p65 and p50, but not with the control IgG.  The efficiency of 

amplification following ChIP with anti-REST was similar to the efficiency following 

ChIP with anti-p50 in this cell line (Fig. 5.9).  Similarly, the gene fragment containing 

the REST binding site of the SCG10 gene was amplified following ChIP with anti-

REST, and not with the control IgG.  However, this region was not amplified following 

ChIP with antibodies against the NFκB subunits p65 and p50, suggesting that although 

REST bound to the REST binding site of the SCG10 gene in vivo, the NFκB subunits 

p65 and p50 did not bind, nor do they interact with the bound REST protein in SK-Mel-

28 cells.  These results further indicate that REST-mediated repression is not always 

mediated through the synergistic interaction of NFκB and REST. 
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Figure 5.9: ChIP assay confirming binding of the NFκB subunits p65 and p50 close to the 

RE1 element of the STAT1 gene but not to the RE1 element of the SCG10 gene in SK-Mel-

28 cells. 

SK-Mel-28 chromatin extracts were immunoprecipitated using antibodies against REST, p65, 

p50 and mouse whole IgG.  ChIP products were analysed by real-time, quantitative PCR using 

primer sets specific for the regions containing the REST binding sites from the STAT1 and 

SCG10 genes. The amplification levels were normalised against input DNA and presented as 

mean ± SEM, (n=3). 
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5.2.12  Regulation of STAT1 gene expression through the NFκB binding site of 

STAT1. 

 

Reporter assays in two different melanoma cell lines showed that between 70% and 

78% of the total repression observed in the intronic repressor region of the STAT1 gene 

was mediated through the REST-binding RE1 repressor element (Fig. 3.9A-B).  NFκB 

subunits were also shown to bind to an NFκB-binding site which partially overlaps the 

REST binding site within the repressor region of the STAT1 gene (Fig. 5.8A-B).  

Therefore, it was important to determine whether the transcriptional activity of the 

STAT1 gene was affected by NFκB binding this site.  In order to do this, reporter gene 

assays were performed in the presence of the NFκB inhibitor, quinazoline (QNZ, 

Calbiochem
TM

) used previously by others to study NFκB mediated activity (Tobe et al., 

2003). 

 

To assess the cytotoxicity of QNZ in the melanoma cell line SK-Mel-28, a cytotoxicity 

assay was first performed.  Cells grown in 96 well culture plates were treated with QNZ 

at concentrations ranging from 3 nM to 50 nM, over a time course lasting 48 h.  Cell 

death was measured using a SYTOX Green-based cytotoxicity assay.  At concentrations 

less than 9 nM, the live cell percentage showed vary little variation at around 70% after 

48 h (Fig. 5.10).  Therefore, 9 nM was chosen to be the concentration of QNZ for use in 

further experiments. 

  

To confirm that the transcriptional activity of the STAT1 gene was regulated by the 

intronic repressor region, the luciferase reporter plasmids, pGL3-STAT1 (containing the 

STAT1 promoter and enhancer) and pGL3-STAT1-RE1 (which contains the STAT1 

promoter, enhancer and repressor regions, including the NFκB binding site) were used 

in this assay.  Vector maps for these constructs were described in detail in section 3.2.1 

and schematic representations are shown in Fig. 3.8.  SK-Mel-28 cells were grown in 

wells of a 24 well culture plate in RPMI 1640 medium supplemented with 10% FBS.  

Following transfection using the GenJet
TM

 Plus transfection reagent (Signagen), the 

cells transfected with pGL3-STAT1-RE1 were treated with 9 nM QNZ for time periods 

ranging from 2 h to 12 h while the cells transfected with pGL3-STAT1 were treated with 

9 nM QNZ for 6 h.  The phRL-SV40 plasmid (Promega) encoding Renilla luciferase  
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Figure 5.10: Cytotoxicity of the NFκB inhibitor, QNZ, on SK-Mel-28 cells.  

SK-Mel-28 cells were treated with QNZ (3 nM - 50 nM) over a period of 2 to 48 h. Cellular 

death was measured after the addition of SYTOX Green. Results are expressed as the 

percentage of live cells and represented as the mean of triplicate samples. 

 

 

 

was used as an internal calibration control in these experiments, correcting for the death 

of cells caused by QNZ.  Luciferase activity was determined as the relative 

luminescence units (RLU) by dividing the firefly luciferase values detected in each 

individual reaction by the corresponding values for the levels of Renilla luciferase 

activity.   

 

Consistent with previous results, the luciferase activity of the reporter construct 

containing the STAT1 promoter, enhancer and repressor regions (including the NFκB 

and REST binding sites) showed significant repression in the SK-Mel-28 cell line 

compared to the reporter construct containing only the promoter and enhancer regions 

(Fig. 5.11).  However, the addition of QNZ showed no significant differences in 

luciferase activity at any time periods, indicating that NFκB is not contributing to the 

repression under these circumstances. 
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Figure 5.11: Regulation of the STAT1 gene by the repressor region in the presence of the 

NFκB inhibitor, QNZ. 

SK-Mel-28 cells were transfected with the luciferase reporter vectors pGL3-STAT1 and pGL3-

STAT1-RE1 using GenJetTM transfection reagent and phRL-SV40, encoding Renilla 

luciferase, as an internal control.  Cells were treated with 9 nM QNZ over a time course from 2 

h to 14 h (pGL3-STAT1-RE1) or 9 nM QNZ for 6 h (pGL3-STAT1).  Promoter activity is 

expressed as relative luciferase units (RLU).  Results are presented as mean ± SEM, (n=3).  

Note the exponential scale on the y-axis. 
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5.2.13  Cytokine-mediated NFκB activity in a melanoma cell line. 

 

Lipopolysaccharide (LPS) and TNF-α have been used as NFκB activators, mainly in 

macrophage-derived cell lines (reviewed in Tracey and Cerami, 1993).  Here we 

investigated LPS and TNF-α mediated NFκB activity in a melanoma cell line.  IFNs 

also regulate the NFκB signalling pathway and have been widely studied in 

lymphoblastic cell lines (Yang et al., 2000, Tracey et al., 2010).  The effects on NFκB 

activity is dependent on the type of IFN and is cell-type specific (Du et al., 2007).  

Therefore we also investigated type I and II IFN mediated NFκB activity in the SK-

Mel-28 melanoma cell line. 

 

5.2.13.1  LPS mediated NFκB activity assessed by transient transfection reporter 

assay. 

 

To investigate LPS mediated NFκB activity in the SK-Mel-28 cell line, the pGL4-

NFκB-luc construct (kindly donated by Dr Glen Boyle, QIMR) was used in reporter 

assays.  pGL4-NFκB-luc contains two NFκB binding sites along with a TATA-like 

promoter (PTAL) in the pGL4.17 vector backbone (Fig. 5.12).  Thus, when transfected 

into cells, luciferase expression is induced in the presence of activated NFκB.  The 

macrophage-derived cell line RAW 264.7 was used as a positive control for NFκB 

activity in this assay (Dagvadorj et al., 2009).  SK-Mel-28 and RAW 264.7 cells were 

cultured in RPMI 1640 medium and DMEM medium supplemented with 10% FBS 

respectively. 

 

Transient transfections were carried out using the GenJet
TM

 plus transfection reagent 

and using phRL-SV40 as the internal calibration control.  Following transfection, the 

cells were treated with LPS for 18 h at three different concentrations: 0.1 µg/ml, 0.5 

µg/ml and 1 µg/ml.  NFκB activity in RAW 264.7 cells increased after treatment with 

LPS in a dose-dependent manner (Fig. 5.13A).  Thus, luciferase activity approximately 

doubled following 0.1 µg/ml LPS treatment, tripled after 0.5 µg/ml LPS treatment and 

increased approximately 3.4-fold following 1µg/ml LPS treatment.    
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Figure 5.12: Vector map of pGL4-NFκB-luc.  

(adapted from Promega technical manual #9PIE672) 

 

 

 

 

 

 

In contrast, treatment with the same concentrations of LPS had no effect on luciferase 

activity in the SK-Mel-28 cell line (Fig. 5.13B).  In this cell line, it was noted that there 

was a very high level of basal NFκB activity in the untreated cells, producing 

approximately 80,000 firefly luciferase units. The high basal level of NFκB activity in 

the melanoma cell line may be a cell line-specific response to the transfection reagent or 

to serum. 
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Figure 5.13:  LPS mediated NFκB activity determined by luciferase reporter assays using 

transient transfection. 

(A) RAW 264.7 cells were cultured in 24 well plates with DMEM medium containing 10% 

FBS.  Cells were transfected with the luciferase reporter vector pGL4-NFκB-luc using 

GenJet
TM 

transfection reagent and phRL-SV40, encoding Renilla luciferase, as an internal 

calibration control.  Promoter activity is expressed as relative luciferase units (RLU), relative to 

the untreated control.  Results are presented as mean ± SEM, (n=3), (* p < 0.001 by one-way 

ANOVA with Bonferroni’s test, with respect to untreated cells).  (B) SK-Mel-28 cells were 

grown in 24 well plates with RPMI medium containing 10% FBS.  Cells were transfected and 

analysed as in (A). 
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5.2.13.2  Establishment of the SK-Mel-28:pGL4.17-NFκB-luc cell line. 

 

In order to avoid potential activation of NFκB in response to the cellular stresses from 

the transfection reagents, pGL4-NFκB-luc was stably transfected into SK-Mel-28 cells, 

generating the SK-Mel-28:pGL4.17-NFκB-luc cell line.  G418 was used to select stably 

transfected cells since pGL4.17-NFκB-luc encodes the neomycin resistance gene (Fig 

5.12). 

