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ABSTRACT 

 

Malignant melanoma and colorectal cancer are two diseases of considerable importance 

to the populations of developed countries as leading causes of cancer related death.  

Malignant melanoma is also important due to its high and rapidly increasing incidence.  

Due to their respective geographical locations, Australia and New Zealand share the 

highest rates of malignant melanoma in the world.  Colorectal cancer is the second most 

common cause of cancer related death in Australia after lung cancer. 

 

Interferon (IFN)-α is currently one of the preferred agents for adjuvant therapy of 

advanced stage melanoma due to its ability to arrest growth and promote the death of 

tumour cells with some degree of selectivity.  However despite this, response rates to 

this drug remain unacceptably low, in the range of 15 to 20%.  Deficiencies in the 

expression of the STAT1 transcription factor have previously been shown to correlate 

with the resistance of melanoma cells to the type I IFNs (IFN-α and IFN-β).  Given the 

importance of STAT1 and other components of the ISGF3 cell signaling complex for 

responses of melanoma cells to type I IFN, potential causes for the loss of STAT1 

expression in melanoma cells have been investigated.  Despite the presence of a strong 

CpG island region in the promoter of the STAT1 gene, methylation of this island did not 

appear to be the cause for the loss of STAT1 expression in melanoma cells.  A sequence 

with considerable homology to the RE-1 elements that bind REST, a transcriptional 

repressor of neuron-specific genes in non-neural cells, was located in the second intron 

of the STAT1 gene and conferred repression in the context of a luciferase reporter.  In 

addition, REST was shown by chromatin immunoprecipitation assay to bind to the 

STAT1 RE-1 site.  Furthermore, analysis of the protein levels of REST in melanoma 

cells showed an inverse relationship with STAT1 levels, implicating REST as a 

repressor of STAT1 gene expression in these cells.  Luciferase assay results suggested 

that REST functions cooperatively with a currently unidentified factor, or factors, in 

repressing transcription from the STAT1 gene. 

 

In the inflammation-mediated pathway of colorectal carcinogenesis, stromal cells 

express cytokines, producing a favourable environment for the proliferation of 

colorectal epithelial cells.  The inflammatory cytokine, IL-6, was previously reported to 

be a major regulator of the matrix metalloproteinases MMP-1 and MMP-3 in colorectal 

cancer cells.  While rarely expressed in normal colorectal epithelium or colorectal 



 xx

adenomas, increased expression of MMP-1 and MMP-3 has been linked with 

adenocarcinomas and is associated with increased tumour invasiveness, higher grading 

of tumours, the presence of lymph node metastases, and poorer patient prognosis.  In 

this study, contrary to the prevailing view, STAT3 has been found not to be involved in 

the IL-6-mediated induction of MMP-1 and MMP-3 transcription by gene reporter 

assays, gel shift assay, chromatin immunoprecipitation assay and the use of the STAT3-

specific inhibitor, Stattic.  Rather, STAT1 has been shown to bind in a complex with 

AP-1 components to non-canonical STAT-binding elements in the proximal promoters 

of the MMP-1 and MMP-3 genes to regulate their expression.  Binding of the 

STAT1/AP-1 complexes was observed both constitutively and at an increased level in 

response to treatment of cells with IL-6 and PMA. 

 

In conclusion, the results in this thesis have identified REST and its co-repressors as 

potential negative regulators of STAT1 expression in malignant melanoma, which may 

help to explain the frequent STAT1 deficiencies that have been described in IFN-

resistant cases.  Therefore, REST and its co-repressors may provide novel molecular 

targets for improving the treatment of advanced stage disease.  In contrast, the 

identification of a STAT1/AP-1-mediated mechanism for up-regulating the expression 

of MMPs in colorectal cancer suggests a critical role for STAT1 in the inflammation-

mediated pathway by which inflammatory cytokines promote tumour angiogenesis, 

invasion and metastasis.  These results are discussed in the context of the emerging 

view of STAT1 as a molecule that has opposing roles at different stages of disease and 

within different tumour microenvironments. 



 xxi

ABBREVIATIONS 

 
3-MCA 3-methylcholanthrene 
5-aza-Cd 5-azacytidine 
5-aza-CdR  5-aza-2′-deoxycytidine 
9-cis-RA 9-cis-retinoic acid 
AP-1  activating protein-1 
ATP  adenosine triphosphate 
ATRA  all-trans-retinoic acid 
bHLH  basic helix-loop-helix 
bp  base pairs 
BSA  bovine serum albumin 
cAMP  cyclic adenosine monophosphate 
CARD  caspase recruitment domain 
CBP  CREB-binding protein 
CDKI  cyclin-dependent kinase inhibitor 
CDTA  1,2-cyclohexanedinitrilotetraacetic acid 
C/EBP  CCAAT enhancer-binding protein 
CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-propanesulfonate 
ChIP  Chromatin immunoprecipitation 
CPD  cyclobutane pyrimidine dimer 
CpG  dinucleotide of cytosine and guanosine in the 5’-3’ direction 
CREB  cAMP response element-binding protein 
DAI  DNA-dependent activator of IRFs 
dCTP  deoxycytidine triphosphate 
DNMT  DNA methyltransferase 
dNTP  deoxynucleotide triphosphate 
dsRNA double-stranded ribonucleic acid 
DTT   dithiothreitol 
EDTA  ethylenediamine tetraacetic acid 
EF-1α  elongation factor-1α 
EGF  epidermal growth factor 
EGFP  enhanced green fluorescent protein 
EGTA  ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid 
EMSA  electromobility shift assay 
ESC  embryonic stem cell 
FDA  food and drug administration 
GAF  gamma-activated factor 
GAS  gamma-activated sequence 
GATE  gamma-IFN-activated transcriptional element 
GM-CSF granulocyte macrophage-colony stimulating factor 
gp130  glycoprotein 130 
HDAC  histone deacetylase 
HEPES N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) 
HIF  hypoxia-inducible factor 
HLA  human leukocyte antigen 
HNPCC hereditary non-polyposis colorectal cancer syndrome 
HRP  horseradish peroxidase 
IFN  interferon 
IgG  immunoglobulin G 
IGI  IRF-E/GAS/IRF-E 
IL  interleukin 



 xxii

IRAK  IL-1 receptor-associated kinase 
IRF  interferon regulatory factor 
ISG  interferon stimulated gene 
ISGF3  interferon stimulated gene factor 3 
ISRE  interferon-stimulated response element 
JAK  janus kinase 
kb  kilobases 
LB  Luria broth 
LIF  leukaemia inhibitory factor 
LPS  lipopolysaccharide 
MAPK  mitogen activated protein kinase 
MDA5  melanoma differentiation-associated gene 5 
MDB  methyl-CpG-binding domain 
MHC  major histocompatibility complex 
MMP  Matrix metalloproteinase 
MSP  methylation specific PCR 
NES  nuclear export signal 
NF-κB  nuclear factor-kappaB 
NK cell natural killer cell 
NKT cell natural killer T cell 
NLR  NOD-like receptor 
NLS  nuclear localisation signal 
NSC  neuronal stem cell 
OAS  2’,5’-oligoadenylate synthetase 
OSM  oncostatin M 
PBS  phosphate buffered saline 
PCR  polymerase chain reaction 
pDC  plasmacytoid dendritic cells 
PEG  polyethylene glycol 
PI3K  phosphatidyl inositol 3-kinase 
PIAS  protein inhibitor of activated STAT 
PKR  RNA-dependent protein kinase 
PMA  phorbol-12-myristate-13-acetate 
PMSF  phenylmethanesulfonyl fluoride 
pRB  retinoblastoma protein 
PRD  positive regulatory domain 
PTP  protein tyrosine phosphatase 
PVDF  polyvinylidene difluoride 
qRT-PCR quantitative reverse transcriptase-PCR 
RAG  recombination activating gene 
RE-1  repressor element-1 
REST  repressor element-1 silencing transcription factor 
RIG-I   retinoic acid-inducible gene I 
RXR  retinoid X receptor 
SBE  STAT-binding element 
SCCHN Squamous cell carcinoma of the head and neck 
SDS-PAGE sodium dodecylsulfate-polyacrylamide gel electrophoresis 
SH2  Src homology 2 
SIE  sis-inducible element 
sIL-6R  soluble interleukin-6 receptor 
siRNA  small interfering RNA 
SNP  single nucleotide polymorphism 



 xxiii

SOCS  suppressor of cytokine signaling 
SSCP  single strand conformation polymorphism 
STAT  signal transducer and activator of transcription 
SUMO  small ubiquitin-related modifier 
SV40  simian virus 40 
TEMED N,N,N′,N′-tetramethylethylenediamine 
TGF-β  transforming growth factor-β 
TIMP  tissue inhibitor of metalloproteinases 
TLR  Toll-like receptor 
TNF-α  tumour necrosis factor-α 
TRAIL  TNF-related apoptosis-inducing ligand 
Tris  tris[hydroxymethyl]aminomethane 
TSA  trichostatin A 
USF  upstream stimulatory factor 
VEGF  vascular endothelial growth factor 
 





 1 

CHAPTER 1 

INTRODUCTION 

 

1.1 THE BIOLOGY OF THE INTERFERONS 

 

1.1.1 The interferon family of cytokines 

Cytokines are small protein molecules that predominantly play important roles in 

regulating the immune system.  They are also secreted by a range of different cell types 

and induce responses in target cells by binding to specific receptors, which may be 

membrane-bound or soluble.  Upon forming membrane-bound receptor complexes, 

cytokines initiate a cascade of intracellular signaling pathways that alter the behaviour 

of target cells.  Cytokines can act in an autocrine or paracrine manner, affecting nearby 

cells, and cytokines secreted into the circulation can act in an endocrine manner, thereby 

affecting distant cells.  In many ways, cytokines resemble peptide hormones although 

cytokines generally circulate at lower concentrations and when required, they can be 

increased by a much greater magnitude than the peptide hormones.  Cytokines are 

produced by a much larger range of cells in the body than the peptide hormones.  They 

are classified either by their structural or functional properties, but their different 

functions do not always relate to their structural differences. 

 

The interferons (IFNs) are a family of cytokines that confer potent antiviral, 

antiproliferative and immunomodulatory effects on target cells.  Due to their wide-

ranging effects, IFNs have been useful in the treatment of various malignancies and 

viral infections as well as the autoimmune disorder, multiple sclerosis.  IFNs function 

through binding to receptors on the surface of target cells, which then transmit signals to 

cell nuclei resulting in the transcription of numerous effector genes.  In humans, the 

type I interferons, which bind to the type I interferon receptor, consist of twelve 

different subtypes of interferon-alpha (IFN-α)1 and the single subtypes interferon-beta 

(IFN-β), interferon-epsilon (IFN-ε), interferon-kappa (IFN-κ) and interferon-omega 

(IFN-ω) (Hauptmann and Swetly, 1985; Adolf, 1995; Allen and Diaz, 1996; LaFleur et 

al., 2001; Kontsek et al., 2003).  With the exception of IFN-κ, the genes for all the 

human type I IFN species are intronless and exist in a compact cluster within the p21.3 

                                                      
1 The type I interferon gene cluster actually comprises 14 IFN-α genes of which one (IFNAP22) is a 
pseudogene.  The proteins expressed from IFNA1 and IFNA13 are identical. 
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region of chromosome 9.  The IFN kappa gene is located nearby at chromosome 9p21.2 

and contains one short intron. 

 

Type II interferon consists of a single entity, interferon-gamma (IFN-γ), which binds to 

the type II interferon receptor.  The gene encoding IFN-γ, referred to as IFNG, localises 

to chromosomal region 12q14.  Recently, a third family of molecules with IFN-like 

function, called IFN-λ, has been characterised (Kotenko et al., 2003; Sheppard et al., 

2003).  The IFN-λ family members (IFN-λ1, IFN-λ2 and IFN-λ3, also called 

interleukin-29 (IL-29), IL-28A and IL-28B, respectively) bind to a distinct receptor 

apparatus and are now classified as the type III IFNs (Bartlett et al., 2005). 

 

1.1.2 Cytokine-mediated JAK/STAT signaling pathways 

Potential clinical uses for the IFNs were realised soon after their initial discovery by 

Alick Isaacs and Jean Lindemann in 1957, however very little was understood about 

their mechanisms of action until after the advent of recombinant DNA technology and 

the subsequent cloning of IFN-α and IFN-β (Mantei et al., 1980; Taniguchi et al., 

1980).  The availability of recombinant IFN in large quantities facilitated research on 

IFN-stimulated genes (ISGs) (Friedman et al., 1984) and enabled the use of IFNs in the 

clinic. 