 

Firstly, a kill curve assay was performed to determine the concentration of G418 

required to completely kill wild-type SK-Mel-28 cells.  To achieve this, SK-Mel-28 

cells were seeded in 48 well culture plates at approximately 80% confluence (5×10
4 

cells/well) in FBS-supplemented RPMI 1640 medium.  After overnight culturing, the 

cells were treated with G418 at concentrations ranging from 0.2mg/ml to 4mg/ml. 

Treatment of SK-Mel-28 cells with 4 mg/ml G418 resulted in 100% cell death after 3 

days.  Treatment with 2 mg/ml and 1 mg/ml G418 required 7 and 9 days, respectively, 

to produce 100% cell death.  SK-Mel-28 cells were less sensitive to G418 at 

concentrations below 1 mg/ml.  Therefore, since G418 treatment at either 1 mg/ml or 2 

mg/ml killed 100% of SK-Mel-28 cells, these levels were therefore chosen to select for 

transfectants.  In addition, it was noted that during G418 selection it was preferable not 

to subject the cells to stressful conditions such as overgrowth. 

 

SK-Mel-28 cells (5×10
4 

cells/well) were seeded in a 24-well tissue culture plate for 

approximately 24 hours prior to transfection.  Cells were transfected with 0.5 µg of 

pGL4.17-NFκB-luc using 1.5 µl of GenJet
TM

 plus transfection reagent.  G418 treatment 

was initiated at 2 mg/ml approximately 24 h after transfection. Once transfected cells 

had developed into small colonies of cells (approximately two weeks after transfection), 

they were passaged and maintained in 1mg/ml G418 thereafter. 
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5.2.13.3  Optimisation of serum concentration to reduce basal NFκB activity in the 

SK-Mel-28:pGL4.17-NFκB-luc cell line. 

 

In order to minimise potential serum mediated NFκB activity in the established 

SKMel28:pGL4.17-NFκB-luc cell line, the effects of serum concentration were 

determined.  SKMel28:pGL4.17-NFκB-luc cells were cultured in RPMI 1640 medium 

containing three different concentration of FBS (1%, 8% and 10% v/v).  NFκB activity 

was then measured by luciferase expression.  Thus, NFκB activity was low in the 

presence of 1% serum and slightly increased at 8% and 10% serum levels (Fig. 5.14).  

Therefore, since SK-Mel-28:pGL4-NFκB-luc cells remained viable in the presence of 

1% serum, this concentration was used for further luciferase assays. 

 

 

Figure 5.14: Optimisation of serum concentration for studying NFκB activity in 

melanoma-derived cells.   

SKMel28:pGL4.17-NFκB-luc cells were cultured in wells of a 24 well culture plate with RPMI 

1640 medium containing various concentration of FBS (1%, 8% and 10% v/v) and luciferase 

activity was measured.  Results are presented as mean ± SEM, (n=3), (* p < 0.001 by one-way 

ANOVA with Bonferroni’s test, with respect to 1% FBS). 
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5.2.13.4  LPS and TNF-α mediated NFκB activity in the SK-Mel-28:pGL4.17-

NFκB-luc cell line.  

 

To investigate the LPS and TNF-α mediated NFκB activity in the melanoma-derived 

cell line, SKMel28:pGL4.17-NFκB-luc, cells were cultured in RPMI 1640 medium 

supplemented with 1% FBS in wells of 24 well plates.  24 h after seeding, the cells were 

either left untreated or treated with either 0.5 µg/ml LPS or 20 ng/ml TNF-α for 18 h.  

Luciferase assays were then performed to determine NFκB activity.  NFκB activity was 

increased approximately 14-fold after treatment with TNF-α.  By contrast, the NFκB 

activity increased slightly by treatment with LPS, but the increase was not statistically 

significant (Fig. 5.15). 

 

 

Figure 5.15: LPS and TNF-α mediated NFκB activity in the melanoma-derived SK-Mel-

28:pGL4.17-NFκB-luc cell line. 
SK-Mel-28:pGL4.17-NFκB-luc cells were cultured in wells of a 24 well plate with RPMI 1640 

medium containing 1% FBS (v/v).  Cells were either untreated or treated with 0.5 µg/ml LPS or 

20 ng/ml TNF-α for 18 h, after which luciferase activity was measured.  Results are presented as 

mean ± SEM, (n=3), (* p < 0.01 by two-tailed student T-test, with respect to the untreated 

cells). 
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5.2.13.5  IFN-β and IFN-γ mediated NFκB activity in the SK-Mel-28:pGL4.17-

NFκB-luc cell line. 

 

To investigate the levels of IFN-β and IFN-γ mediated NFκB activity in the melanoma-

derived cell line, SKMel28:pGL4.17-NFκB-luc, cells were cultured in RPMI 1640 

medium supplemented with 1% (v/v) FBS in wells of 24 well culture plates.  Twenty 

four hours after seeding, the cells were either untreated or treated with either 1000 IU 

IFN-β or 1000 IU IFN-γ for 18 h.  Luciferase assays were then performed to determine 

the NFκB activity and the results showed it was increased approximately 3.5-fold after 

treatment of cells with IFN-γ.  By contrast, NFκB activity was slightly decreased by 

treatment with IFN-β (Fig. 5.16). 

 

 

Figure 5.16: IFN-β and IFN-γ mediated NFκB activity in the melanoma-derived SK-Mel-

28:pGL4.17-NFκB-luc cell line. 
SK-Mel-28:pGL4.17-NFκB-luc cells were cultured in wells of a 24 well plate with RPMI 1640 

medium containing 1% FBS (v/v).  Cells were either untreated or treated with 1000 IU IFN-β or 

IFN-γ for 18 h, after which luciferase activity was measured.  Results are presented as mean ± 

SEM, (n=3), (** p < 0.0001 and * p < 0.05  by two-tailed student T-test, with respect to the 

untreated cells). 
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5.2.13.6  NFκB inhibitors partially abrogated the TNF-α induced NFκB activity in 

the SK-Mel-28:pGL4.17-NFκB-luc cell line. 

 

IκB kinase (IKK) inhibitors have been used in many studies investigating NFκB 

mediated activity (Kishore et al., 2003).  Activation of NFκB occurs via degradation of 

IκB, a process that is initiated by its phosphorylation by IKK.  Phosphorylated IκB 

becomes dissociated from NFκB, unmasking the nuclear localisation signals.  SC-514 

(Calbiochem
TM

) and BAY 11-7085 (BAY) (Calbiochem
TM

) are widely used IKK 

inhibitors. 

  

Luciferase reporter assays were used to investigate the SC-514 and BAY mediated 

inhibition of TNF-α-induced NFκB activity in the melanoma-derived cell line, SK-Mel-

28:pGL4-NFκB-luc.  Cells were cultured in RPMI 1640 medium supplemented with 1% 

(v/v) FBS in wells of a 24 well plate.  The cells were pre-treated with NFκB inhibitors 

at 10 µM SC-514 or 20 µM BAY 11-7085 for 1 h followed by treatment with TNF-α for 

18 h.  In addition, some cells were treated with BAY, SC-514, or TNF-α alone for 18 h.  

Luciferase assays were then performed to determine levels of NFκB activity.  

 

Consistent with previous results, NF-κB activity was increased approximately 14-fold 

following treatment of cells with TNF-α (Fig. 5.17).  While the cells treated with IKK 

inhibitors alone did not show any significant changes in the NFκB activity between the 

untreated and treated cells, the TNF-α mediated NFκB activity was reduced by 

approximately 20% when the cells were pre-treated with the NFκB inhibitor, BAY.  

Furthermore, NFκB activity was reduced by approximately 30% when the cells were 

pre-treated with the NFκB inhibitor, SC-514. 
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Figure 5.17: NFκB inhibitors reduced the TNF-α induced NFκB activity in the melanoma-

derived SK-Mel-28:pGL4.17-NFκB-luc cell line. 
SK-Mel-28: pGL4.17-NFκB-luc cells were grown in wells of a 24 well plate with RPMI 1640 

medium containing 1% (v/v) FBS.  The cells were either untreated, or treated with combinations 

of TNF-α and NFκB inhibitors.  Thus, cells were treated with either 20 µM BAY or 10 µM SC-

514 for 1 h.  Following these “priming” reactions, the cells were treated with 20 ng/ml TNF-α 

for 18 h.  Luciferase assays were then performed to determine NFκB activity.  Results are 

presented as mean ± SEM, (n=3), (* p < 0.01 by two-tailed student T-test, with respect to the 

cells treated with TNF-α alone). 
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5.2.14  Induction of STAT1 protein expression in SK-Mel-28 cells by IFN-β in 

combination with the NFκB inhibitor, BAY. 

 

The contribution that NFκB makes towards IFN-β mediated expression of ISGs has 

important implications in the understanding of IFN-β cell signalling pathways.  To 

evaluate the contribution of NFκB on STAT1 expression in IFN-β treated melanoma 

cells, flow cytometry was carried out on SK-Mel-28 cells cultured in the presence of 

IFN-β and the NFκB inhibitor, BAY.  Cells were grown in wells of a 6 well plate until 

they were approximately 60% confluent, at which point some were pre-treated with 10 

µM BAY for 1 h.  Samples of the BAY pre-treated cells were then treated additionally 

with 1000 IU/ml IFN-β or were treated only with BAY.  Other cell samples were treated 

with IFN-β alone.  STAT1 protein expression was assessed after 2, 3 and 4 days, 

respectively.  Cells were fixed, permeablised and stained intracellularly with a STAT1-

specific antibody conjugated to Alexa Fluor® 647. 

 

Similarly to earlier experiments (see section 5.2.1), STAT1 protein expression increased 

following treatment with IFN-β and reached a peak after 2 days (10-fold above 

constitutive levels) after which expression decreased, reaching a steady level after 3 

days (~6-fold).  When pre-treated with BAY before treatment with IFN-β, STAT1 

expression increased with similar kinetics to those cells treated with IFN-β alone (Fig. 

5.18A-B).  However, the peak STAT1 expression was lower (~9-fold above constitutive 

levels) and the steady level maintained after 3 and 4 days was higher (~8 fold ).  STAT1 

expression in the cells treated only with BAY inhibitors increased slightly after 2 days 

(~2-fold above constitutive levels) but did not show any other significant changes at 

subsequent time points. 

 

5.2.15  Induction of MHC class I protein expression in SK-Mel-28 cells by IFN-β in 

combination with BAY. 

 

NFκB plays a pivotal role in the establishment of immune responses following its 

activation downstream of toll-like receptor (TLR) signalling.  The role of NFκB is 

therefore very important for understanding aspects of tumour immunology, in particular 

the expression of MHC class I.  In this experiment, the effect of inhibiting NFκB on the 
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IFN-β mediated immune response was detected by examines its effects on the 

expression of MHC class I.  SK-Mel-28 cells were treated as in section 5.2.14.  MHC 

class I expression was assessed after 2, 3 and 4 days, respectively.  Cells were stained 

for MHC class I using a specific antibody conjugated to FITC. 

 

As previously shown in earlier experiments (see section 5.2.2), expression of MHC 

class I significantly increased following treatment with IFN-β, reaching a peak after 3 

days (~15-fold above constitutive levels) and then decreasing rapidly on the fourth day 

to approximately 6-fold above the constitutive level.  When pre-treated with BAY 

before IFN-β, MHC class I expression increased to a level higher than in the cells 

treated with IFN-β alone (~17-fold above constitutive levels) (Fig. 5.19A-B).  On the 

fourth day, the expression of MHC class I in the BAY pre-treated cells decreased 

slightly (to ~15-fold), but maintained a much higher level than that in the cells treated 

only with IFN-β.   MHC class I expression in the cells treated with BAY alone 

increased slightly throughout the 4 days (~2-fold above constitutive levels), but did not 

show any statistically significant changes. 
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Figure 5.18: Time course for the induction of STAT1 by IFN-β in the presence of the 

NFκB inhibitor, BAY. 

(A) Fluorescence intensity of SK-Mel-28 cells at various time points following treatment.  

BAY/IFN-β cells were pre-treated for 1 h with 10 µM BAY and then treated with 1000 IU/ml 
IFN-β (day 0).  Cells were stained with a STAT1-specific antibody conjugated to Alexa Fluor® 

647.  Cell counts were plotted using FlowJo software.  (B) Quantitative representation of the 

results from (A).  The mean fluorescence resulting from detection of the antibody-conjugated 

fluorophore was plotted relative to the mean fluorescence from untreated cells.  Experiments 

were performed in triplicate and the results are represented as mean ± SEM. The data was 

representative of the two independent experiments  
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Figure 5.19: Time course for the induction of MHC class I expression by IFN-β in the 

presence of the NFκB inhibitor, BAY. 

(A) Fluorescence intensity of SK-Mel-28 cells at various time points following treatment.  

BAY/IFN-β cells were pre-treated for 1 h with 10 µM BAY and then treated with 1000 IU/ml 
IFN-β (day 0).  Cells were stained with an MHC class I-specific antibody conjugated to FITC.  

Cell counts were plotted using FlowJo software.  (B) Quantitative representation of the results 

from (A).  The mean fluorescence resulting from detection of the antibody-conjugated 

fluorophore was plotted relative to the mean fluorescence from untreated cells.  Experiments 

were performed in triplicate and the data was representative of the two independent 

experiments. Results are presented as mean ± SEM, (n=3), (* p < 0.001 by two-tailed student T-

test, with respect to the cells treated with INF-β at 4
th
 day). 
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5.2.16 STAT1 mRNA expression in SK-Mel-28 cells following stimulation with 

IFN-β in the presence of the NFκB inhibitor, BAY. 

 

RT-PCR analysis was performed to analyse STAT1 gene expression after IFN-β 

treatment in the presence of the NFκb inhibitor, BAY.  SK-Mel-28 cells were cultured 

in wells of a 6 well plate until 60% confluent, at which point they were pre-treated with 

20 µM BAY for 1 h.  Following pre-treatment, cells were treated with 1000 IU/ml IFN-

β.  Other cell samples were treated with BAY or IFN-β alone.  After 3 days of 

treatment, RNA extraction was carried out and quantitative RT-PCR was performed 

using a SYBRgreen supermix and primers specific for STAT1 and 18S rRNA 

(Chapter2; Table. 2.1).  18S rRNA was used as a housekeeping reference gene for 

normalising the cycle thresholds obtained in the STAT1 reactions.  STAT1 mRNA 

expression was increased approximately 3-fold after treatment with IFN-β and the 

expression was further increased to approximately 4-fold after pre-treating cells with 

BAY before IFN-β treatment (Fig. 5.20).  Interestingly, STAT1 expression decreased 

below constitutive levels in the cells treated with BAY alone. 

Figure 5.20: Quantitative RT-PCR analysis of STAT1 gene expression in the melanoma 

cell line SK-Mel-28 after treatment with IFN-β in the presence of BAY.  

BAY/IFN-β cells were pre-treated for 1 h with 20 μM BAY and then treated with 1000 IU/ml 

IFN-β for 3 days.  To determine STAT1 mRNA expression levels, STAT1 cycle thresholds were  

normalised to 18s rRNA cycle thresholds.  Results are presented as mean ± SEM, (n=3).    * p 

=0.0767 by two-tailed student T-test, with respect to cells treated with IFN-β alone.  ** p < 0.01 

by two-tailed student T-test, with respect to untreated cells. 
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5.2.17 Regulation of the IFN-β induced STAT1 expression by super repression of 

NFκB. 

Given that the NFκB inhibitor QNZ had little effect on the repression mediated by the 

STAT1 intronic repressor region (Fig. 5.11), but the NFκB inhibitor BAY had a 

significant long term positive effect on STAT1 mRNA and protein expression, we 

sought to investigate the effect of NFκB super repression on STAT1 expression.  For 

this purpose, we made use of the pMY-GFP-IκBSR and pMY-GFP vectors (kindly 

donated by Dr Steven Gerondakis, Burnet Institute).  The pMY-GFP-IκBSR construct 

contains the IκBa super repressor and the Green Fluorescent Protein (GFP) inserted into 

the pMY vector backbone.  pMY-GFP was used as a control empty vector.  Both 

constructs were transfected into SK-Mel-28 cells by using the GenJet
TM

 transfection 

reagent.  Transfected cells were sorted by selecting GFP-expressing cells on a 

FACSAria cell sorter (courtesy of the Eskitis Institute, Griffith University).  Following 

sorting, GFP expression was validated by fluorescence microscopy (results not shown). 

Polyclonal GFP-expressing transfected cells were used for further experiments. 

 

The stably transfected cells (SK-Mel-28:GFP-IκBSR and SK-Mel-28:GFP, 

respectively) were cultured in wells of a 6 well culture plate before flow cytometric 

analysis of STAT1 expression.  Firstly, to validate the NFκB super repressor-mediated 

repression of NFκB, the level of phosphorylated NFκB subunit p65 was determined by 

flow cytometry.  SK-Mel-28:GFP-IκBSR and SK-Mel-28:GFP cells were fixed, 

permeablised and stained intracellularly with a phospho-p65-specific antibody 

conjugated to PE.  Analysis of the SK-Mel-28:GFP-IκBSR cell line showed that the 

level of activated NFκB was approximately halved compared to that of the SK-Mel-

28:GFP cell line expressing the empty vector (Fig. 5.21A-B), confirming the reduction 

of NFκB activity by the NFκB super repressor. 

 

Samples of the SK-Mel-28:GFP-IκBSR and SK-Mel-28:GFP cells were then treated 

with 1000 IU/ml IFN-β for 24 h or were left untreated.  Cells were then fixed, 

permeablised and stained intracellularly with a STAT1-specific antibody conjugated to 

Alexa Fluor® 647.  Constitutive STAT1 protein levels were almost equivalent in the 

SK-Mel-28:GFP-IκBSR and SK-Mel-28:GFP cells (Fig. 5.21C-D).  However, IFN-β 

increased STAT1 protein expression approximately 4-fold in SK-Mel-28:GFP cells and 

6-fold in SK-Mel-28:GFP-IκBSR cells, indicating that the levels of IFN-β mediated 

STAT1 expression is increased in the presence of the NFκB super repressor. 
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Figure 5.21: NFκB super repressor-mediated suppression of NFκB, and regulation of 

STAT1 protein expression. 

(A) Fluorescence intensity of SK-Mel-28:GFP-IκBSR and SK-Mel-28:GFP cells stained with 

an antibody against phospho-p65 conjugated to PE.  Cell counts were plotted using FlowJo 

software. (B) Histogram representation of the results from (A).  The mean fluorescence detected 

from the anti-phospho-p65 antibody conjugated to PE was plotted relative to the mean 

fluorescence from SM-Mel-28:GFP cells containing the empty vector.  Results are presented as 

mean ± SEM, (n=2), (*p < 0.05 by two-tailed student T-test with respect to the SK-Mel-28:GFP 

cells). 