 

Knowledge about the pathways involved in conveying IFN-induced signals from the 

surface of target cells to their nuclei expanded greatly in the 1980s and 1990s from 

experiments on mutant clones derived from the fibrosarcoma cell line, HT 1080 

(Pellegrini et al., 1989; John et al., 1991; McKendry et al., 1991; Velazquez et al., 

1992; Muller et al., 1993a; Muller et al., 1993b; Watling et al., 1993; McKendry et al., 

1994; Leung et al., 1995; Lutfalla et al., 1995).  From these experiments, and others (Fu 

et al., 1992; Schindler et al., 1992; Shuai et al., 1992; Kalvakolanu et al., 1994), several 

molecules were assigned roles in IFN signaling pathways.  It was observed that some 

molecules function in the signaling pathways of both type I and type II IFN (Muller et 

al., 1993a; Muller et al., 1993b). 

 

1.1.2.1 Type I IFN signaling pathway 

 

Several different cellular protein components are involved in the type I IFN signaling 

pathway.  These include the two type I receptor subunits, IFNAR-1 and IFNAR-2, each 
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linked with an associated tyrosine kinase (TYK2 and JAK1, respectively) and signal via 

intracellular transcription factors of the Signal Transducer and Activator of 

Transcription (STAT) family.  The classical type I IFN signaling pathway is illustrated 

in (Fig. 1.1).  Briefly, IFN molecules promote complex assembly of the receptor 

subunits.  The extracellular domains of both receptor subunits combine into a high 

affinity binding site for the IFNs (Cohen et al., 1995; Piehler et al., 2000).  All the type I 

IFNs bind to this receptor with different degrees of avidity (Mogensen et al., 1999). 

 

Assembly of the membrane-spanning IFN receptor subunits brings their associated 

intracellular tyrosine kinases TYK2 and JAK1 (from the Janus family of tyrosine 

kinases, JAKs) into close proximity, causing them to phosphorylate each other.  

Following autophosphorylation, the activated kinases phosphorylate Y466 of the human 

type I IFN receptor subunit, IFNAR-1, generating an intracellular docking site for 

STAT2 (a DNA-binding protein from the STAT family)2.  Binding and subsequent 

tyrosine phosphorylation of STAT2 generates a docking site for STAT1, which itself 

then becomes phosphorylated at Y701 (Haque and Williams, 1998).  Phosphorylation of 

STAT molecules allows them to be released from the receptor apparatus to form 

homodimers and heterodimers with other STATs, as well as complexes with other 

molecules. 

 

The nature of the STAT complexes generated as a result of IFN signaling through the 

type I receptors depends on the availability of the respective STAT molecules whose 

levels vary widely among different cell types (Stark et al., 1998).  While STAT1 

homodimers and STAT1/STAT2 heterodimers have been reported to form in response 

to IFN-α/β (Li et al., 1996; Goh et al., 1999), the predominant complex is composed of 

STAT1 and STAT2 (collectively referred to as interferon stimulated gene factor 3α, 

ISGF3α) with a third component called IRF-9 (also called ISGF3γ or p48) (Horvath et 

al., 1996).  The latter component belongs to the interferon regulatory factor (IRF) 

family of transcription factors.  STAT1 has two alternately spliced isoforms, STAT1-α 

(p91) and STAT1-β (p84), either of which can form the ISGF3 complex.  Overall 

transcriptional activity of ISGF3 is much lower when STAT1-β is present due to the 

absence of an important serine residue, S727 (Pilz et al., 2003). 

                                                      
2 All amino acid designations refer to the human proteins. 
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Figure 1.1 The classical type I IFN signaling pathway.  The presence of IFN-α/β 
causes the receptor to assemble, bringing the JAK kinases TYK2 and JAK1 into close 
proximity to each other, and bringing STAT1 and STAT2 into close proximity to 
IFNAR-1.  When TYK2 and JAK1 come into close proximity, they phosphorylate each 
other (shown as red dots).  Phosphorylation of the JAK kinases causes them to 
phosphorylate the receptor subunit IFNAR-1, generating a docking site for STAT2.  The 
STAT2 binds to IFNAR-1 via its SH2 domain, the STATs become phosphorylated, and 
dimerise.  The STAT1/STAT2 heterodimers recruit IRF-9 and translocate to the nucleus 
where they activate transcription of genes containing ISRE sequences. 
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Figure 1.2 The classical type II IFN signaling pathway.  Binding of an IFN-γ dimer 
to two IFNGR-1 molecules generates binding sites for two IFNGR-2 molecules.  
Assembly of the receptor subunits brings the JAK kinases, JAK1 and JAK2, into close 
proximity, causing them to phosphorylate tyrosine residues of each other (shown as red 
dots).  Phosphorylation of the JAK kinases causes them to phosphorylate a tyrosine 
residue near the C-termini of the IFNGR-1 receptor subunits, generating docking sites 
for STAT1.  Two molecules of STAT1 bind to IFNGR-1 via their SH2 domains.  The 
receptor-associated STAT1 molecules are phosphorylated by the receptor-bound JAK 
molecules.  The phosphorylated STAT1 molecules dimerise, dissociate from the 
receptor apparatus and translocate to the nucleus where they activate transcription of 
genes containing GAS sequences. 
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Upon formation and release of the activated STAT complexes, they are rapidly 

imported to the nucleus.  While neither STAT1 nor STAT2 contain a consensus nuclear 

localization signal (NLS), dimerisation generates a conformational change which leads 

to a gain of NLS function (McBride et al., 2002).  In the case of ISGF3, nuclear import 

appears to be mediated through a carrier molecule, importin-α5 (Banninger and Reich, 

2004), in a GTPase-dependent mechanism.  Interestingly, STAT2 can associate 

constitutively with IRF-9 and shuttle between the nucleus and cytoplasm in the absence 

of IFN signaling.  This appears to be possible due to a NLS in IRF-9 and a nuclear 

export signal (NES) in STAT2.  STAT2 is therefore hypothesised to function to keep 

IRF-9 out of the nucleus, ensuring its availability for formation of the ISGF3 complex 

(McBride et al., 2002; Banninger and Reich, 2004). 

 

1.1.2.2 Type II IFN signaling pathway 

 

The classical type II IFN signaling pathway is illustrated in (Fig. 1.2).  Similar to the 

type I IFN receptor, the two membrane-spanning glycoprotein subunits of the type II 

receptor, IFNGR-1 and IFNGR-2, do not preassociate with each other in non-IFN-

stimulated cells (Bach et al., 1996).  In contrast to the type I receptor, IFNGR-2 plays 

only a minor role in binding to the IFN-γ ligand.  However, IFNGR-2 is required for 

IFN-γ mediated signaling because it is associated with the kinase JAK2.  IFNGR-1 is 

associated with JAK1, to which IFNAR-2 also becomes associated in the type I receptor 

signaling apparatus (Sakatsume et al., 1995). 

 

The IFN-γ ligand binds as a dimer to two IFNGR-1 molecules, thereby generating a 

binding site for one or two IFNGR-2 chains (Bach et al., 1996).  As with type I IFN 

signaling, bringing the receptor-bound JAK kinases into close proximity leads to a 

phosphorylation cascade involving JAKs, STAT1 and the intracellular domain of 

IFNGR-1.  Ultimately, STAT1 becomes phosphorylated at Y701, dissociates from the 

receptor and forms homodimers (Shuai et al., 1993).  Phospho-STAT1 homodimers, 

referred to as gamma-activated factor (GAF), translocate to the nucleus in a similar 

fashion to ISGF3, via a mechanism involving the importin-α5 carrier molecule 

(McBride et al., 2002).  STAT1-β, the alternatively spliced isoform of STAT1, can also 

be recruited to the receptor, become phosphorylated and translocate to the nucleus to 

bind to target DNA.  However unlike STAT1-α, STAT1-β does not activate 

transcription of target genes (Shuai et al., 1993). 
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1.1.2.3 Type III IFN signaling pathway 

 

IFN- acts through a receptor complex comprising the IL-28Rα chain, which is specific 

for the IFN- cytokines, and the IL-10Rβ chain, which is shared with other IL-10 family 

cytokines (Kotenko et al., 2003; Sheppard et al., 2003).  Similar to the type I IFN 

signaling pathway, IFN- acts by forming an ISGF3 complex, which can then be 

translocated to the nucleus to activate transcription of target genes.  In addition to 

formation of the ISGF3 complex, IFN- also induces phosphorylation of STAT3 and 

STAT5 (Doyle et al., 2006). 

 

1.1.2.4 The interleukin-6 signaling pathway 

 

IL-6 (also known as interferon-β2) is a cytokine produced by both lymphoid and 

non-lymphoid cells that confers different effects on many different cell types.  IL-6 is a 

member of the IL-6 family of cytokines (including IL-6, IL-11, LIF, OSM, BSF3, 

CNTF and CT-1) and the IL-6 family belongs to the hematopoietin superfamily.  All of 

the IL-6 family of cytokines have a specific receptor subunit but also share a common 

cell surface receptor subunit, called gp130.  In this way, the IL-6 family cytokines share 

an overlapping set of physiological responses (Heinrich et al., 1998).  In a similar way 

to the IFNs, the signaling pathways employed by the IL-6 family cytokines involve JAK 

kinases and STAT transcription factors (see Fig. 1.3). 

  

The IL-6 receptor comprises the common gp130 (CD130) and the IL-6-specific receptor 

subunit, IL-6Rα (CD126).  Upon binding to IL-6Rα, IL-6 recruits a gp130 homodimer 

along with associated JAK molecules, which become transphosphorylated as they come 

into close proximity.  Although JAK1, JAK2 and TYK2 are all activated by IL-6, JAK1 

has been shown to play the dominant and essential role (Rodig et al., 1998).  During  

IL-6 signaling, phosphorylation of STAT3 (p-Y705) occurs by recruiting STAT3 at any 

of four distal phosphotyrosine residues on the gp130 chain (p-Y767, p-Y814, p-Y905 and 

p-Y915).  Activating phosphorylation of STAT1 (p-Y701) can also occur on binding to the 

gp130 receptor residues p-Y905 and p-Y915, but to a lesser extent than for STAT3.  The 

phosphorylation of STATs allows them to form homodimers or heterodimers and 

translocate to the nucleus (Heinrich et al., 1998; Heinrich et al., 2003; Hodge et al., 

2005; Lehmann et al., 2006). 
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Figure 1.3 The classical IL-6 signaling pathway.  Binding of IL-6 to the IL-6Rα 
subunit facilitates the recruitment of a gp130 receptor subunit dimer, bringing their 
associated JAK kinases into close proximity.  This in turn causes them to phosphorylate 
tyrosine residues of each other (shown as red dots), and subsequently tyrosine residues 
of the gp130 receptor subunit.  Phosphorylation of the receptor generates docking sites 
for the SH2 domains of two STAT molecules, predominantly STAT3 and to a lesser 
extent STAT1.  The receptor-associated STAT molecules are phosphorylated by the 
receptor-bound JAK molecules.  The phosphorylated STAT1 molecules dimerise, 
dissociate from the receptor apparatus and translocate to the nucleus where they activate 
transcription of genes containing STAT-binding elements. 
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A soluble form of the IL-6Rα chain (sIL-6R) was first identified in a human urine 

sample (Novick et al., 1989) and is present in other biological fluids including serum, 

cerebrospinal fluid and synovial fluid (Honda et al., 1992; Frieling et al., 1993).  

sIL-6R can be formed by either alternative splicing to exclude the transmembrane 

region or by limited proteolysis, or “shedding”, of the membrane-bound form (Müllberg 

et al., 1993; Horiuchi et al., 1994).  Unlike other soluble cytokine receptors that 

function antagonistically, sIL-6R can potentiate the IL-6 pathway in cells not expressing 

membrane-bound IL-6Rα by a process known as transsignaling (Rose-John and 

Heinrich, 1994).  In transsignaling, extracellular complexes of IL-6 and sIL-6R bind to 

the extracellular regions of cell surface gp130 molecules, facilitating their dimerisation 

and bringing their associated JAKs into proximity.  Due to its agonistic role, sIL-6R has 

been used experimentally to enhance IL-6-mediated signaling in bioassays (Mackiewicz 

et al., 1992; Catterall et al., 2001). 

 

Additional signaling pathways that are activated downstream of the gp130 receptor 

include the Ras-dependent mitogen-activated protein kinase (MAPK) and the 

phosphatidylinositol-3-kinase (PI3K)/Akt pathways.  In the former pathway, upon IL-6 

binding to its receptor, the protein tyrosine phosphatase (PTP) and adaptor protein, 

SHP2, is recruited to p-Y759 on the activated gp130 receptor subunit (Stahl et al., 1995).  

SHP2 itself becomes activated (tyrosine phosphorylated) by JAK kinases (Schaper et 

al., 1998), generating a docking site for the adaptor protein, Grb-2.  Grb-2 is 

constitutively associated with Sos-1, a GDP/GTP exchanger for Ras.  Sequential 

activation of Sos-1, along with Grb-2 and an additional factor, Shc, leads to the 

activation of Ras (Neumann et al., 1996).  Ras in its GTP-bound form activates Raf-1, 

which then activates MEK1 and ultimately activates MAP kinases (ERK1/2) through a 

series of phosphorylation events.  MAP kinases activate transcription factors ELK1, 

activating protein-1 (AP-1, comprising Jun and Fos proteins) as well as the CCAAT 

enhancer-binding protein-β (C/EBP-β) (Davis, 1995).  Due to the reduction in IL-6-

mediated ERK activation in mouse embryonic cells lacking the adaptor protein Grb-2-

associated binder 1 (Gab1), a role for this protein in the SHP2/Grb-2 pathway has also 

been speculated (Itoh et al., 2000). 

 

In the PI3K/Akt pathway, IL-6 induces an indirect association between SHP2 and class I 

PI3K, via the structural adaptor function of tyrosine-phosphorylated Gab1.  While Gab1 

is a substrate of JAK kinases, it does not require tyrosine phosphorylation of the IL-6 
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receptor (Takahashi-Tezuka et al., 1998).  PI3K is a heterodimeric complex composed 

of a p85 regulatory subunit and a p110 catalytic subunit that phosphorylates the plasma 

membrane molecule phosphatidylinositol-4,5-bisphosphate (PIP2) to generate 

phosphatidylinositol-3,4,5-trisphosphate (PIP3).  This function of PI3K is opposed by 

the tumour suppressor PTEN, which specifically dephosphorylates PIP3 at position 3 

(Engelman et al., 2006).  PIP3 acts as a second messenger by binding to and activating 

the pleckstrin homology domain of the serine/threonine kinase, Akt.  In turn, Akt 

phosphorylates a plethora of targets, many of which control cell survival, growth, 

proliferation, glycolysis and angiogenesis such as the cell cycle arrest-inducing FOXO 

factors.  An important downstream target of Akt is the mTOR complex 1 (mTORC1) 

which upregulates protein synthesis in cells (Georgescu, 2010). 

 

1.1.3 The structure of STAT molecules 

The STAT family consists of seven related proteins that play vital roles in cytokine 

signaling pathways.  As their name suggests, STAT molecules each have dual functions 

to transduce signals from cell surface receptors into the nucleus and to bind to DNA 

elements activating the transcription of target genes.  STAT molecules share both a 

common structure (see Fig. 1.4) and considerable sequence homology, which reflects 

 

 
 
Figure 1.4 The domain structure of the human STAT family of proteins.  ND –
N-terminal domain; CC – coiled-coil domain; DBD – DNA binding domain; LD – 
linker domain; SH2 – Src homology 2 domain; TAD – transcription activation domain 
containing the phosphotyrosine (pY) and phosphoserine (pS) residues. 
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their dual roles.  The amino terminus forms a site for dimer interaction which also 

regulates the nuclear translocation of STATs (Strehlow and Schindler, 1998; Braunstein 

et al., 2003).  The N-terminal coiled-coil domain adjacent to the DNA binding domain 

also mediates interactions with proteins of the IRF family (Haque and Williams, 1998; 

Hoey and Schindler, 1998).  Compared with the other domains, the linker domains that 

join the DNA binding domains to the Src homology 2 (SH2) domains are less conserved 

among members of the STAT family.  The sequence homology is greatest within the 

SH2 domains which bind to phosphorylated tyrosine residues in the intracellular 

domains of cytokine receptors (Schindler and Darnell, 1995).  The SH2 domains are 

also essential for STAT activation and form the interface when two STAT molecules 

dimerise (Hoey and Schindler, 1998).  SH2 domains are found in many other 

intracellular signaling molecules including PI3K, SHP2, Grb-2, VAV and CRKL, which 

are involved in some of the accessory/alternative pathways activated by the IFNs 

(reviewed in Platanias, 2005) and IL-6.  Lastly, the carboxy termini of the STATs 

contain the tyrosine and serine residues that are phosphorylated as necessary for 

transcription activation (Haque and Williams, 1998). 

 

 

 
 
Figure 1.5 The crystal structure of a STAT1 dimer bound to DNA.  The 
phosphotyrosine residues in the SH2 domains are shown in stick representation.  The 
N- and C-termini are indicated by “N” and “C”, respectively (from Chen et al., 1998, 
reproduced with permission). 
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The first crystal structure of a STAT molecule to be determined was that of the 

phosphorylated STAT1 dimer (Chen et al., 1998).  Spatial depiction of STAT dimers 

bound to DNA resembles pliers with an amino terminal 4-helix bundle constituting each 

handle of the pliers (see Fig. 1.5).  In addition to forming dimers, STAT1, STAT4 and 

STAT5 have also been shown to form higher order complexes on promoters containing 

multiple STAT-binding elements (SBEs) (Chen et al., 2003). 

 
1.1.4 Downstream events of the IFN/IL-6 signaling pathways 

The multiple biological effects mediated by the IFNs result primarily from changes in 

the gene expression of a large number of ISGs.  Transcription of ISGs is achieved by 

the nuclear STAT complexes binding to specific target sequences in the promoter 

regions of ISGs.  The DNA binding sites for the STAT complexes were initially 

determined by identifying conserved sequences in the promoter regions of several ISGs 

(Friedman and Stark, 1985; Porter et al., 1988).  These SBEs were confirmed by 

electrophoretic mobility shift assay (EMSA) (Levy et al., 1988) and then further defined 

by mutational analysis of the SBEs found in the promoters of genes induced by type I 

IFN (Kessler et al., 1988), type II IFN or IL-6 (Lamb et al., 1995). 

 

The type I IFN-activated ISGF3 complex has been shown to recognise the direct repeat 

consensus sequence GAAANNGAAANN which is referred to as the interferon- 

stimulated response element (ISRE).  The type II IFN-activated GAF complex was 

shown to recognise the sequence TT(C/A)CNN(G/T)AA which is often referred to as 

the interferon--activated sequence (GAS).  STAT3 homodimers and STAT1/3 

heterodimers are capable of binding to GAS-related sequences, but with subtle 

differences in affinity (Lamb et al., 1995). 

 

Whereas binding of STAT complexes to an ISRE or SBE can be sufficient to activate 

transcription of a reporter gene in vivo, the promoter regions of the ISGs often contain a 

number of DNA binding elements located nearby within a short region of DNA and in 

some cases, multiple SBEs align adjacent to each other or with other transcription factor 

binding sites, providing responses to multiple stimuli.  The presence of multiple 

transcription factor binding sites has been shown to facilitate a cooperative effect of 

transcription factors on transcription of some ISGs (Yoo et al., 2001; Xu et al., 2003). 
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1.1.4.1 Functions of the ISGs 

 

Over 300 ISGs have been described and can be classified according to the functions 

they confer on cells and tissues.  The predominant antiviral role of IFN-α and IFN-β is 

due to the induction of such gene products as RNA-dependent protein kinase (PKR), 

Mx proteins, 2',5'-oligoadenylate synthetase (OAS) (Stark et al., 1998) and APOBEC3G 

(Tanaka et al., 2006).  In addition, the type I and II IFNs mediate further antiviral and 

immunomodulatory effects via the induction of genes within the major 

histocompatibility complex (MHC) such as MHC class I molecules, MHC class II 

molecules (IFN-γ only), components of the antigen processing apparatus, as well as 

chemokines and complement components C2, C4 and factor B (Rani et al., 1996; Stark 

et al., 1998; Zhou et al., 2001).  The antiviral functions of the type III IFNs is an 

emerging area of research.  IFN-λ has been shown to induce the classic antiviral state in 

response to a range of viruses by the induction of a similar range of gene products as 

those induced by IFN-α, including IRF-7, Mx1, OAS and MHC class I molecules 

(Doyle et al., 2006). 

 

One of the major immunomodulatory effects of IFN-γ is to direct the differentiation of 

CD4+ T cells toward the Th1 phenotype, thereby promoting cell-mediated immunity.  

Although IL-12 is the major cytokine directing cells to the Th1 phenotype, IFN-γ also 

has two very important roles.  Firstly, IFN-γ enhances the synthesis and secretion of

IL-12 by antigen presenting dendritic cells (Hilkens et al., 1997).  Secondly, IFN-γ 

induces developing CD4+ T cells to express the transcription factor T-bet, which in turn 

induces the expression of STAT1, more IFN-γ, and the IL-12 receptor-β2 subunit

(IL-12Rβ2), enabling a greater T cell response induced by the IL-12 secreted from 

dendritic cells (Agnello et al., 2003; Lovett-Racke et al., 2004).  Consequently, cells 

directed to the Th1 phenotype produce more of their signature cytokine, IFN-γ and are 

prevented from reverting to Th2. 

 

The DNA-binding factor, GATA-3, has the opposite effect on CD4+

T cell differentiation, simultaneously down-regulating IFN-γ and the IL-12Rβ2 

production, shifting the balance to bind to the promoters and induce the expression of 

the Th2 cytokines, IL-5 and IL-13, while also inducing IL-4 by epigenetic mechanisms 

(Ferber et al., 1999; Zhou and Ouyang, 2003; Pai et al., 2004; Zhu et al., 2004).  The 

two “master regulator” transcription factors, GATA-3 and T-bet, have been shown to 
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sequester each other by direct physical interaction (Hwang et al., 2005), preventing their 

respective transcription-activation functions and creating a fine balance that can 

potentially be altered to either side to produce effector T cells for the appropriate 

immune responses.  More recent findings have led to a paradigm shift away from the 

inflexible “lineage-based” model of T-helper cell subsets towards a model in which 

Th1, Th2 and other T-helper cell subsets exhibit a greater degree of plasticity in which 

the expression of “master regulators” may be transient and subject to an array of 

extrinsic and intrinsic factors (O'Shea and Paul, 2010) (GATA-3 is discussed further in 

section 1.5.2). 

 

This is by no means an exhaustive discussion of the antiviral and immunomodulatory 

effects of the ISGs.  Indeed, the functions of some ISGs are still not known.  For 

example, the four members of the IFI54 gene family are without assigned functions and 

contain multiple ISREs (de Veer et al., 1998).  The antiproliferative and pro-apoptotic 

functions of the IFNs are discussed further in section 1.2. 

 

1.1.4.2 Interleukin-6-induced gene expression 

 

When expressed by macrophages during the early stages of a pathogenic infection, IL-6 

functions alongside IL-1 and tumour necrosis factor-α (TNF-α) to induce the acute-

phase response.  The acute-phase proteins induced by these proinflammatory cytokines 

include C-reactive protein, fibrinogen, mannan-binding lectin and pulmonary 

surfactants A and D (Bopst et al., 1998; Ramadori and Christ, 1999).  IL-6 is also 

involved in the development of hematopoietic cells (including stem cells), contributing 

to proliferation and differentiation of T and B cell subsets (Croft and Swain, 1991; 

Rincon et al., 1997; Song and Kellum, 2005).  IL-6 is also produced in various tumour 

microenvironments, induces differentiation of megakaryocytes, osteoclasts and neural 

cells, as well as proliferation of keratinocytes and mesangial cells (Naka et al., 2002).  

Despite these broad ranging effects, IL-6 knockout mice are viable and fertile (Song and 

Kellum, 2005). 

 

In a microarray study, 54% of 138 genes regulated by IL-6 in a myeloma cell line were 

found to be involved in cell cycle regulation.  Among the genes most highly induced by 

IL-6 were CDC45 and CDC6, as well as MAPK6 and STAT3, which are involved in
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IL-6 signaling.  Many of the IL-6-induced genes that support cell growth are activated 

through the Ras-dependent MAPK pathway (Ogata et al., 1997).  Among the most 

down-regulated genes in the myeloma microarray were IFI54 family members IFI56 

and IFI54, as well as IRF4 and the gene for β2-microglobulin (Croonquist et al., 2003), 

which would suggest that the proliferative stimulating actions of IL-6 are the direct 

opposite to the antiproliferative actions of the IFNs. 

 

1.1.5 Additional pathways of IFN action 

While a fully comprehensive description of the complete signaling pathways mediated 

by the IFNs is beyond the scope of this thesis, this section will address some of the 

additional signaling mechanisms that are invoked by the IFNs, both within the 

JAK/STAT pathways and those involving other signaling molecules.  These accessory 

mechanisms operate in a cell type-specific fashion either concurrently with the classical 

IFN pathways, or may be employed when essential molecules from the classical 

pathways are in short supply (Rani and Ransohoff, 2005).  For example, in various cell 

lines, type I IFN has been shown to induce the activation of all members of the STAT 

family, namely STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6, as 

well as induce the formation of such diverse complexes as STAT2:3, STAT2:6 and 

STAT2:6:IRF-9 (Brierley and Fish, 2005). 