 

(C) STAT1 protein expression in SK-Mel-28:GFP-IκBSR and SK-Mel-28:GFP cells ± IFN-β.  

Cells were treated with 1000 IU/ml IFN-β for 24 h.  Cells were stained with a STAT1-specific 

antibody conjugated to Alexa Fluor® 647.  Cell counts were plotted using FlowJo software.  

(D) Histogram representation of the results from (C).  The mean fluorescence intensities were 

plotted relative to the mean fluorescence from untreated SK-Mel-28:GFP-IκBSR cells.  Results 

are presented as mean ± SEM, (n=2), (* p < 0.05 by two-tailed student T-test with respect to the 

IFN-β-treated SK-Mel-28:GFP cells). 
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5.3 Discussion 

 

IFNs are a family of cytokines that elicit pleiotropic biological effects.  Although 

identified and named for their ability to interfere with viral replication in treated cells, 

IFNs also have immunomodulatory, cell differentiative, anti-angiogenic and anti-

proliferative effects (reviewed in Schroder et al., 2004, reviewed in Gonzalez-Navajas et 

al., 2012).  IFNs are divided into two classes, type I and type II, based on receptor 

specificity.  The IFNs within type I are also united by chromosomal location and 

sequence similarity, and comprise IFN-β, several subtypes of IFN-α and some less 

characterised family members such as IFN-ε, IFN-κ, IFN-ω.  Type II IFN consists of 

IFN-γ alone, which mediates its response through different signalling pathways 

compared to type I IFNs (Pfeffer et al., 1998). 

 

5.3.1  Downstream targets of type I IFNs 

 

Type I IFNs bind to their cognate receptor (a heterodimer of IFNAR1 and IFNAR2), 

initiating the JAK-STAT signalling pathway, comprising JAK kinases and STAT 

transcription factors.  In the classical JAK-STAT signalling pathway initiated by type I 

IFNs binding to their receptors, STAT1 and STAT2 become activated by 

phosphorylation.  Phosphorylated STAT1 and STAT2 form a complex with IRF-9 (also 

called p48), which binds to the ISRE elements in the promoters of ISGs.  Activation of 

STAT1 is a crucial event in determining IFN-mediated activities (Wong et al., 1997).  

Previous studies have shown that type I IFN increases the expression of STAT1 (via 

binding of IRF-1 to a unique IGI element in the STAT1 enhancer) which in turn is used 

by type II IFN signalling to stimulate the expression of IRF-1 (via a GAS element in the 

IRF-1 promoter) (Fulda and Debatin, 2002, Wong et al., 2002). Such a positive 

feedback mechanism between IRF-1 and STAT1 is an important factor for enhancing 

IFN mediated responses.  In this study, the IFN-β-mediated increase in the expression of 

STAT1 was confirmed and the optimum time interval for the increased expression in 

the SK-Mel-28 melanoma cell line was determined to be 2 days (Fig. 5.1).  After 2 

days, the level of STAT1 protein expression decreased, but maintained a steady level on 

the third and fourth day, which was still significantly higher than the constitutive levels 

for this cell line. 
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Immmunomodulatory effects of the IFNs are mediated through the expression of ISGs 

in target cells.  As an example, type I IFNs mediate an increase in the expression of 

MHC class I (Dezfouli et al., 2003).  While some studies have described the magnitude 

of IFN mediated upregulation of MHC class I expression to be dependent on the 

expression of STAT1, other studies have shown that upregulation of MHC class I by 

IFN is not mediated through STAT1 alone (Wei et al., 2006).  Type I IFN was shown in 

the studies and reported in this chapter to increase the expression of MHC class I, which 

reached a peak after 3 days, after which it decreased (Fig. 5.1).  The peak expression of 

MHC class I occurred later than the peak expression of STAT1, suggesting that the 

IFN-β mediated upregulation of MHC class I was at least partially dependent on 

increased STAT1 expression. 

 

5.3.2  Downstream targets of type II IFN 

 

Type II IFN (IFN-γ) binds to the IFN-γ receptor (comprising subunits IFNGR1 and 

IFNGR2), initiating a JAK-STAT pathway distinct from the one initiated by type I IFN.  

In the type II IFN signalling pathway, STAT1 is phosphorylated and forms homodimers 

that translocate to the cell nucleus and bind to GAS elements in the promoters of target 

ISGs.  Similarly to type I IFN, IFN-γ also increases the expression of STAT1 and IRF-1 

(reviewed in Schroder et al., 2004).  IFN-   was confirmed in this chapter to stimulate 

expression of the STAT1 gene and the optimum time interval for the increased 

expression in the SK-Mel-28 melanoma cell line was found to be 2 days (Fig. 5.2).  

Similarly to the result with type I IFN, STAT1 protein levels decreased after 2 day of 

IFN-γ treatment, but maintained a steady level on the third and fourth days significantly 

above the constitutive level of the control untreated cells. 

 

IFN-γ mediated induction of MHC class I expression has previously been reported 

(Martini et al., 2010).  In our study, the induction of MHC class I expression by IFN-γ 

was validated and the optimum time interval for the increased expression of MHC class 

I in the SK-Mel-28 melanoma cell line was determined to be 3 days.  Similarly to the 

results with type I IFN, the peak expression of MHC class I after IFN-  treatment 

occurred later than the peak expression of STAT1, suggesting that IFN-  mediated 

upregulation of MHC class I expression is also dependent on increased STAT1 

expression. 
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5.3.3  Synergistic interaction between type I and II IFNs 

 

Synergistic interaction between type I and II IFNs was originally described in an in 

vitro system whereby mouse L cells treated with a mixed preparation of IFN-β and IFN-  

were afforded greater protection upon viral challenge (Fleischmann et al., 1979).  The 

inhibition of viral replication was 5-20-fold greater than the predicted additive effects of 

IFN-β and IFN-  in the same cell line.  Synergistic interactions have since been extended 

to human systems, whereby combinations of IFN-α/β and IFN-γ demonstrate 

potentiation whereas combinations of IFN-α and IFN-β demonstrate only additive 

protective effects (Bartee et al., 2008).  The merely additive effects observed following 

treatment with multiple type I IFN subtypes comes as little surprise, given they use the 

same cell surface receptor and similar signalling pathways. 

 

5.3.4  Effect of IFN-γ priming 

 

While the exact mechanisms underlying the synergistic antiviral effects of type I and II 

IFNs remain largely undefined, previous studies from our research group showed that 

priming with IFN-γ prior to treatment with IFN-α/β produced elevated levels of MHC 

class I expression in melanoma cell lines (Dezfouli et al., 2003).  IFN-γ priming of 

several human melanoma cell lines also resulted in increased expression of STAT1, 

STAT2 and IRF-9 (Wong et al., 1998).  Furthermore, IFN-γ priming increases the 

surface expression of the type I receptor subunits IFNAR1 and IFNAR2 in a dose- and 

time-dependent manner (Ralph, 2007).  These observations help to explain why cellular 

responsiveness to type I IFN increases after priming with IFN-γ in human melanoma 

cell lines.  In this study, we confirmed STAT1 protein levels to be higher after priming 

melanoma cells with IFN-  (Fig. 5.2) and showed that subsequent IFN-β treatment 

produced higher and more sustained expression of STAT1 compared to cells treated 

with either IFN-β or IFN-  alone (Figs. 5.2, 5.4).  Similarly to the results with STAT1, 

IFN-γ priming prior to IFN-β treatment also substantially increased the expression of 

MHC class I compared to cells treated with IFN-β alone.  The difference in MHC class I 

levels between the primed and non-primed cells became greater at each successive time 

point over the 4 day time course (Fig. 5.5). 
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5.3.5  Effect of TNF-α on  IFN-signalling and their downstream targets 

 

TNF-α is a pleiotropic cytokine that regulates a broad range of biological activities with 

opposing effects on cell survival between different cell types.  TNF-α can bind to two 

distinct receptors, TNFRI and TNFR2, simultaneously activating multiple signalling 

pathways (van Horssen et al., 2006).  In one pathway, TNFR1 associates with TNFR1-

associated domain protein (TRADD), which can initiate the death initiated signalling 

complex (DISC) by recruiting FAS-associated death domain protein (FADD) and 

caspase 8.  DISC then activates further caspases, leading to cell apoptosis.  In another 

TNF-α induced signalling pathway, the TNFR1-TRADD complex recruits receptor 

interacting protein (RIP) and TNFR-associated factor 2 (TRAF2), leading to activation 

of NFκB which inhibits TNF-α mediated cell death (Wang et al., 2000).  It is 

conceivable that in order to induce apoptosis, TNF-α needs to not only form DISC and 

activate the caspases, but also to minimise the activation of NFκB. 

 

The effects of TNF-α on the transcription of STAT1 and other IFN response genes such 

as MHC class I have not previously been comprehensively studied.  While Yarilina et 

al. showed that TNF-α increases STAT1 gene expression along with other ISGs in 

monocytes (Yarilina et al., 2008), the same effects of TNF-α have not been previously 

studied in cancer cell lines.  In the present study, TNF-α did not alter STAT1 gene 

expression in the SK-Mel-28 melanoma cell line (Fig. 5.3), in contrast to monocytes.  A 

small effect of TNF-α was also shown on the expression of MHC class I 3 days after 

treatment of cells with the cytokine.  However, this level of induction of MHC class I 

expression was much lower than the induction induced by the IFNs.  Evidently, the 

TNF-α-induced increase in MHC class I expression was not dependent on the level of 

STAT1 expression.  This indicates that the activation of MHC class I expression by 

TNF-α alone was unlikely to have been mediated through the STAT1 signalling 

pathway. 

 

5.3.6  Cross-talk between TNF-α and  type I IFN signalling 

 

Although earlier studies showed that TNF-α significantly enhanced the antiviral activity 

of IFN-β against various viruses in different cell lines (Mestan et al., 1988, Reis et al., 
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1989), few studies have since been devoted to understanding the nature of synergism 

between TNF-α and type I IFN responses (van Horssen et al., 2006, Bartee et al., 2008).  

The present study showed that TNF-α-priming prior to IFN-β treatment of the SK-Mel-

28 melanoma cell line increased expression of the STAT1 protein to higher levels 

compared to treatment with IFN-β alone (Fig. 5.4).  While initially the level of STAT1 

was lower in the cells treated with TNF-α primed/IFN-β, from the third day onwards, 

the level was higher than that produced by IFN-β alone and was still increasing at the 

conclusion of the time course (after 4 days).  Furthermore, priming with TNF-α before 

IFN-β treatment produced higher and more sustained levels of MHC class I expression 

compared to treatment with IFN-β alone throughout the 4 day time course (Fig. 5.5). 

 

5.3.7  Role of  IRF-1 and STAT1 in the synergism of TNF-α and IFN-β 

 

In considering why STAT1 protein expression increased continuously over 4 days 

without reaching a peak following treatment of SK-Mel-28 cells with IFN-β and TNF-α, 

in contrast to the kinetics of IFN-β alone, it is worth considering a role for the IFN 

regulatory factor, IRF-1.  The kinetics of IRF-1 upregulation by TNF-α have previously 

been studied in detail (Yarilina et al., 2008).  Thus, IRF-1 expression was shown to 

increase after TNF-α stimulation by a mechanism dependent on both TNFR1 and 

TNFR2.  At early time points, induction of IRF-1 mRNA was independent of new 

protein synthesis and type I IFN signalling, but dependent on NFκB.  However, IRF-1 

expression at later time points became dependent on type I IFN signalling.  The IRF-1 

gene is positively regulated by STAT1 due to a GAS binding site in the IRF-1 promoter 

(Wong et al., 2002).  In addition, the STAT1 gene is also positively regulated by IRF-1 

through the IGI enhancer element present in the STAT1 gene.  Thus, STAT1 and IRF-1 

are upregulated by a positive feedback mechanism thought to be essential for IFN 

responses.  While IFN-β was shown here to increase expression of STAT1 (Fig. 5.1), 

the sustained upregulation of STAT1 in the TNF-α pre-treated cells may be due to the 

IFN-independent early upregulation of IRF-1.  A schematic model illustrating this 

proposed mode of regulation is shown in (Fig. 5.22). 
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5.3.8  Inhibition of TNF-α mediated NFκB activation by STAT1 and type I IFNs 

 

As a downstream signalling factor of type I IFNs, STAT1 plays a pivotal role in 

suppressing TNF-α mediated NFκB activation.  Indeed, cells deficient in STAT1 show 

increased TNF-α mediated NFκB activation and the restoration of STAT1 results in the 

inhibition of TNF-α mediated NFκB activation (Wesemann and Benveniste, 2003).  

Two previous studies have shown that STAT1 decreases TNF-α mediated NFκB 

activation and expression of downstream NFκB response genes (Kramer et al., 2006, 

Wang et al., 2000).  The effects of STAT1 may either be due to the repression of NFκB 

target genes by the interaction of acetylated STAT1 with NFκB (p65), or the interaction 

of STAT1 with TNFR1.  TNFRI-recruited STAT1 creates a complex with TRADD.  By 

binding to TRADD, STAT1 prevents TRADD from further interacting with RIP, thus 

preventing the activation of NFκB (Wang et al., 2000) (Chapter1; Fig. 1.4). 

 

Manna et al. (2000) observed that TNF-α mediated activation of NFκB was suppressed 

by both IFN-α and IFN-β in a range of cell types including T cells (Jurkat), myeloid 

(U-937), epithelial (HeLa), embryonic kidney (293) and glioma (H4) cells.  IFN-α 

blocked the activation of NFκB by preventing the phosphorylation and degradation of 

IκB-α by TNF-α.  In addition to suppressing TNF-α mediated NFκB activation, IFN-α 

itself did not activate NFκB, an observation confirmed by data of others using IFN-β in 

acute lymphoblastic leukaemia cells (Tracey et al., 2010).  In the present study, it was 

shown that IFN-β did not increase NFκB activity in the SK-Mel-28 melanoma derived 

cell line (Fig. 5.16).  Indeed, the treatment of melanoma cells with TNF-α-priming 

before IFN-β further enhanced the IFN-β mediated response, evidenced by the increase 

in MHC class I expression above the levels in cells treated with IFN-β alone (Fig. 5.5). 

In the absence of IFN-β, no TNF-α mediated ISG response was possible due to the 

NFκB mediated suppression of the ISG response (Fig. 5.3). 
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Figure 5.22: Model for the synergistic activity of TNF-α and IFN-β. 

TNF-α activates IRF-1 and IFN-β activates STAT1.  STAT1 and IRF-1 amplify further through 

a positive feedback mechanism.  Thus, activation of STAT1 and IRF-1 further regulates IFN 

regulatory genes, including the expression of MHC class I.  In addition, TNF-α mediated NFκB 

activation is suppressed by IFN-β and STAT1, further enhancing IFN regulatory gene 

expression by blocking the NFκB mediated suppression of IFN regulated genes. 

 

 

5.3.9  Cross-talk between TNF-α and  type II IFN signalling 

 

In contrast to IFN-β, IFN-γ was observed to increase NFκB activation in the SK-Mel-28 

cells (Fig. 5.16). Synergism between IFN-γ and TNF-α is well established and while 
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many mechanisms have been proposed, the exact mechanism is not yet clear.  However, 

it is known that the mechanism for synergy between IFN-γ and TNF-α is different from 

the mechanism for synergy between type I IFN and TNF-α (reviewed in Bartee et al., 

2008).  Previous studies showed that the combination of IFN-γ and TNF-α increased 

NFκB activation in contrast to the combination of type I IFN and TNF-α (Ohmori et al., 

1997). A likely basis for TNF-α and IFN-γ synergy may relate to their enhanced 

activation of NFκB and STAT1, respectively.  These activated proteins migrate to the 

cell nucleus and bind to specific GAS/κB elements present in the promoters of target 

genes, enhancing their expression.  Indeed, the promoter of the IRF-1 gene, which is 

synergistically activated by TNF-α and IFN- , contains a unique composite site 

comprising overlapping GAS and κB elements (Pine, 1997). 

 

5.3.10  Role of NFκB on ISGs 

 

Type I IFN regulates various cellular functions by regulating the expression of ISGs 

through the well established JAK-STAT signalling pathway.  Although the JAK-STAT 

signalling pathway is essential for the IFN mediated antiviral and antiproliferative 

activities, other signalling pathways are also activated by the IFNs which regulate many 

of the cellular responses to IFN.  NFκB is activated in one such alternative signalling 

pathway which plays an important role in regulating the cellular response to IFNs (Yang 

et al., 2005, Pfeffer, 2011).  In human lymphoblastoid cells, NFκB activation in 

response to IFN is associated with promoting cell survival (Yang et al., 2005). 

 

Many studies have shown, in various cell lines including cancer cells, that IFN 

resistance is not only due to the dysfunction of the JAK-STAT signalling pathway, but 

is also due to activation of NFκB (Pfeffer et al., 2004, Wei et al., 2006, Pfeffer, 2011).  

For example, NF-κB was shown to suppress the antiviral activity of type I IFN by 

suppressing the IFN-induced expression of such ISGs as Gbp1, Ifi47, Mx1, Mx2, Tap1, 

Psmb9/Lmp2 and Psmb8/Lmp7, while enhancing the IFN-induced expression of Gbp2 

and Tap2  (Pfeffer et al., 2004).  Additionally, MHC class I presentation of influenza-

specific antigens was upregulated in an NFκB knock out fibroblast cell line compared to 

the level in wild-type cells.  NFκB mediated negative regulation is not mediated directly 

through preventing the binding of STAT1 to ISG promoters, but rather through 
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preventing the binding of IRF-1 to ISG promoters (Wei et al., 2006).  The positive 

feedback mechanism involving IRF-1 and STAT1 is very important for IFN mediated 

responses.  The inhibition of NFκB activation is therefore another potential strategy to 

improve the response of cancer cells to type I IFN and to induce cell death. 

 

5.3.11  NFκB binds to the repressor region of the STAT1 gene 

 

NFκB binds to the promoters of many IFN regulated genes to control their expression 

(Pine, 1997, Pfeffer et al., 2004, Wei et al., 2006).  Interestingly, we have identified a 

putative NFκB binding site present in the STAT1 repressor region, most of which 

overlaps with the REST binding site.  The direct regulation of STAT1 gene expression 

by NFκB is not clear and there are currently no other studies investigating the role of 

this NFκB binding site.  Previous studies have demonstrated the synergistic repressive 

activity of NFκB and REST on TAC1 gene expression in non-neural cells (Greco et al., 

2007).  In this study, binding of the NFκB subunits p65 and p50 to the repressor region 

of the STAT1 gene was shown by ChIP assay (Fig. 5.8).  However, in reporter gene 

assays, the repression mediated by the STAT1 repressor region was not altered by the 

presence of an NFκB inhibitor (Fig. 5.11).  This may have been due to the transfection 

reagent itself activating NFκB even in the presence of the NFκB inhibitor.  NFκB did 

not bind to the REST binding site of other REST target genes examined (Fig. 5.9). 