 

In addition to tyrosine phosphorylation, S727 on both STAT1 and STAT3 becomes 

phosphorylated in response to both type I and type II IFNs (Wen et al., 1995).  Though 

not required for nuclear translocation or DNA binding, STAT1 serine phosphorylation 

is necessary for full transcriptional activation of ISGs, particularly those involved in the 

control of cell growth and apoptosis (DeVries et al., 2004).  Protein kinase C-δ, a 

downstream target of PI3K, was identified as a serine kinase responsible for STAT1 

S727 phosphorylation (Uddin et al., 2002).  PI3K is activated by insulin receptor 

substrate (IRS)1 and IRS2 (Uddin et al., 1995; Platanias et al., 1996), which are 

themselves activated by phosphorylation through the type I IFN receptor in a JAK1- and 

Tyk2-dependent manner (Burfoot et al., 1997), linking the classical type I IFN tyrosine 

kinase signaling pathway with concurrent STAT1 serine phosphorylation. 

 

As with IL-6, MAP kinases play important roles in IFN signal transduction.  The ERK, 

JNK and the p38 MAPK families share complex and integrated signaling pathways that 

are regulated by IFNs at several points (see Fig. 1.6).  The α-isoform of p38, an 
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alternative kinase that can phosphorylate STAT1 at S727, is itself phosphorylated in 

response to type I IFN, in a pathway involving TYK2, VAV, the small GTPase RAC1, 

MAPK kinase 6 (MKK6) and MKK3 (Uddin et al., 1997; Uddin et al., 2000; Platanias, 

2005; Rani and Ransohoff, 2005).  While IFN-dependent gene transcription via GAS 

and ISRE elements is blocked by dominant negative p38 mutants and inhibitors of p38, 

formation of the STAT complexes, their phosphorylation and binding to their target 

GAS and ISRE sites remains unaffected (Uddin et al., 1999; Ramsauer et al., 2002).  

Therefore, the function of p38 is essential for IFN dependent gene transcription, but 

proceeds in a distinct manner from the typical JAK/STAT signaling pathway. 

 

Other MAP kinases also have significant roles in cellular responses to IFNs.  For 

example, activation of ERK2 occurs by tyrosine phosphorylation in response to IFN-α 

and IFN-β and also involves Raf-1, but does not require Ras (see Fig. 1.6) (Stancato et 

al., 1997). ERK2 was shown to be required for IFN-β-induced transcription (David et 

al., 1995) and both ERK1 and ERK2 can also be activated in response to IFN-γ or 

 

IFN-λ via a mechanism involving MEKK1 and MEK1, but not Ras or Raf (Hu et al., 

2001; Brand et al., 2005).  IFN-γ-activated ERKs regulate the activity of C/EBP-β, 

which activates genes with a response element called γ-IFN-activated transcriptional 

element (GATE) (Roy et al., 2002).  Thus, IFN-γ can activate genes through both GAS 

elements in a MAPK-independent manner and through GATE elements in a MAPK- 

dependent manner.  Little is known about potential roles of the c-Jun NH2-terminal 

kinase (JNK) family of MAPKs in mediating IFN responses.  While JNK is activated 

during the IFN response to viral infection and participates in subsequent apoptotic 

responses, it is not yet clear whether its role is directly related to IFN signaling 

molecules (Li et al., 2004a; Kim et al., 2005). 

 

Another pathway activated by type I and II IFNs involves the CRK family of adaptor 

proteins, primarily CRKL and to a lesser extent, CRKII.  Phosphorylation of CRK 

proteins occurs primarily in hematopoietic progenitors and contributes to 

antiproliferative responses (Platanias et al., 1999).  In response to IFN, CRKL becomes 

phosphorylated by the multivalent docking protein CBL (the product of the c-cbl 

proto-oncogene) which engages both type I and type II IFN receptors (Uddin et al., 

1996; Alsayed et al., 2000).  CRKL, with a constitutively bound guanine exchange 

factor, C3G, mediates growth inhibitory effects by activating the small GTPase RAP-1.   
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Figure 1.6 Alternative signaling pathways of the IFNs.  Schematic representation of 
the accessory pathways initiated by the binding of type I and type II IFNs to their 
receptors.  Phosphorylation is shown as red dots.  Question marks represent 
mechanisms that are still not clear. 
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CRKL/RAP-1 functions in part by antagonising the Ras growth signaling pathway 

(Cook et al., 1993).  CRKL has a second signaling mechanism in response to type I IFN 

in which it combines with STAT5 to form a complex that associates with Tyk2 on the 

type I IFN receptor.  The activated CRKL-STAT5 complex translocates to the nucleus 

and activates the expression of ISGs by binding to specific GAS sequences in the their 

promoters (Fish et al., 1999). 

 

1.1.6 Induction of IFN gene expression and the innate immune response 

The rapid production of types I and III IFN is a fundamental characteristic of innate 

immune responses that are initiated by a wide range of pathogen-recognition receptors 

including the Toll-like receptors, the cytosolic RNA sensors RIG-I and MDA5, and the 

recently identified cytosolic DNA sensor, DAI. 

 

1.1.6.1 Signaling through Toll-like receptors 

 

Viral proteins and nucleic acids can engage and activate a subset of the Toll-like 

receptors (TLRs) on antigen presenting cells, in particular plasmacytoid dendritic cells 

(pDCs) and B cells.  In humans, TLR-3, TLR-7, TLR-8 and TLR-9 are expressed 

intracellularly in endosomal compartments and can be activated by viral nucleic acids 

including dsRNA, ssRNA and CpG dinucleotide rich DNA, the latter found in 

abundance in the genomes of many bacteria and viruses (Bowie and Haga, 2005).  

TLR-2 and TLR-4 are expressed on the cell surface of a range of bone marrow-derived 

cells and are usually associated with host innate immune responses against bacteria by 

recognising peptidoglycan and LPS, respectively.  These cell surface TLRs have also 

been shown to be activated by viral glycoproteins (Kurt-Jones et al., 2000; Haynes et 

al., 2001; Bieback et al., 2002). 

 

With the exception of TLR-3, all the TLRs utilise the adaptor molecule MyD88 to 

recruit kinases that activate the transcription factor NF-κB into inducing the expression 

of inflammatory cytokine genes and IFNB, which encodes IFN-β (Uematsu and Akira, 

2006).  TLR-3 utilises a MyD88-independent signaling pathway to ultimately induce the 

expression of IFNB.  In the MyD88-independent pathway, an alternative adaptor 

molecule, TRIF, interacts with the kinases TBK1 and IKKε (see Fig. 1.7).  TBK1 and 

IKKε subsequently phosphorylate the ubiquitously expressed IRF-3, which enters the 
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Figure 1.7 TLR-mediated induction of IFN gene expression and NF-κB activation.  
These pathways are described in detail in the main text.  Phosphorylation is indicated as 
small red dots.  Larger red dots indicate complexes with ubiquitin-conjugating enzymes.  
* Note that the MyD88-dependent TLR7/8/9 pathway of NF-κB activation has been 
abbreviated.  This pathway contains all of the components of the Myd88-dependent 
TLR2/4 pathway. 
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nucleus and induces the expression of IFN-β (Fitzgerald et al., 2003a; Sharma  

et al., 2003).  TLR-4 also activates IRF-3 via TRIF and TRIF-related adaptor molecule 

(TRAM) in response to bacterial LPS (Navarro and David, 1999; Fitzgerald et al., 

2003).  While some viral proteins can also activate TLR-4, to date no viruses have been 

shown to activate IRF-3 and induce expression of IFNs by the TLR-4/TRAM/TRIF 

pathway (Bowie and Haga, 2005). 

 

An alternative pathway is employed by pDCs to produce large amounts of type I IFN 

during viral infections (Fig. 1.7).  In this pathway, endosomal TLR-7, TLR-8 and 

TLR-9, upon activation by their viral ligands, engage MyD88 via its Toll/IL-1 receptor 

(TIR) domain.  Activation of MyD88 leads to the sequential recruitment and activation 

of IL-1 receptor-associated kinases (IRAK)-4, IRAK-1 and tumour necrosis factor 

(TNF)-receptor-associated factor 6 (TRAF6) (Kawai et al., 2004).  IRF-7 is activated by 

phosphorylation after forming a complex with MyD88, IRAK-4, IRAK-1 and TRAF6 

(Uematsu and Akira, 2006).  Activated IRF-7 then translocates into the nucleus to 

promote the transcription of the type I IFN genes. 

 

The binding of viral ligands to TLRs on pDCs also activates the expression of type III 

IFNs.  In several studies, IFN-λ1 and IFN-λ2/3 were expressed in vitro and in vivo in 

response to a range of viruses and ligands specific to TLRs -3, -4, -7, -8 and -9 (Coccia 

et al., 2004; Siren et al., 2005; Ank et al., 2006).  The data obtained to date suggest that 

type I and type III IFNs are expressed in similar patterns due to similar cis-regulatory 

elements in their gene promoters (discussed further in section 1.1.6.4) (Onoguchi et al., 

2007).  However, while IFN-α/β can stimulate nearly all nucleated cells, IFN-λ acts in a 

more cell type-specific manner to mediate its biological functions (Numasaki et al., 

2007).  Whilst not required for controlling a number of viruses, IFN-λ was shown to be 

essential for mediating antiviral protection by ligands for TLR-3 and TLR-9 (Ank et al., 

2008).  Nevertheless, it is not yet known whether type III IFNs have unique antiviral 

functions or whether they simply contribute another layer of functional redundancy to 

the more comprehensively studied family of type I IFNs. 

 

1.1.6.2 Induction of type I IFN expression by dsRNA 

 

While TLRs activate innate immune responses by recognising microbial molecular 

patterns at the plasma membrane and in endosomes, the replication of RNA viruses 
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inside cells results in the accumulation of dsRNA in the cell cytoplasm.  The induction 

of type I IFN in response to viral encoded intracellular dsRNA was initially shown to be 

largely independent of TLR recognition and later shown to involve the DExD/H box 

RNA helicase genes, retinoic acid-inducible gene I (RIG-I) and melanoma 

differentiation-associated gene 5 (MDA5) (Diebold et al., 2003; Andrejeva et al., 2004; 

Yoneyama et al., 2004). The target for the detection of dsRNA by RIG-I is the 5’ 

triphosphate group, which can be generated by viral polymerases (Hornung et al., 2006; 

Pichlmair et al., 2006).  The specific ligand for MDA5 is still unknown, although 

MDA5 is known to recognise Picornaviridae and other RNA viruses not recognised by 

RIG-I (Yoneyama and Fujita, 2009).  While RNA viruses are differentially recognised 

by RIG-I and MDA5, both helicases contain N-terminal caspase recruitment (CARD) 

domains which transduce signals in an ATP-dependent manner through an adaptor 

protein called IFN-β promoter stimulator 1 (IPS-1, also called MAVS, VISA or 

CARDIF) (Seth et al., 2005; Kato et al., 2006).  Upon interacting with RIG-I or MDA5, 

IPS-1 recruits TRAF family members TRAF2, 3 and 6, thereby entering the 

downstream TLR signaling pathway and ultimately activating NF-κB and IRF-3 

(Oganesyan et al., 2006; Saha et al., 2006; Yoneyama and Fujita, 2009).  An additional 

DExD/H box RNA helicase, Lpg2, lacks the CARD domain and functions as a negative 

regulator of RNA-mediated IFN induction (Rothenfusser et al., 2005; Yoneyama et al., 

2005). 

 

1.1.6.3 Induction of type I IFN expression by dsDNA 

 

Cytoplasmic DNA has also recently been shown to induce IRF-3 and type I IFN 

expression, and activate NF-κB, in a TLR-independent manner (Takaoka et al., 2007).  

DNA-dependent activator of IRFs (DAI, also called ZBP1 or DLM-1) is a cytoplasmic 

recognition receptor that is activated by DNA from a variety of sources, and can 

recognise both the common B-form and the alternative Z-form of DNA.  DAI activates 

TBK-1 and IRF-3 by recruiting the adaptor molecule IPS-1 and another protein called 

“stimulator of IFN genes” (STING, also called MITA) (Ishii et al., 2006; Ishikawa and 

Barber, 2008; Zhong et al., 2008).  The mechanism used by DAI to activate NF-κB is 

less well established. 

 

Small interfering RNA (siRNA)-mediated knockdown of DAI in mouse embryonic 

fibroblasts reduced IFN-β mRNA induction by B-DNA, but only by about 15% (Wang 
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et al., 2008) indicating the existence of additional DNA sensors.  Furthermore, DAI 

knockout mice retained the ability to produce type I IFNs and to initiate innate and 

adaptive immune responses after B-DNA and DNA virus infection (Ishii et al., 2008).  

Indeed, the HIN-200 family proteins IFI16 and AIM2 were more recently identified as 

cytoplasmic viral DNA sensors (Fernandez-Alnemri et al., 2009; Hornung et al., 2009; 

Roberts et al., 2009; Unterholzner et al., 2010).  Upon detection of cytoplasmic DNA, 

IFI16 recruits STING, subsequently inducing IFN-β (Unterholzner et al., 2010).  AIM2 

activates a large protein complex “inflammasome” that serves as a platform for 

caspase-1-mediated secretion of IL-1β (Warren et al., 2010).  The genes encoding the 

cytoplasmic DNA and RNA sensors described here are themselves inducible by type I 

IFN (Takaoka et al., 2007), suggesting that the innate immune responses triggered by 

ligation of these sensors are amplified by positive feedback.  As such, these DNA and 

RNA sensing systems also possess mechanisms of negative regulation to ensure that 

responses are self-limiting and do not cause overwhelming and disproportionate 

inflammatory responses (Wang et al., 2008). 