Therefore, repression mediated through REST is not dependent on NFκB in all genes.  

For this reason, the synergism between REST and NFκB described by Greco et al. 

(2007) is unlikely to be due to protein–protein interactions between REST and NFκB. 

 

5.3.12  Cytokine mediated activation of NFκB in melanoma cells 

 

LPS has been shown in various cell lines to activate NFκB through engaging TLR4 

(Brodsky et al., 2010).  In transient transfection reporter assays, LPS activated the 

NFκB-inducible reporter vector, pGL4-NFκB-luc, in a dose dependent manner in the 

macrophage-derived cell line RAW 264.7 (Fig. 5.13A), but did not activate pGL4-

NFκB-luc in the SK-Mel-28 melanoma cell line (Fig. 5.13B).  While LPS did not 

induce NFκB activation in the melanoma cell line, this may have been due to a high 

basal level of NFκB activation caused by the transfection reagent or a high 
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concentration of serum.  To avoid non-specific activation of NFκB by the transfection 

reagent, SK-Mel-28 cells were transfected and drug selected for stable expression of 

pGL4-NFκB-luc.  To minimise serum mediated NFκB activity, the cells were also 

cultured in medium containing a serum concentration of only 1% (v/v) (Fig. 5.14). 

 

Luciferase assays in the melanoma cell line stably expressing the NFκB responsive 

element luciferase construct showed a significant (14-fold) increase in NFκB activity by 

TNF-α, but no significant increase in NFκB activity by LPS (Fig. 5.15).  This indicates 

that TNF-α is the best activator of NFκB in SK-Mel-28 cells.  Consequently, TNF-α 

was used in further experiments.  We also used the IKK inhibitors SC-514 and BAY to 

suppress the NFκB activity.  Both reagents inhibited the TNF-α mediated NFκB activity 

to some extent, with BAY suppressing the TNF-α mediated NFκB activity more 

effectively (Fig. 5.17).  Therefore, BAY was used to further assess NFκB mediated 

gene regulation. 

 

5.3.13  NFκB inhibitor-mediated effects on IFN-signalling and their downstream 

targets 

 

The inhibition of NFκB by BAY enhanced the IFN-β induced expression of MHC class 

I throughout a 4 day time course (Fig. 5.19).  BAY also slightly increased the IFN-β 

mediated expression of STAT1 at the level of mRNA (Fig. 5.20) and protein (Fig. 

5.18), but only after t3 days of IFN-β treatment.  This indicates that the increased 

expression of MHC class I was not initially mediated by the increased expression of 

STAT1, consistent with the notion that the NFκB mediated suppressive effect of MHC 

class I expression is not completely mediated through STAT1 (Wei et al., 2006). 

 

To further establish the regulation of STAT1 expression by NFκB we used an IκB-α 

super repressor construct which inhibits NFκB activity by inhibiting the activity of the 

IκB kinase enzyme (Schreiber et al., 2005).  The decreased NFκB activity in SK-Mel-28 

melanoma cells containing the super repressor was validated by a decreased level of 

phosphorylated p65 (Fig. 5.21A).  The presence of the IκB-α super repressor in SK-

Mel-28 melanoma cells did not increase basal STAT1 protein levels.  In fact, the basal 

STAT1 protein level decreased in the absence of IFN treatment (Fig. 5.21B).  However, 
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in the presence of the super repressor, there was a significant increase in the levels of 

IFN-β mediated STAT1 expression (Fig. 5.21C-D).  In the presence of an NFκB 

inhibitor (BAY) and the IκB-α super repressor, IFN-β mediated expression of STAT1 

mRNA and protein were slightly increased (Figs. 5.18, 5.20).  Thus, NFκB suppresses 

IFN-β mediated STAT1 gene expression in SK-Mel-28 cells, albeit moderately.   

 

5.3.14  Effect of different NFκB complexes on gene regulation 

 

Differential NFκB responses in cells are caused by the formation of distinct NFκB 

complexes (Tong et al., 2004).  Typically, the complex of p65/p50 activates gene 

transcription while p50/p50 complexes suppress gene transcription (Tong et al., 2004).  

Results from real-time ChIP assays showed that while both the p65 and p50 subunits 

bound to the STAT1 gene repressor element, p50 bound overwhelmingly more 

frequently to that site (Fig. 5.8B).  This indicates that both p65/p50 and p50/p50 NFκB 

complexes bind to that site, but the predominant complex comprises p50/p50 

homodimers.  Since both complexes were capable of binding to the NFκB binding 

element, it is likely that a balance between these two complexes determines NFκB 

mediated regulation of the STAT1 gene.   

 

In quiescent cells, NFκB complexes reside in the cytoplasm in an inactive form due to 

their association with IκB.  Upon activation, IκB becomes phosphorylated and is rapidly 

degraded through ubiquitin-dependent proteolysis, thereby freeing NFκB dimers to 

translocate to the nucleus where they activate transcription of their target genes 

(reviewed in Hayden and Ghosh, 2004, reviewed in Perkins, 2007).  Both BAY and the 

IκB-α super repressor function by inhibiting the phosphorylation of IκB, thus preventing 

its proteasomal mediated degradation (Pierce et al., 1997, Ulleras et al., 2008).  In 

particular, BAY inhibits mainly cytokine-mediated phosphorylation of IκB rather than 

the constitutive phosphorylation of IκB (Pierce et al., 1997).  Interestingly, activation of 

the p50/p50 NFκB complex is dependent not only on the phosphorylation of IκB-α but 

also on other proposed mechanisms that are not yet clear (reviwed in Perkins, 2007).  

The generation of p50 from p105 is mainly mediated through a co-translational 

mechanism whereby p50 is generated during mRNA translation as a consequence of 

proteolysis of the nascent p105 polypeptide by the 26S proteasome (Lin et al., 1998).  A 
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glycine-rich region was identified as a critical element for the generation of p50 (Lin 

and Ghosh, 1996, Lin et al., 1998).  Additionally, the oncoprotein BCL-3 induces the 

formation of p50 homodimer complexes without enhancing the co-translational 

processing of p105 (Watanabe et al., 1997).  These observations indicate that the 

inhibition of p50/p50 complex activation was not completely mediated through the 

inhibition of IκB-α phosphorylation.  Therefore, the role of NFκB-mediated STAT1 

gene regulation may be underappreciated due to the choice of NFκB inhibitors used in 

our experiments.  Inhibiting the specific p50/p50 or p65/p50 complexes would be very 

important for future studies to more thoroughly understand the NFκB-mediated 

regulation of the STAT1 gene. 
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6.1  Concluding remarks 

 

6.1.1  IFN resistance 

 

The IFNs are a family of pleiotropic cytokines that are involved in various biological 

activities and have antiviral, antiproliferative, and immunomodulatory effects 

(Gonzalez-Navajas et al., 2012).  IFN activity is largely mediated though the activation 

of proteins from the JAK, STAT and IRF families.  Among these, the roles of STAT1 

and IRF-1 in mediating IFN activity have been well characterised (Dron and Tovey, 

1993, Matikainen et al., 1997, Wong et al., 1997).  The activation of STAT proteins by 

tyrosine or serine phosphorylation enables them to form homodimers or small 

complexes which translocate into the cell nucleus where they induce the transcription of 

specific IFN stimulatory genes (ISGs).  IFNs are broadly classified into two groups, 

type I and type II IFN, based on the cell surface receptors to which they bind.  IFNs are 

used clinically for the treatment of various diseases including viral infections, 

autoimmune diseases and cancers (Gonzalez-Navajas et al., 2012).  Malignant 

melanoma is one type of cancer treated by IFN-α, in the advanced stages of disease.  

However, cellular resistance to IFN-α is a clinical challenge and the resistance to IFN 

typically correlates with the reduced expression of STAT1, STAT2 and IRF-9 (Wong et 

al., 1997, Abril et al., 1998).  In addition, some studies have shown that IFN resistance 

correlates with activation of the NFκB pathway and that inhibition of the NFκB 

pathway increases the IFN-mediated response (Wei et al., 2006, Pfeffer, 2011).  

Therefore, understanding the transcriptional regulation of the STAT1 gene and the 

relationship of NFκB and STAT1 is vital for elucidating and understanding the 

mechanisms of IFN resistance. 

 

6.1.2  Repressor region of the STAT1 gene 

 

Previous studies from our research group characterised a regulatory (enhancer) element 

in the first intron of the STAT1 gene and a repressor region present in the second exon 

and second intron of the STAT1 gene (Wong et al., 2002).  The location of a specific 

repressor element, or elements, was more recently refined to a 123 bp segment within 

the second intron of STAT1 (Cutler, 2011).  In Chapter 3, the repressor activity of this 
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segment of the STAT1 gene was further confirmed by luciferase assays (Fig. 3.2).  

Further analysis of the repressor segment identified an RE1 element, as a binding site 

for the REST protein (Fig. 3.3). 

 

6.1.3  REST mediated repression of STAT1 gene 

 

REST was originally recognised as a transcriptional repressor of neuronal-associated 

genes in non-neuronal cells (Chong et al., 1995, Ballas et al., 2001, Su et al., 2004).  