  

1.1.6.4 Interferon gene promoters 

 

The minimal region within the promoters of the IFNA and IFNB genes shown to be 

required for activating expression of a reporter gene in response to viral infection is 

known as the virus-regulated element and in the IFNB promoter comprises a 200 base 

pair region.  An IFNB enhancer region within the promoter contains four positive 

regulatory domains (PRDI-IV) flanked by two negative regulatory domains (NRDI-II).  

In virus-infected cells, PRDIV is recognised by a heterodimer of ATF-2 and c-Jun.  

PRDII is the binding site for NF-κB.  Between these sites is the combined PRDI/III site, 

which comprises different combinations of 5‘-GAAANN-3’ nucleotide repeats to which 

members of the IRF family bind as dimers in their serine/threonine phosphorylated 

form.  IRF-3 predominantly binds in a complex containing the co-activators CREB-

binding protein (CBP) and p300 as well as chromatin modifying factors and RNA pol II 

holoenzyme (Wathelet et al., 1998).  This entire virus-activated DNA/protein complex, 

together with the architectural protein HMGI(Y), is called the IFN-β enhanceosome. 

 

The highlighted sequence of the PRDIII motif (5’-TAGGAAAACTGAAAGGG-3’) is 

very similar to the ISGF3-binding canonical ISRE sequence, 5’-GAAANNGAAANN-3’.  

In particular, the PRDIII motif and its surrounding nucleotides are noticeably similar to 
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the ISRE in the ISG56 gene (5’-TAGGGAAACCGAAAGGG-3’) as well as ISREs in a 

few other ISGs, including ISG15 and ISG60.  Interestingly, this particular subset of 

ISGs can be induced directly by viruses through binding of IRF-3 as well as by the IFNs 

through binding of the ISGF3 complex (Wathelet et al., 1998; Grandvaux et al., 2002).  

Thus, a number of immediate-early-induced ISGs act as a prelude to the subsequent 

IFN-mediated response which then comprises a broader range of ISGs (Daly and Reich, 

1995). 

 

IRF-7 can substitute for IRF-3 in the IFNB enhanceosome, although the two factors 

exhibit differences in their DNA binding affinities and in their abilities to induce 

transcription of the IFNB gene.  Whereas IRF-3 binds preferentially to PRDIII in the 

IFNB promoter, IRF-7 binds preferentially to PRDI (Lin et al., 2000; Au and Pitha, 

2001).  Enhanceosome-mediated transcription of IFNB follows the ordered recruitment 

of histone acetylases (CBP/p300, GCN5, PCAF) and chromatin remodelling enzymes 

(SWI/SNF) (Agalioti et al., 2000).  IRF-3 interacts with the co-activators CBP/p300 and 

PCAF, while IRF-7 does not (Lin et al., 2000).  Although IRF-3 may not be the main 

factor responsible for CBP/p300 recruitment on the IFNB promoter (Mokrani et al., 

2006), the lack of association between IRF-7 and the co-activators, as well as the fact 

that IRF-7 is not constitutively expressed in cells, suggests that IRF-7 plays only a 

minor role compared to IRF-3 in virus-induced transcription of IFNB. 

 

Prior to the discovery of IRF-3 and IRF-7, IRF-1 was hypothesised to be a critical 

component of the virus-induced IFN-β enhanceosome (Reis et al., 1992).  IRF-1 indeed 

binds to two sites on the PRDI/III motif with higher affinity than either IRF-3 or IRF-7, 

and activates expression of the IFNB gene (Wathelet et al., 1998).  However, it has been 

shown that IRF-1 binds anti-cooperatively with ATF-2, c-Jun and NF-κB and is not 

required for virus-mediated activation of the IFNB gene (Yang et al., 2004).  IRF-1 may 

have a role in preventing inappropriate activation of the IFNB gene, especially in 

circumstances unrelated to virus infection that result in ATF-2, c-Jun and NF-κB 

accumulation in the nucleus (Wathelet et al., 1998). 

 

The IFNA promoters contain PRDI-like sites (referred to as IRF-E sites) but most do not 

include associated NF-κB-binding sites like the IFNB promoter and consequently they 

differ in their activation properties from the IFNB promoter.  In addition to IRF-3, 

activation of most IFNA virus-regulated elements is dependent on either IRF-7 or 
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another IRF factor called IRF-5 (Au and Pitha, 2001; Barnes et al., 2001).  Murine 

IFNA4, which is inducible by IRF-3 alone, is a notable exception (Marie et al., 1998).  

Binding affinities of IRF-3 and IRF-7 to the IRF-E sites are dependant on both the 

composition of the ‘NN’ residues of the respective ‘GAAANN’ hexanucleotide motifs 

(Morin et al., 2002) as well as the composition of the ‘GAAA’ core sequences (Lin et 

al., 2000).  In general, IRF-7 is more flexible in its DNA-binding properties than IRF-3 

and can accommodate single nucleotide replacements in the core sequence. 

 

Whereas IRF-3 is constitutively expressed in all cell types and can rapidly induce the 

expression of IFN-β upon virus infection, IRF-7 expression is limited to lymphoid 

tissues while IRF-5 is restricted to B cells and dendritic cells (Barnes et al., 2001).  In 

most lymphoid cells, IRF-7 is expressed at such low levels as to preclude the immediate 

induction of IFN-α.  However, IRF-7 expression is inducible by IFN-β through the 

binding of ISGF3 to the IRF-7 promoter.  A two-stage feedback loop has been proposed 

whereby IFN-β is rapidly expressed and secreted by virus-infected cells.  Secreted IFN-β 

then binds in an autocrine or paracrine manner to the type I IFN receptor of nearby 

cells, initiating the type I IFN signaling pathway and the assembly of ISGF3.  IRF-7 

induced by ISGF3 becomes rapidly phosphorylated due to the presence of virus, and 

subsequently induces the robust expression of IFN-α (Marie et al., 1998). 

 

Expression levels of IFN-α in response to virus infection reflect the levels of IRFs in the 

infected cells.  For example, in plasmacytoid dendritic cells that constitutively express 

unusually high levels of IRF-7, IFN-α expression becomes greatly increased upon virus 

infection (Izaguirre et al., 2003).  The particular IFN-α subtypes expressed in cells 

depends on the cell type as well as the type of virus infection.  Thus, the transcriptional 

activation roles mediated by IRF-3, IRF-7 and IRF-5 appear to be complementary rather 

than redundant and have probably evolved to provide for the expression of distinct 

subsets of the type I IFNs in a virus-specific manner (Lin et al., 2000; Barnes et al., 

2001; Izaguirre et al., 2003). 

 

In mice, IFNA4 functions alongside IFNB as an immediate-early gene activated in 

response to virus infection (Marie et al., 1998).  In human cells, IRF-3 has been shown 

to stimulate the expression of only the IFNB gene and not the IFNA genes.  In 2fTGH 

fibroblast cells, which do not express IRF-7, IFN-α mRNA and protein were not 

detectable upon infection with either vesicular stomatitis virus (Juang et al., 1998) or 
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Sendai virus (Yeow et al., 2000).  Likewise, IFNA transcripts were undetectable in 

IFN-resistant human melanoma cells following infection with Semliki Forest virus 

(Cutler, 2000).  Nevertheless, luciferase reporter constructs containing cloned regions of 

the human IFNA1 and IFNA2 promoters were activated in 293 cells by 108-fold and 

38-fold, respectively, by a constitutively active form of IRF-3 (Lin et al., 2000).  

Furthermore, recombinant N-terminal IRF-3 was shown to bind to the IFNA1 IRF-E 

site, but not to the IRF-E sites of other IFNA promoters (Lin et al., 2000).  All of the 

above observations suggest that human IFNA1 may be an equivalent gene to murine 

IFNA4 and although not previously demonstrated, IFNA1 may potentially function as an 

immediate-early gene in response to some viral infections. 

 

1.1.7 Regulation of cytokine responses 

Given the potential magnitude of an IFN response and its ability to positively feed back 

through IRF-7, it is important that the JAK/STAT and accessory pathways are tightly 

regulated at multiple levels.  Unregulated cytokine signaling can lead to serious 

consequences such as tumourigenesis or chronic inflammation (Croker et al., 2008).  

PTPs play a central role in regulating the cytokine-activated JAK/STAT pathway and 

inhibit IFN signaling.  The PTP, SHP2 contains two tandem SH2 domains, through 

which it recognises the activating phosphotyrosines of STAT1 (p-Y701), STAT3 (p-Y705) 

and STAT5 (p-Y694/699).  SHP2 also contains a tyrosine phosphatase domain that under 

normal circumstances is buried in an autoinhibitory conformation.  Upon binding to 

phosphotyrosine, SHP2 alters its shape, releasing its phosphatase domain and 

inactivating the STAT molecules by dephosphorylation (Xu and Qu, 2008).  As 

previously described in section 1.1.2.4, the SH2 domain of SHP2 can also be recruited 

to p-Y759 on gp130 where it can both activate and attenuate gp130-dependent signaling 

(Lehmann et al., 2003).  In some circumstances SHP2 can actually promote the 

JAK/STAT pathway by preventing the formation of the JAK2-SOCS1 complex 

discussed below.  SHP1, a PTP that shares a high level of homology with SHP2, also 

possesses dual positive/negative regulatory activities of the JAK/STAT pathway.  SHP1 

is involved in dephosphorylating IFN-α-induced phospho-JAK1 in hematopoietic cells.  

SHP1 also associates with and dephosphorylates JAK2 (Jiao et al., 1996).  Still other 

PTPs have been shown to dephosphorylate IFN-activated JAK and STAT molecules 

including CD45, PTP1B and TcPTP (Irie-Sasaki et al., 2001; Myers et al., 2001; ten 

Hoeve et al., 2002). 

 



 26

The Suppressor Of Cytokine Signaling (SOCS) proteins are another family of proteins 

containing SH2 domains that regulate the signaling pathways of many cytokines 

including IFN-β, IFN-γ and IL-6 (Alexander et al., 1999; Fenner et al., 2006).  SOCS1 

and SOCS3 bind via their SH2 domains to the same site on JAK2 as SHP2, as well as to 

the IFNAR1 and IFNGR1 receptor subunits.  The regulation of cytokine signaling 

pathways is mediated by a 12 amino acid kinase inhibitory region (KIR) that lodges in 

the catalytic cleft of JAK2, inhibiting the enzymatic activity of JAK2 as well as 

ubiquitinating JAK2 for proteasomal degradation (Sasaki et al., 1999).  Expression of 

the SOCS proteins themselves is regulated by several mechanisms.  In one mechanism, 

SOCS1 and SOCS3 are rapidly induced following cytokine stimulation, but are 

promptly degraded once cytokine signaling has ceased (Dickensheets et al., 2007). 

 

The protein inhibitor of activated STATs (PIAS) family was identified because the 

initial family member, PIAS1, was shown to inhibit STAT1 signaling and PIAS3 to 

inhibit STAT3 signaling (Chung et al., 1997; Liu et al., 1998).  Despite their names, the 

four PIAS proteins (PIAS1, PIASx, PIAS3 and PIASy) have a much broader regulatory 

role than the inhibition of STATs and to date, over 60 proteins have now been shown to 

be regulated by PIAS family members (Rytinki et al., 2009).  The interaction of PIAS 

with STATs requires cytokine stimulation, suggesting that PIAS interacts only with 

STATs in their dimerised form (Liao et al., 2000).  PIAS1 and PIAS3 then inhibit 

STAT-mediated gene activation by blocking the DNA binding activity of the STAT 

dimers.  PIAS1 and PIAS3 also regulate NF-κB signaling by a similar blocking 

mechanism (Liu et al., 2005a).  In contrast, PIASy represses STAT1-mediated gene 

activation without affecting the STAT1 DNA binding activity, while PIASx represses 

STAT4-mediated gene activation by recruiting co-repressor molecules such as histone 

deacetylases that are discussed in section 1.5.7 (Arora et al., 2003). 

 

Most PIAS proteins use their intrinsic E3 ligase activity to regulate target protein 

turnover by the addition of the Small Ubiquitin-Related Modifier (SUMO).  Whether 

STAT1 signaling is regulated by the PIAS factors through SUMO E3 ligase activity 

remains controversial.  While STAT1 can be sumoylated on K703, a process that is 

enhanced by PIASx, mutating STAT1 K703 does not affect the ability of PIAS1 to 

repress STAT1-mediated gene activation (Rogers et al., 2003).  However, the E3-ligase 

function of PIAS1 is essential to repress STAT1-mediated gene transcription, 
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suggesting that sumoylation of other proteins may be necessary for the transcriptional 

repression to occur (Liu et al., 2007). 