ChIP assays using melanoma cell lines confirmed the binding of REST to the putative 

RE1 element in the STAT1 gene (Figs. 3.6, 3.7), confirming that it is a bona fide RE1 

element.  Furthermore, the repression observed in luciferase assays using STAT1 gene 

constructs in melanoma cells was confirmed to be mediated specifically through the 

RE1 element (Fig 3.9).  Cumulative repression produced by multiple tandem copies of 

the RE1 element further confirmed the regulation of the STAT1 gene through the RE1 

element and the REST protein (Fig 3.10). 

 

6.1.4  Inverse relationship in the level of REST and STAT1 expression in 

melanoma cell lines 

 

The level of REST and STAT1 proteins in IFN resistant (MM96) and IFN sensitive 

(SK-Mel-28) melanoma cell lines was determined by Western blotting.  The IFN-

resistant cells expressed a lower level of STAT1 and a higher level of REST compared 

to the IFN-sensitive cells (Fig. 3.12).  The increased expression of REST in IFN-

resistant cells was confirmed at the mRNA level by RT-PCR analysis (Fig. 3.11).  In 

addition, RT-PCR analysis on cell lines established from metastases of melanoma 

patients showed a trend towards an inverse correlation in the expression of STAT1 and 

REST mRNAs (Fig. 3.14).  These results were again indicative of REST mediating 

regulation of the STAT1 gene through the intronic RE1 element. 
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6.1.5  Decreased transcriptional repression of the STAT1 gene in a REST-deficient 

cell line 

 

REST was originally described as a repressor of neuronal genes in non-neuronal cells 

and hence, mature neuronal cells rarely express REST.  Therefore, the neuroendocrine 

cell line, INS-1, derived from β-pancreatic cells was used, as a REST-deficient cell line.  

While previous studies affirmed the absence of REST expression in the INS-1 cell line 

(Atouf et al., 1997, Kemp et al., 2002), REST was confirmed to be undetectable at the 

level of mRNA (Fig. 3.15).  However, on close inspection by Western blotting, a trace 

amount of REST protein was observed in INS-1 cells (Fig. 3.15).  The repression of the 

STAT1 gene mediated through the RE1 element was partially inhibited in the REST-

deficient INS-1 cell line (Fig. 3.16), further implicating REST in the regulation of 

STAT1 gene expression. 

 

6.1.6  Neuronal transdifferentiation of melanoma cells by REST-VP16 

 

Since REST typically functions as a suppressor of neuronal genes, the recombinant 

REST-VP16 fusion protein was generated in which the DNA binding domain of REST 

is fused to the activation domain of the VP16 gene.  REST-VP16 binds to RE1 elements 

of REST target genes, activating their transcription rather than repressing them 

(Immaneni et al., 2000, Lawinger et al., 2000, Watanabe et al., 2004).  Co-transfection 

of REST-VP16 with the STAT1 gene constructs containing RE1 elements showed partial 

inhibition of the REST mediated repressor activity (Fig. 3.17).  In addition, SK-Mel-28 

melanoma cells stably expressing REST-VP16 transdifferentiated into a neuronal-like 

phenotype, expressing high levels of terminal neuronal differentiation markers (Figs. 

4.9-4.13).  These experiments confirmed the neuronal plasticity of this melanoma cell 

line. 

 

6.1.7  Oncogenic role of REST  

 

REST can function as both a tumour suppressor and as an oncogene depending on the 

cellular context, the amount of REST present in a cell, and the affinity for specific target 

genes (Fuller et al., 2005, Su et al., 2006, Weissman, 2008).  The oncogenic properties 



 

251 

 

of REST have been well characterised in various cancers especially in medulloblastoma, 

glioblastoma and lung carcinoma (Coulson et al., 2000, Lawinger et al., 2000, Fuller et 

al., 2005, Kamal et al., 2012).  In medulloblastoma, high expression levels of REST and 

c-Myc were described along with their oncogenic roles (Su et al., 2006).  While neither 

c-Myc nor REST alone caused tumour formation in neural stem cells, those that 

expressed high levels of both c-Myc and REST could transform into malignant cells that 

had the capacity to produce tumours in the cerebellum (Su et al., 2006).  The association 

of high expression levels of c-Myc and REST in an IFN-resistant melanoma cell line 

(Figs. 3.18, 3.19) suggests that c-Myc and REST may also act together to either cause 

melanomas or to cause melanomas to become refractory to therapy.  In light of this 

observation, it would be of interest to investigate the oncogenic properties of the REST-

VP16 neuronally transdifferentiated melanoma cell line. 

 

6.1.8  Role of NFκB on the STAT1 and MHC class I gene expression 

 

Although REST was shown to repress the STAT1 gene through the RE1 element, the 

repression produced by this element comprised only 70-80% of the repression produced 

by the whole 123 bp repressor segment (Fig. 3.9).  Further examination of the repressor 

DNA segment revealed a putative NFκB binding site mostly overlapping the RE1 

element (Fig. 5.6).  Previous studies have shown NFκB to be another factor that 

suppresses the IFN mediated immunomodulatory effect (Wei et al., 2006).  Therefore, 

we investigated the role of NFκB on the regulation of STAT1 gene expression. 

 

NFκB comprises homo- and heterodimer complexes of various subunits, including p65 

and p50, that remain inactive when bound by IκB proteins.  NFκB becomes activated 

upon the degradation of IκBα by the IκB kinase enzyme (Perkins, 2007).  This can 

occur as a downstream response to the cytokine TNF-α.  The p65/p50 complex has been 

thoroughly characterised by several research groups who demonstrated that the p65 

subunit contains transcriptional activation domains while p50 lacks activation domains 

(Perkins, 2007).  Therefore, the p65/p50 heterodimer complex acts as a transcriptional 

activator whereas p50 homodimer complexes act as transcriptional repressors. 
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In Chapter 5, both the p65 and p50 subunits were shown by ChIP assays to bind to the 

NFκB binding site in the STAT1 gene in a melanoma cell line, with p50 showing higher 

binding activity than p65 (Fig. 5.8).  This would suggest that both the p65/p50 and 

p50/p50 complexes bind to this site in vivo.  The relationship between NFκB and 

STAT1 was further examined by expression levels of STAT1 in the presence of NFκB 

inhibitors.  In the presence of the NFκB inhibitor BAY11-7082, the IFN-β induced 

expression of STAT1 was minimally increased after 3 days of treatment.  However, 

IFN-β mediated MHC class I expression was significantly increased from at least one 

day earlier (Figs. 5.18-5.20).  These results indicate that inhibition of NFκB activity 

increases IFN-β-mediated MHC class I expression, that probably via the derepression of 

STAT1 by NFκB.  Although other studies found the NFκB mediated IFN 

immunomodulatory effect was not completely dependent on STAT1 gene expression 

(Wei et al., 2006, Tracey et al., 2010) their approaches focused on the role of IRF-1 

induction, not STAT1.  In addition, the results in this thesis show that the presence of 

NFκB inhibitors or the NFκB super repressor enhanced IFN-mediated STAT1 gene 

expression (Figs. 5.18-5.21).  These results consistent with the NFκB mediated binding 

and suppression of the human STAT1 gene. 

 

6.1.9  The synergistic interaction between TNF-α and IFN-β 

 

In order to identify an efficient activator of NFκB in the SK-Mel-28 melanoma cell line, 

SK-Mel-28 cells were stably transfected with a luciferase reporter construct that was 

inducible by activated NFκB.  The cells were treated with LPS and TNF-α, two known 

activators of NFκB.  The results showed that TNF-α was an excellent activator of NFκB 

in SK-Mel-28 cells, while LPS was a poor activator (Fig. 5.15), in contrast to its activity 

in the macrophage-derived cell line, RAW 264.7 (Fig. 5.13). This presumably reflects 

the absence of LPS receptors in the SK-Mel-28 cells.  Therefore, to understand the 

relationship between NFκB and the IFN mediated response in melanoma cells, the 

expression of STAT1 and MHC class I was examined in response to TNF-α both in the 

presence and absence of IFN-β.  Interestingly, TNF-α alone did not affect STAT1 gene 

expression and produced only a minimal increase in MHC class I expression (Fig. 5.3).  

However, in the presence of IFN-β, TNF-α increased STAT1 expression continuously 

over 4 days.  While the level of increase was initially lower than that produced by IFN-β 
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alone, by the third and fourth day it continued to increase and became higher than the 

activation produced by IFN-β alone (Fig. 5.4).  Priming with TNF-α before IFN-β 

treatment also increased MHC class I expression throughout the 4 days at levels greater 

than those produced by IFN-β alone (Fig. 5.5).  This was the opposite effect to what 

was expected based on the activation of NFκB, however, as is often the case, in the cell 

context the mechanism of cytokine action is complex.  

 

Type I IFN can suppress the TNF-α mediated activation of NFκB (Manna et al., 2000).  

It is most likely through this action that the combination of TNF-α and IFN-β further 

increased the expression of STAT1 and MHC class I.  The slow increase in STAT1 

expression following the combination treatment of TNF-α and IFN-β may be due to the 

initial unopposed action of NFκB from the TNF-α “priming” phase when IFN-β was not 

present.  TNF-α alone did not affect STAT1 levels (Fig. 5.3).  The minimal increase in 

MHC class I expression by TNF-α alone may be due to the activation of IRF-1 and the 

unopposed action of NFκB activation. 