 

1.1.8 STAT1 deficiencies in cells and organisms  

As a fundamental component in the classical signaling pathways of all types of IFN, 

STAT1 is a vital determinant of the IFN response in cells.  The STAT1-null derivative 

of the human fibrosarcoma cell line HT1080, designated U3A, demonstrated the 

importance of STAT1 in mediating cell growth arrest, apoptosis, and the establishment 

of an antiviral state in response to type I and type II IFN (Bromberg et al., 1996; Chin et 

al., 1996; Horvath and Darnell, 1996; Chin et al., 1997; Xu et al., 1998; Fulda and 

Debatin, 2002; Choi et al., 2003; DeVries et al., 2004; Sironi and Ouchi, 2004).  U3A 

cells also lack TLR3 expression and as a result are unresponsive to extracellular 

dsRNA, both basally or in an IFN-induced manner (Elco and Sen, 2007). 

 

The function of STAT1 was particularly apparent in STAT1 knock-out mice which 

although showing no developmental abnormalities, were completely unresponsive to 

IFN-α and IFN-γ and were highly sensitive to infection by bacteria or viruses (Durbin et 

al., 1996; Meraz et al., 1996).  Importantly, these mice retained their responsiveness to 

other cytokines.  STAT1 knock-out mice also showed an increased susceptibility to 

chemically-induced tumourigenesis (Kaplan et al., 1998; Shankaran et al., 2001), 

consistent with the antitumour effects of the IFNs. 

 

In humans, several heritable mutations have been described which result in partial loss 

of STAT1 function with severe deficiencies in immunity.  For example, individuals 

heterozygous for the mutations T2116C (resulting in the amino acid substitution 

L706S), G958C (E320Q) or G1389T (Q463H) were distinctly susceptible to 

mycobacterial infections (Dupuis et al., 2001; Chapgier et al., 2006a).  In the former, 

STAT1 protein levels were normal, but STAT1 phosphorylation at Y701 was severely 

impaired.  As a result, STAT1 homodimerisation, dissociation from IFN-γR1, and 

nuclear translocation were all severely reduced.  The only GAF complexes found 

capable of binding nuclear GAS elements were those consisting of STAT1 dimers 

synthesised from STAT1 mRNA transcribed only from the wild-type allele.  

Consequently, cellular responses to IFN-γ were impaired, accounting for the greater 

susceptibility to mycobacterial infections.  Viral immunity was largely unaffected since 

sufficient wild-type STAT1 was available to form functional ISGF3 complexes (Dupuis 



 28

et al., 2001).  The mutations resulting in E320Q and Q463H substitutions alter the DNA 

binding domain of STAT1.  In individuals heterozygous for these mutations, STAT1 

protein levels, phosphorylation and nuclear translocation were all normal, but these 

mutant phospho-STAT1 homodimers were unable to bind GAS elements.  As a result, 

patient blood samples showed a reduction in IFN-γ-induced IL-12 synthesis in 

comparison to healthy individuals, resulting in the increased susceptibility to 

mycobacterial infections (Chapgier et al., 2006a). 

 

Heterozygous mutations in the coiled-coil domain of STAT1 have been identified in 

several individuals, resulting in an increased susceptibility to fungal infections.  

Individuals heterozygous for C800T (A267V) and C820T (R274W) mutations showed 

an intact IFN-γ signaling pathway and normal immunity to viruses and mycobacteria, 

but low production of IFN-γ, IL-17 and IL-22 by Th1 and Th17 cells as a result of 

perturbed IL-12 and IL-23 signaling pathways involving STAT1 (van de Veerdonk et 

al., 2011).  The increased susceptibility to fungal infections in these individuals is 

consistent with the crucial role of Th1 and Th17 cells in mucosal, antifungal immunity 

(Conti et al., 2009).  In addition, these individuals frequently presented with autoimmune 

disorders, hypothyroidism and oesophageal cancer (van de Veerdonk et al., 2011). 

 

Patients were also identified with homozygous C2086T mutations (P696S), affecting 

the splicing of transcripts of the STAT1α isoform in a hypomorphic manner.  While the 

full-length P696S-substituted protein showed no detectable difference, the abnormally 

spliced STAT1 mRNAs were not translated into stable proteins, resulting in reduced 

levels of STAT1α expression.  These patients showed impaired, but not abolished 

responses to IFN-γ and IFN-α and suffered from disseminated Salmonella infections as 

well as recurrent herpes virus infections (Chapgier et al., 2009). 

 

In the first report of a complete human STAT1 deficiency, a homozygous deletion 

(1757-1758delAG) generated a premature stop codon at amino acid 603.  B cells from 

this patient produced no detectable STAT1 protein despite the use of four different 

specific antibodies recognising different domains of the protein (Dupuis et al., 2003).  

The absence of STAT1 protein expression accounted for the absence of GAF and 

ISGF3 activation in response to IFN-γ and IFN-α.  As a result, the patient suffered 

severe disease caused by the live attenuated bacillus Calmette-Guerin (BCG) 

mycobacterial vaccine and died in infancy from disseminated HSV-1 infection with 
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recurrent encephalitis.  Another patient susceptible to opportunistic viral disease was 

found to be homozygous for the missense mutation T1799C (L600P), resulting in a non-

conservative amino acid substitution within the SH2 domain of STAT1 required for 

binding to the intracellular domain of IFN receptors (Schindler and Darnell, 1995; 

Dupuis et al., 2003).  B cells from this patient produced a low amount of STAT1 

mRNA, but no detectable protein.  A third patient, found to be homozygous for a 

frame-shift 1928insA in the STAT1 gene, expressed no STAT1 protein, showed no 

binding of protein to GAS or ISRE elements following IFN-γ and IFN-α stimulation in 

vitro, and no production of IL-12 following in vitro BCG stimulation of the patient’s 

blood leukocytes (Chapgier et al., 2006b).  This patient also died in infancy and 

suffered from disseminated BCG infection, as well as several viral infections.  Some of 

these infections were cleared spontaneously, possibly due to STAT1-independent 

pathways providing adequate protection against less virulent viruses.  Nevertheless, all 

of the above observations point to the important role of STAT1 in immunity. 

 

1.1.9 Regulatory elements in the human STAT1 gene  

Notwithstanding the importance of the post-translational regulatory mechanisms 

discussed in section 1.1.7, several of which directly involved STAT1, the transcription 

of STAT1 itself is driven by transcription factor binding sites and positive regulatory 

(enhancer) elements that extend from the STAT1 proximal promoter through to the first 

intron (Fig. 1.8).  At the most fundamental level, a consensus TATA box is present, 

although it is located at an unusual location in an intron between the two untranslated 

exons at the 5’ end of the gene (Wong et al., 2002). 

 

In various cell types, including melanoma cells normally resistant to IFN-α, it was 

observed that pre-treatment of cells with IFN-γ prior to treatment with IFN-α resulted in 

the increased expression of ISGs at levels up to 10-fold higher than those induced by 

IFN-α alone (Levy et al., 1990; Wong et al., 1998).  The process of γ-priming was 

shown to increase the synthesis of latent ISGF3 components, notably STAT1, to levels 

well above their basal expression.  A probable molecular basis for the γ-priming effect 

can be derived from two separate observations.  The first is that activated STAT1 

dimers bind to an ISRE in the IRF-1 promoter to mediate the induction of IRF-1 

expression by IFN-γ (Pine et al., 1994).  In the second observation, IRF-1 was shown to 

bind as a complex including CBP/p300 to a unique enhancer element in the first intron 

 



 30

 
 
Figure 1.8 Regulatory elements in the 5’ region of the human STAT1 gene.  Exon 3, 
containing the ATG initiation codon is separated from exon 2 by a 3.5kb intron.  E-box: 
c-Myc-binding element; ZBP-89: ZBP-89-binding element; IGI: IRF-E/GAS/ IRF-E 
motif. 
 

 

 

of the STAT1 gene (Wong et al., 2002).  The STAT1 intronic enhancer element (IGI) 

comprises a GAS site flanked on either side by IRF-E elements that bind IRF-1, but not 

STAT1.  Thus, IFN-γ induces the expression of IRF-1 through the binding of STAT1 

homodimers (GAF) to its promoter, and IRF-1 in turn induces the expression of STAT1 

by binding to the IGI intronic enhancer element within the STAT1 gene.  This creates an 

amplifier circuit to enhance the IFN response.  Similarly, type I IFN has been shown to 

prime cells to respond to cytokines including IFN-γ through upregulating the expression 

of STAT1 (Gough et al., 2010). 

 

A G-rich element in the first intron was shown to bind the transcriptional regulatory 

zinc finger protein ZBP-89 (Bai and Merchant, 2003).  Binding of ZBP-89 to this 

element was shown to be important for mediating constitutive STAT1 transcription and 

IFN-γ induced apoptosis.  The sequence of the ZBP-binding element  

5’-GGGGGTGGG-3’ resembles a consensus GT-box to which the transcription factors 

Sp1 and Sp3 (see section 1.6.6) have been shown to bind in other promoters. 

 

A basic helix-loop-helix/leucine zipper DNA-binding protein, c-Myc, is estimated to 

regulate the expression of 15% of all genes (Dang et al., 2006).  In doing so, c-Myc 

drives cells into the cell cycle and prevents the terminal differentiation of many cell 

types (Grandori et al., 2000).  Amplification of MYC family genes (c-MYC, N-MYC and 

L-MYC) is one of the most frequent events associated with human cancer.  c-Myc 

functions as either a transcriptional activator or repressor through binding to enhancer 
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box (E-box) sequences as a heterodimer containing another DNA-binding protein, Max.  

The DNA-bound c-Myc/Max heterodimers recruit coactivator or corepressor complexes 

including chromatin modifying enzymes (Grandori et al., 2000).  c-Myc was shown to 

repress STAT1 expression by binding to a region of the STAT1 promoter containing two 

potential non-canonical E-boxes (Schlee et al., 2007).  Interestingly, phospho-STAT1 

homodimers (GAF) also bind to a GAS element in the mouse c-MYC promoter (Ramana 

et al., 2000), but not to the human promoter which lacks an orthologous GAS element.  

Nevertheless, a similar STAT1-dependent suppressive effect on c-MYC mRNA 

expression was observed following IFN-γ-treatment of human fibrosarcoma cells 

(Ramana et al., 2000).  These findings suggest a possible reciprocal relationship 

between c-Myc and STAT1 expression. 

 

1.1.10 Constitutive gene expression mediated by STAT proteins 

The role of IFN receptor-induced STAT activation was revised following experiments 

examining constitutive gene expression in cells untreated by exogenous addition of 

cytokines.  Earlier paradigms in which STAT dimerisation, nuclear import and binding 

to DNA targets was dependent on phosphorylation (Shuai et al., 1993; Mowen and 

David, 1998; Braunstein et al., 2003) have been more recently revised (Chatterjee-

Kishore et al., 2000).  Thus, newer data showed that the expression of a smaller subset 

of genes could be induced by constitutively phosphorylated or non-phosphorylated 

STAT dimers.  While the activated tyrosine phosphorylation paradigm is still considered 

the normal process for inducing the expression of the majority of genes by STATs, the 

following examples highlight the exceptions to the requirement for tyrosine 

phosphorylation. 

 

In extracts from unstimulated HeLa or 293T cells, the vast majority of STAT1 and 

STAT3 proteins were shown to be present as preformed homodimers (Meyer et al., 

2002b; Liu et al., 2005c).  Furthermore, various levels of STAT1 and STAT3 proteins 

have been identified in the nucleus of a range of unstimulated cell lines (Karras et al., 

1997).  STAT3, which can have a particularly prominent constitutive nuclear presence, 

shuttles between the nucleus and the cytoplasm independently of tyrosine 

phosphorylation, using importin-α3 as a carrier molecule.  Even more challenging to the 

proposal that STATs must be activated was the finding that in murine B-1 lymphocytes, 

STAT3 dimers existed in the nucleus in a constitutively phosphorylated state (Karras et 

al., 1997).  Thus, B-1 cells show relatively high oncogenic potential in vivo and are 
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distinguishable from other lymphocytes by their self-renewing growth characteristics.  

These traits may be attributable to constitutively active STAT3. 

 

1.1.10.1 Transcription mediated by unphosphorylated STAT molecules 

 

STAT molecules lacking tyrosine phosphorylation have recently been shown to 

constitutively activate and repress the transcription of several genes.  U3A cells were 

chosen for stable expression of the dominant-negative mutant STAT1-Y701F, which 

lacks tyrosine phosphorylation ability.  Expression of STAT1-Y701F down-regulated 

several genes encoding proteins involved in cell cycle progression (Chatterjee-Kishore 

et al., 2000).  However, several genes involved in antigen presentation were 

transcriptionally induced by STAT1-Y701F, including those encoding MHC class I,  

β2-microglobulin, CIITA and LMP2.  STAT1-Y701F activated transcription of the 

LMP2 gene by constitutively binding to an overlapping IFN-consensus sequence 

(ICS)-2/GAS element on the LMP2 promoter, in a complex of STAT1-Y701F with 

IRF-1.  Although activation of the CIITA gene by STAT1 involved the cooperative 

STAT1/USF-1 binding to an overlapping GAS/E-box composite DNA binding element 

(Muhlethaler-Mottet et al., 1998), it is not yet known whether unphosphorylated STAT1 

was involved and whether its binding to composite DNA elements in association with a 

collaborative partner is required to activate transcription of genes.  Expression levels of 

apoptosis-mediating proteases ICE, Ich-1 and Cpp32 (caspases 1,2 and 3, respectively) 

are also increased by STAT1-Y701F in U3A cells (Kumar et al., 1997).  Based on these 

findings, it would appear likely that unphosphorylated STAT1 is involved in 

IFN-independent immune surveillance and cell cycle control. 

 

The crystal structure of unphosphorylated STAT1 has recently been described (Mao et 

al., 2005).  A flexible tether connecting the amino terminal domain to the remainder of 

the molecule was shown to facilitate rotation of the core fragment, allowing the 

formation of both parallel and antiparallel orientations of the STAT1 dimers (Fig. 1.9).  

These two conformations are thought to exist in a dynamic state of equilibrium.  In the 

antiparallel conformation, the respective carboxy termini containing the SH2 domains 

and the tyrosine phosphorylation sites project from the opposite ends of the dimer while 

the reciprocal coiled-coil and DNA binding domains form interfaces.  It has been 
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Figure 1.9 The parallel and antiparallel orientations of unphosphorylated STAT1 
dimers.  The locations of the N and C termini, and the phosphorylated tyrosine residues 
are shown.  Individual domains are colour coded thus: green - N-terminal and 
coiled-coil domains; red - DNA binding domains; orange - linker domains; blue: SH2 
and transcription activation domains. 
 

 

 

 

proposed that phospho-STAT1 dimers may need to switch to the antiparallel 

conformation to allow phosphatases access to the otherwise inaccessible 

phosphotyrosine residues, thereby completing the activation-inactivation cycle (Zhong 

et al., 2005).  

 
In a similar manner to STAT1, unphosphorylated STAT3 has been found to activate the 

transcription of target genes.  Overexpression of wild-type STAT3 or dominant-

negative mutant STAT3-Y705F in STAT3-low human mammary epithelial cells 

(hTERT-HME1) and STAT3-null mouse embryonic fibroblasts generated distinct gene 

expression profiles, as determined by mRNA array experiments (Yang et al., 2005).  

Genes induced by STAT3-Y705F included M-ras, c-MYC, c-fos, c-jun, Ran, GAP1, 

met, cdc2, cyclin B1, EGFR and E2F-1, many of which are involved in cellular 

transformation and cell cycle progression.  Therefore, it would appear likely that 

unphosphorylated STAT3 plays a role in oncogenesis and tumour progression.  Indeed, 

STAT3 has been commonly found overexpressed and constitutively activated in many 

human malignancies (Mora et al., 2002; Suiqing et al., 2005). 
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1.2 INTERFERONS AND CANCER 

 

1.2.1 Cancer immunosurveillance and immunoediting 

The concept of tumour immunosurveillance, whereby the body’s immune system 

identifies and eliminates self-cells that have become transformed, was first articulated 

by Macfarlane Burnet (Burnet, 1957).  Immunosurveillance is sometimes considered to 

be the mechanism that drives a more general process referred to as cancer 

immunoediting (Smyth et al., 2006; Schreiber et al., 2011).  Thus, while large numbers 

of potential tumours may be eliminated even before clinical symptoms become evident, 

over time less immunogenic tumour cells are selected that can withstand the pressure 

exerted by both the innate and adaptive arms of the immune response, resulting in the 

emergence of tumours that are capable of escaping T cell recognition (Dunn et al., 

2004).  The processes of immunosurveillance and immunoediting are described as 

occurring in three phases: elimination, equilibrium and escape. 

 

In the elimination phase, cells of the innate immune system recognise the presence of a 

growing tumour by the inflammatory signals induced as a result of local tissue damage.  

Natural killer (NK) cells and natural killer T (NKT) cells are stimulated to produce 

IFN-γ and kill the tumour cells.  In addition, chemokines attract macrophages to the 

tumour site, which themselves interact with NK cells leading to the production of IFN-γ 

and IL-12 (Sengupta et al., 2010).  Eventually, an adaptive immune response is initiated 

against tumour-specific antigens.  Tumour cells present unique peptides on their surface 

derived from mutated genes, overexpressed genes, viral oncogenes, or molecules that 

have undergone abnormal post-translational modifications (Disis and Cheever, 1996; 

Robbins and Kawakami, 1996; Boon et al., 1997).  Recognition of such tumour-specific 

antigens by both CD4+ and CD8+ T cells is involved in the tumour elimination phase.  

Activated CD4+ T cells release cytokines such as IFN-γ and TNF-α, and help to activate 

CD8+ T cells, NK cells, NKT cells and macrophages (Qin and Blankenstein, 2000; 

Hong et al., 2006).  Activated CD8+ T cells destroy tumour cells by perforin-mediated 

lysis and by releasing IFN-γ.  The tumour stroma, which otherwise supports tumour 

growth by providing growth factors, angiogenesis factors and extracellular matrix, is 

also targeted by the CD8+ T cells (Blankenstein, 2005). 

 

During the equilibrium phase, which may last for many years, growth of the tumour is 

kept in check by lymphocytes and IFN-γ exerting a selection pressure on those tumour 
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cells that have escaped the elimination phase, but are genetically unstable and mutating.  

The equilibrium phase can be distinguished mechanistically from the elimination phase 

by its sole reliance on adaptive immunity (Koebel et al., 2007).  Eventually, the tumour 

may become capable of outpacing the immune response, entering the escape phase.  

Escape from immunosurveillance mechanisms may be due to reduced immunogenicity 

of the tumour cells, acquisition of immune suppressor mechanisms, or through the 

development of more rapid growth potential (Schreiber and Podack, 2009). 

 

Lending support to the concept of cancer immunosurveillance are the observations that 

a range of spontaneous tumours develop in mice deficient in IFN-γ, STAT1 and the 

recombination-activating-gene 2 (RAG2), which drives the V(D)J rearrangements in the 

immunoglobulin and T cell antigen receptor genes (Shankaran et al., 2001; Street et al., 

2002).  Furthermore, mice deficient in the IFN-γ receptor, STAT1 or perforin develop 

lymphomas and adenocarcinomas more rapidly than wild-type mice after treatment with 

the chemical carcinogen methylcholanthrene (3-MCA) (van den Broek et al., 1996; 

Kaplan et al., 1998).  The increased prevalence of sporadic non-viral cancers which 

occurs among immunosuppressed, but otherwise healthy, organ transplant recipients 

provides further evidence for the existence of tumour immunosurveillance mechanisms 

(Kauffman, 2006). 

 

While the role of the immune surveillance system against virus-associated cancers is 

generally accepted, its role in preventing spontaneously arising tumours remains 

contentious.  For example, conflicting results from various studies have shown no 

significant difference in the rate and frequency of 3-MCA-induced tumour formation in 

immunocompetent versus immunocompromised mice (Stutman, 1974; Noguchi et al., 

1996; Qin and Blankenstein, 2004).  A comparison of the respective data is difficult due 

to discrepancies in the strains of mice used, the doses of 3-MCA, the scoring of small 

tumours, and the use of littermates as controls (Schreiber and Podack, 2009).  

Opponents of the cancer immunoediting hypothesis argue that tumours do not evolve 

through a process of immunoselection but instead that established tumours induce T cell 

tolerance, without losing their intrinsic immunogenicity (Willimsky and Blankenstein, 

2005; Willimsky et al., 2008). 
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1.2.2 Antitumour effects of the IFNs 

The previous section briefly described some of the antitumour effects mediated by the 

host immune system.  It is within this context of systemically mediated 

immunosurveillance that the type I IFNs mediate their own tumour cell-intrinsic 

antitumour effects.  As a key component in type I IFN signaling, several independent 

studies have suggested that STAT1 functions as a tumour suppressor (Bromberg et al., 

1996; Huang et al., 2002; Widschwendter et al., 2002).  In accordance with its roles in 

growth arrest and pro-apoptotic pathways, analysis of STAT1 activation in breast cancer 

tissue samples was demonstrated to have a highly beneficial and prognostic significance 

(Widschwendter et al., 2002).  STAT1-mediated tumour suppression is thought to occur 

by inducing the cyclin-dependent kinase inhibitor p21 (WAF1/CIP1), and caspase 

expression (Chin et al., 1996; Chin et al., 1997).  Nevertheless, it remains that few of 

the antiproliferative effects of type I IFNs have been directly linked to the induction of 

specific ISGs.  The observed effect of IFNs is a slowing of all phases of the cell cycle, 

especially G1.  This is indirectly achieved by the down-regulation of cyclins D3, A and 

E, the cyclin dependent kinase, cdc25A, and the subsequent decrease in phosphorylation 

of the retinoblastoma protein (pRB) (Chawla-Sarkar et al., 2003).  In addition, increased 

p21 expression levels have been observed after IFN-α treatment (Zhou et al., 2002) and 

reductions in c-Myc and c-met protein levels in response to IFN-α have also been 

observed in several cell lines (Ramana et al., 2000; Radaeva et al., 2002).  Reduction of 

c-Myc levels in response to IFN-α/β is especially pronounced in Daudi lymphoblastoid 

cells, which are unusually sensitive to type I IFNs (Jonak and Knight, 1984; Dron et al., 

1986). 

 

The human HIN-200 family comprises four IFN-inducible proteins (MNDA and IFIX, 

as well as the DNA sensors IFI16 and AIM2 that were introduced in section 1.1.6.3) 

that have broad ranging functions in regulating cell proliferation, apoptosis, cell 

senescence and tumour suppression, in addition to antiviral roles.  IFI16 collaborates 

with p53 and pRB to inhibit the G1 to S phase transition and with p53 and BRCA1 to 

regulate apoptosis in response to DNA damage (Johnstone et al., 2000; Aglipay et al., 

2003; Fujiuchi et al., 2004; Raffaella et al., 2004).  Furthermore, IFI16 protein levels in 

passaged prostate cells and prostate cancer cell lines correlated with cellular senescence 

(Xin et al., 2003).  The loss of expression of each of the four HIN-200 family members 

has been observed in various human malignancies, providing a basis for these to be 
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considered as tumour suppressors (Cousar and Briggs, 1990; Ray et al., 1996; DeYoung 

et al., 1997; Xin et al., 2003; Ding et al., 2004). 

 

Several other ISGs have been shown to have pro-apoptotic functions, complementing 

the antiproliferative actions of the IFNs.  The pro-apoptotic genes induced by IFN-α/β 

include Fas/CD95, caspase-4, TNF-related apoptosis-inducing ligand (TRAIL), OAS, 

PKR, RNase L and galectin-9 (Chawla-Sarkar et al., 2003; Leaman et al., 2003).   

IFN-γ-induced pro-apoptotic genes include caspase-1, caspase-8, Bak, TRAIL and death 

activating protein (DAP) kinases (Deiss et al., 1995; Stark et al., 1998; Chawla-Sarkar 

et al., 2003; Wang et al., 2004). 

 

The antitumour activity of IFN-λ has not been extensively studied, however one report 

showed that the in vivo growth of IFN-λ-overexpressing MCA205 fibrosarcoma cells 

was markedly suppressed in C57BL/6 mice, though to a lesser extent than for 

IFN-α-overexpressing cells (Numasaki et al., 2007).  IFN-α was shown to be more 

effective than IFN-λ at enhancing the expression of MHC class I molecules on the 

surface of MCA205 cells, potentially explaining the greater potency of IFN-α in 

suppressing in vivo growth.  Nevertheless, IFN-λ-overexpressing cells produced fewer 

lung metastases when compared with mice inoculated with wild-type MCA205 cells, or 

with MCA205 cells transduced by an empty retroviral vector.  The antitumour activity 

of the IFN-λ, IL-28 was shown to be mediated mainly through NK cells, CD8+ T cells, 

and polymorphonuclear neutrophils, and was also shown to be enhanced in 

IFN-γ-expressing cells. 

 

1.2.3 Approval of IFN for the treatment of cancer 

Chronic myelogenous leukemia, myeloma, hairy cell leukemia, Kaposi’s sarcoma, 

lymphomas, melanomas, renal cell and bladder carcinomas have all shown various 

degrees of responsiveness to IFNs (reviewed in Borden and Williams, 2000).  In June 

1986, recombinant human IFN-α2b, under the trade name Intron-A, was approved by 

the United States Food and Drug Administration (FDA) for the treatment of hairy cell 

leukaemia.  Since 1986, IFNs have been approved for use as primary treatment or 

adjuvant treatment of multiple sclerosis and a range of viral infections and malignancies 

including Kaposi’s sarcoma, Philadelphia chromosome-positive chronic myelogenous 

leukaemia, melanoma, non-Hodgkin’s lymphoma and metastatic renal cell carcinoma.  