 

The positive feedback mechanism of STAT1 and IRF-1 functions as a pacemaker of 

IFN mediated activities.  Thus, the induction of STAT1 expression mediated through 

IFN-β (Fig 5.1), the activation of IRF-1 mediated through TNF-α (Fujita et al., 1989, 

Neish et al., 1995, Yarilina et al., 2008), and the suppression of TNF-α mediated NFκB 

activity by IFN-β, are the possible mechanisms by which TNF-α and IFN-β function 

synergistically.  The magnitude of the TNF-α primed/IFN-β mediated increases in 

STAT1 and MHC class I expression levels were comparable to the well characterised 

synergistic activity of IFN-γ and IFN-β (Figs. 5.4, 5.5) (Wong et al., 1998). 

 

6.1.10  The interaction between REST and NFκB 

 

Greco et al. (2007) found that the REST and NFκB binding sites in the promoter of the 

neurotransmitter gene TAC1 are in close proximity to each other.  Furthermore, they 

showed that, REST and NFκB synergistically mediate repression of TAC1.  The REST 

and NFκB binding sites identified here in the second intron of the STAT1 gene are in 

such close proximity that they overlap each other (Fig. 5.6).  Therefore, it was of 

interest to investigate whether NFκB binding activity is present in all REST binding 
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regions.  While REST was shown by ChIP assay to bind to the RE1 element of the 

SCG10 gene, the NFκB subunits p65 and p50 did not bind to the same region (Fig. 5.9).  

This implies that there was no interaction at the protein level between REST and the 

NFκB subunits p65 and p50 in binding to the SCG10 gene and that REST mediated 

repression is not always dependent on NFκB binding close to the REST binding site. 

 

 

6.2  Future directions 

 

A repressive role for REST in regulation of the STAT1 gene was confirmed in this 

study.  Furthermore, NFκB was shown to bind to a site overlapping the RE1 element of 

the STAT1 gene to which REST binds.  Although NFκB inhibitors enhanced the IFN 

mediated expression of STAT1, the direct role of NFκB on STAT1 gene expression has 

not yet been established.  In future experiments, the NFκB binding site in the STAT1 

gene should be further evaluated for functional activity.  ChIP assays showed that both 

p50 and p65 subunits bound to the STAT1 repressor element, with a distinct bias 

towards the binding of p50.  p50/p50 complexes typically act as transcriptional 

repressors because they don’t possess a transcriptional activation domain.  In the same 

way, p65/p50 complexes usually act as transcriptional activators due to the presence of 

a transcriptional activation domain in the p65 subunit.  Although p65 is typically a 

transcriptional activator, it can also function as a transcriptional repressor in the 

presence of co-repressors depending on the specific cell context (Perkins, 2007).  The 

regulation of NFκB on the STAT1 gene could therefore be further defined by 

specifically inhibiting the p65/p50 complex by specific blockers of p65.  In contrast, 

specific blocking of p50 would be expected to eliminate nearly all regulatory function 

of NFκB on STAT1. 

 

The REST-VP16 mediated inhibition of REST activity and subsequent activation of 

REST target genes caused melanoma cells to transdifferentiate into neuronal-like cells.  

Though the neuronal morphology and gene expression patterns were confirmed by this 

study, the functional activity of the transdifferentiated cells requires further validation 

possibly by analysing their electrophysiological characteristics using patch clamp type 

experiments.  Furthermore, it would be desirable for the malignant potential of the 

neuronally differentiated melanoma cells to be examined in the context of in vivo 
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(mouse) studies.  Finally, while an association between REST, c-Myc and IFN-

responsiveness was observed in two melanoma cell lines, and a negative trend between 

REST and STAT1 expression was observed in a population of seven melanoma 

metastases, the role of REST as an oncogene in melanoma needs to be more thoroughly 

examined using larger sample sizes and analysed for its general role in other cancer cell 

types.  However, the results presented in this thesis strongly support the REST and 

NFκB mediated repression of STAT1 gene in human melanoma.  The finding that NFκB 

is involved in the regulation of the human STAT1 gene will require further studies 

determine its exact role. However, it is likely that the state of NFκB activation and 

whether p50/p50 homodimers or p65/p50 herterodimers are involved will determine 

whether STAT1 expression is repressed or induced respectively.  These studies raise the 

prospect of possible inhibition of NFκB in therapeutic applications against melanoma 

for the inhibition of melanoma cells survival and proliferation.  
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Appendix 1 

 

Promoter and Enhancer region of STAT1 gene.  

The first and second exons are bold and capitalised. The ISRE element is shaded.  UCSC 

Genome Bioinformatics accession no : uc010fsf.1. 

 

5’ 

attctcggcg atgaaactac tacagagacc tccaagtttg ggcttctgca  

aacacagcac gtccttctga tcgttctcta agatatgtaa acagaacgcc  

agttcccagc gtggcaacac gggactgggc tgcagctcac ccagccggcg  

gcccccgccg gaagccggcg gaaatacccc agcgcgtggg cggagcagcg  

gcccgcagag ggaggcggtg gcgcccacgg aacagccgcg tctaattgGC  

TGAGCGCGGA GCCGCCCGGT GATTGGTGGG GGCGGAAGGG GGCCGGGCGC  

CAGCGCTGCC TTTTCTCCTG CCGGGTAGTT TCGCTTTCCT GCGCAGAGTC  

TGCGGAGGGG CTCGGCTGCA CCGGGGGGAT CGCGCCTGGC AGACCCCAGA  

CCGAGCAGAG GCGACCCAGC GCGCTCGGGA GAGGCTGCAC CGCCGCGCCC  

CCGCCTAGCC CTTCCGGATC CTGCGCGCAG Agtgagtggc cgtgaggttc  

cgggtgccgg gggtgggacg cgcagggaca gagtcctcgg gccgtgcagt  

tggacgccgg gcgaggacgg gccgtctgtg ctgacccgcg aatagtgatc  

ccagaggaag aacgcgtcct gagtattcca agtgcgagca gtgccacctg  

ttctcggaga tggcactgct cagcacgatt gtccttgcca gtcgtgctct  

ggcagtgaag aggacttgtg aaatataatt ttcctctaga aggcactgca  

ccttcccatt taccgtcact ttctcccgtt tccacccctt tccatcagtc  

acgttttctt cttttcgcag AAAGTTTCAT TTGCTG 

 

3’ 
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Appendix 2 

 

Repressor region of STAT1 gene.  

The second exon is bold and capitalised. Overlapping area of RE1 element and NFκB binding 

site is shaded.  UCSC Genome Bioinformatics accession no : uc010fsf.1. 

 

5’ 

CTCGACAGTC TTGGCACCTA ACGTGCTGTG CGTAGCTGCT CCTTTGGTTG 

AATCCCCAGC CCTTGTTGGG GCACAAGGTG GCAGgtcagt aaatgttcat  

Ggaatcagat gaatgagtac atgacttcgg aatcttaatt atgtttctat  

Gttcaaagat ggaagggctt aatgtcttcc tagagtttaa aagtgatgtt  

Tagtttttgc agacccccca ccccaaaata atatagtctt aaaaaaattt 

Ctggccggta ctgaagagtt ctgtggtagg tatgcagagg tgtggttgat 

Tgtgctttga atgttgtttg tatagataag gagttatttt catagaacag 

Aaacaggact tgagcctcca gcacagtcca ttgtgcaacc attgcttaat 

gaggatgctg gactcacact tgtgagatca taatatggtt tgctttttac 

tttctaattc cgtctgaaat atacataatt tcaattcaac aaactgtttc 

gagcacatag tatatgcagg gcactgtcca aggtccataa gatgttaaaa 

agcaaaatac cccactactc taccccctcc ccacccacct tcccccgccg 

gggactctgg aggcatcaca gagctttaca aggaaaactg gaaccgatgc 

tctaatagag gtacagaatt c 

 

3’ 
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Appendix 3 

 

Sequence of the human STAT1 RE1 and NFκB binding region amplified by chip assay. 

5’  

gactcacact tgtgagatca taatatggtt tgctttttac tttctaattc  

cgtctgaaat atacataatt tcaattcaac aaactgtttc gagcacatag  

tatatgcagg gcactgtcca aggtccataa gatgttaaaa agcaaaatac  

cccactactc taccccctcc ccacccacct tcccccgccg gggactctgg 

aggcatcaca g 

3’ 

 

 

Sequence of the human SCG10 RE1 region amplified by ChIP assay. 

5’ 

ccagtagcat cctatcagtc agcaaaatgt ccatgaggtt aaaatgtctt 

acaagttaat aggaggtgaa gaaattcatt tcagcaccaa ggagagtgcc 

ctgctatttt caattggttt tatgtatttg aaactgtgta ttgttcctga 

gg 

3’ 

 

 

Sequence of the human IL8 NFκB binding region amplified by chip assay. 

5’ 

gggccatcag ttgcaaatcg tggaatttcc tctgacataa tgaaaagatg  

agggtgcata agttctctag tagggtgatg atataaaaag ccaccggagc  

actccataag gcacaaactt tcagagacag cagagcacac aagcttctag  

g 

3’ 
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Appendix 4 

Sequencing result of  pEFIRES-REST-VP16  construct [Sequencing was performed using 

the T7 sequencing primer (5’ GTAATACGACTCACTATAGGGC 3’)] 
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Sequencing result of  pEFIRES-REST-VP16  construct [Sequencing was performed using the 

primer specified in previous sequencing result (5’ CAGTTATGTGGCCTCTAATCAAC 3’)] 

 