Recombinant IFN-α2b was first approved for use as a treatment for malignant 
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melanoma in 1995.  In 2009, the United States FDA approved the use of pegylated 

IFN-α2b for the treatment of melanoma.  The conjugation of polyethylene glycol (PEG) 

protects the IFN-α molecule from proteolysis, increasing the biological half-life of the 

drug, thereby allowing the frequency of drug administration to be reduced (Dummer 

and Mangana, 2009). 

 

Two human cancers, malignant melanoma and colorectal cancer form the basis for the 

focus of the research in this thesis and hence, the biology of each of these cancers will 

be described in detail in the next two sections. 

 

1.3 MALIGNANT MELANOMA AND IFN RESISTANCE 

 

1.3.1 Melanoma epidemiology 

Malignant melanoma is the name given to cancer of melanocytes.  In normal healthy 

skin, melanocytes and basal layer keratinocytes align along the epidermal basement 

membrane.  Melanocytes transport pigment-containing melanosomes through melanocytic 

dendrites and into surrounding keratinocytes.  The pigments contained in melanosomes 

(melanins) are photoprotective, absorbing ultraviolet (UV) radiation, as well as 

neutralising free radicals formed in the skin following damage by UV radiation 

(Hoogduijn et al., 2004).  Melanocytes and keratinocytes maintain a life-long balance in 

cell numbers, such that apart from during childhood when the total skin surface is 

rapidly expanding, the melanocytes are induced to proliferate only upon receiving 

appropriate local stimuli and can undergo transformation into a benign naevus (mole) or 

further progress to a melanoma (Herlyn et al., 2000).  The major etiological factor 

associated with all skin cancers is the level of sun exposure.  The biologically relevant 

component of the solar energy spectrum with respect to DNA damage lies in the UV 

range.  Whereas the earth’s stratospheric ozone layer blocks UV radiation at 

wavelengths below about 295nm, the UV radiation reaching the earth’s surface consists 

of up to 10% UVB (290-320nm) and the remainder UVA (320-400nm) (Verschooten et 

al., 2006).  Notwithstanding the beneficial aspects of solar radiation, such as its 

contribution to the production of vitamin D in skin, excessive sun exposure results in 

DNA damage, given that DNA is a chromophore for UV radiation, particularly UVB 

(Melnikova and Ananthaswamy, 2005).  Accumulated, long term DNA damage caused 

by prolonged sun exposure results in mutations in oncogenes and tumour repressor 

genes, leading to the development of skin cancers, including melanomas. 
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Over 90% of melanomas are cutaneous melanomas, while a small subset of about 5% 

manifest as uveal melanomas in the retinal tissue (Singh et al., 2005).  The risk for 

developing melanomas increases with sensitivity of the skin to the sun.  Thus, 

individuals with less skin pigmentation, a tendency to burn and freckly skin are at a 

higher risk for developing malignant melanoma (Bliss et al., 1995).  In addition, 

individuals with high numbers of melanocytic naevi (dark, pigmented moles) and 

individuals with dysplastic naevi (atypical moles that are larger and more irregular in 

shape than ordinary, benign moles), show an increased melanoma risk (Holly et al., 

1987; Bataille et al., 1996).  In addition to their status as a risk factor, dysplastic naevi 

are potential precursors for developing into melanomas. 

 

The per capita incidence of melanoma in Australia was observed to double between 

latitudes 29˚ S and 37˚ S, consistent with increased ambient ultraviolet (UV) irradiance 

at more equatorial latitudes (Jelfs et al., 1996).  Whereas for non-melanoma skin cancer, 

especially squamous cell carcinoma, the total dosage of sunlight over the course of a 

lifetime appears to influence the development of skin cancer (Zanetti et al., 2006), the 

incidence of melanoma is influenced by the specific pattern of sun exposure.  Thus, 

intermittent exposure to the sun resulting in acute sunburn is of greater importance than 

total sunlight exposure (Armstrong and Kricker, 2001).  Another important 

epidemiological factor concerns sun exposure in childhood and correlates strongly with 

the prevalence of naevi on the skin of children under 10 (Armstrong and English, 1996). 

 

While the incidence of malignant melanoma is much lower than for non-melanoma skin 

cancers, it is the most lethal form of skin cancer due to its invasive properties and its 

propensity to metastasise.  Alarmingly, the number of melanoma cases worldwide is 

increasing faster than for any other type of cancer (Lens and Dawes, 2004).  According 

to the Australian Institute of Health and Welfare and the Australasian Association of 

Cancer Registries (AIHW and AACR, 2008) there were 10,684 new melanoma cases 

diagnosed in Australia in the year 2005, making melanoma the fourth most prevalent 

cancer after prostate cancer, colorectal cancer and breast cancer.  The number of cases 

reported in 2005 revealed an increase of 12% from 2003 and 58% from 1993, well 

above the rate of increase that would be expected merely from population growth and 

ageing of the population.  The age-standardised incidence for melanoma in the state of 

Queensland in 2005 was 65.3 cases per 100,000 of population, exceeding the rate of 

56.2 per 100,000 reported among the caucasian population of Auckland in 1999, then 
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considered to be the highest rate in the world (Jones et al., 1999).  The high rates of 

melanoma incidence in Australia, and Queensland in particular, can be attributed to the 

majority of fair-skinned among the population, the high average hours of sunshine, the 

low latitude and a lifestyle amenable to outdoor activity.  In 2005, melanoma accounted 

for 1,272 cancer deaths in Australia, constituting 3.3% of all Australian cancer related 

deaths. 

 

1.3.2 Genetics of malignant melanoma 

DNA is a chromophore for UV radiation and photon absorption converts pyrimidine 

bases (C, T) to excited states.  The unstable electron composition is often resolved by 

reacting with other molecules to form free radicals or stable photoproducts with the 

most abundant photoproducts induced by UV radiation being pyrimidine dimers 

containing covalently linked bases such as a cyclobutane pyrimidine dimer (CPD) or 

pyrimidine (6-4) pyrimidone (Cadet et al., 2005).  Other photoproducts include 

dipyrimidines containing 5-methylcytosine (discussed further in sections 1.5.1 and 

1.5.5), damage to single bases, and single stranded DNA breaks. 

 

The roles of DNA damage and repair in photocarcinogenesis became evident from 

studies of the early onset of skin cancer in patients suffering xeroderma pigmentosum, 

with a deficiency in DNA repair function (Cleaver, 1968).  The most important repair 

process is nucleotide excision repair, in which damage to DNA is recognised, removed 

and replaced by a polynucleotide patch of about 29 bases (Sancar, 1994).  The rate of 

repair varies between individuals and depends on the type of lesion and the 

transcriptional activity of the gene on which it is located (Mellon et al., 1986; Freeman, 

1988).  Typically, individual lesions take several minutes to be repaired, while repair of 

CPDs is one of the slower processes (Mitchell, 1988).  Mutagenesis is thought to occur 

when photoproduct lesions escape repair or when photoproduct yield overwhelms a 

cell’s capacity to repair DNA prior to the next DNA replication cycle (Tornaletti and 

Pfeifer, 1994; Trincao et al., 2001).  Whereas classical DNA polymerases become 

stalled by the structural distortion of most DNA lesions, the low-fidelity enzyme DNA 

polymerase η can efficiently replicate through many types of lesion, including CPDs.  

DNA polymerase η preferentially inserts adenine into the nascent strand opposite 

unrepaired lesions (Trincao et al., 2001).  Since insertion of adenine opposite a 

UV-induced thymine dimer is a non-mutagenic event, the photoproducts most likely to 

cause mutations are CPDs that involve cytosine. 
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The first genetic locus to be associated with malignant melanoma was initially identified 

by cytogenetic analysis to occur in nearly half of all malignant melanomas, and 

involved rearrangements and deletions of the short arm of chromosome 9 (Fountain et 

al., 1992).  Genetic linkage analysis identified the gene of interest to be at the CDKN2A 

locus with this region encoding two proteins, p14ARF and p16INK4a, both of which are 

involved in distinct tumour suppression pathways.  The p14ARF protein destabilises 

mdm2, which in turn, destabilises the tumour suppressor protein p53, whereas p16INK4a 

regulates the G1 cell cycle checkpoint by binding and inhibiting the cyclin-dependent 

kinase, CDK4.  In various sporadically occurring melanomas, CDKN2A has been 

observed to be either mutated, deleted or methylated across the promoter regions 

(Herman et al., 1995; Pollock et al., 1996; Wagner et al., 1998).  A large proportion of 

missense mutations in CDKN2A occur in a region of exon 2 that is shared by both 

p14ARF and p16INK4a mRNAs.  These mutations often show “UV signatures”, with either 

C to T transitions at dipyrimidine sites or CC to TT tandem mutations (Pollock et al., 

1995; Pollock et al., 1996; Kumar et al., 1998). 

 

An estimated 5-10% of all melanomas occur in patients with a hereditary predisposition.  

In some families, several relatives have large moles and an associated greater risk of 

developing melanomas, a condition known as dysplastic nevus syndrome or familial 

atypical multiple mole-melanoma syndrome (Lynch et al., 1978; Greene et al., 1980).  

The CDKN2A locus accounts for susceptibility in 25–40% of melanoma families with 

the majority of germline mutations consisting of missense mutations in exon 2 

(Hayward, 2003).  Given the role of p16INK4a as an inhibitor of CDK4, it is of interest 

that a very small number of cases of cutaneous malignant melanoma have germline 

mutations in the CDK4 gene (de Snoo and Hayward, 2005).  In addition to the 

inactivating mutations in the CDKN2A locus, several low-penetrance single nucleotide 

polymorphisms (SNPs) in CDKN2A have also been associated with increased risk of 

melanoma (Debniak et al., 2005).  Familial retinoblastoma, neurofibromatosis type I 

and xeroderma pigmentosum are all associated with increased susceptibility to 

malignant melanoma and are caused by germline mutations in RB1, NF1 and genes 

associated with nucleotide excision repair, respectively (Moll et al., 1996; Guillot et al., 

2004; Cleaver, 2005). 

 

Loss of heterozygosity of chromosome region 9p21 occurs frequently and early in 

sporadic melanoma.  Studies have reported deletion frequencies ranging from 20-78% 
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in sporadic dysplastic nevi, primary melanomas and melanoma metastases, with a much 

lower frequency in benign naevi (Healy et al., 1996; Park et al., 1998; Kumar et al., 

1999; Palmieri et al., 2000; Casorzo et al., 2005).  In addition to the CDKN2A locus, the 

region of human chromosome 9p21 associated with chromosomal changes in dysplastic 

naevi and malignant melanoma contains the CDKN2B locus on the centromeric side of 

CDKN2A, which also encodes a cyclin-dependent kinase inhibitor (CDKI), p15INK4b, 

and the type I IFN gene locus on the telomeric side of CDKN2A.  Indeed, 31% of radial 

growth phase melanomas showed loss of at least part of the type I IFN gene locus 

(Hussein et al., 2002).  In cases where chromosome 9p21 deletions extend into the IFN 

locus, autocrine production of the IFNs would be reduced and the cells would lose much 

of their ability to arrest growth.  This is compounded by the fact that type I IFN 

regulates the expression of the aforementioned CDKI genes (Matsuoka et al., 1998; 

Sangfelt et al., 1999), which may or may not also be deleted.  Together, the loss of 

expression of these genes would also provide the proliferating cells an advantage in 

escaping tumour immunosurveillance mechanisms. 

 

A second signaling pathway that is often mutated, and therefore plays a major role in 

melanomagenesis is the MAPK pathway involving N-Ras and B-Raf of which the most 

common mutation involves the B-Raf amino acid substitution V600E, producing a 

mutant protein with 100 times the kinase activity of the wild-type protein (Wellbrock et 

al., 2004).  Although the V600E mutation does not show the canonical “UV-signature”, 

UV radiation may still be the causative agent.  Meta-analysis determined that 45% of 

primary cutaneous melanomas showed mutations in the BRAF gene increasing to 56% 

of melanoma metastases.  Interestingly, in the same meta-analysis, an even higher 

percentage (72%) of naevi showed BRAF mutations.  Several inhibitors of B-Raf and its 

downstream kinases, MEK1/2, have been developed and are in various stages of clinical 

trials for the treatment of malignant melanoma (reviewed in Vidwans et al., 2011).  A 

recent interim report from a phase III clinical trial of the drug Vemurafenib 

(Plexxikon/Hoffmann-La Roche), a B-Raf inhibitor specific for the V600E mutated 

form, showed promising results in patients with B-Raf V600E-positive tumours 

(Chapman et al., 2011).  In particular, Vemurafenib showed highly significant 

improvements in response rate compared with the chemotherapeutic agent dacarbazine 

(48% versus 5%, respectively), as well as improvements in six-month survival rate (84% 

versus 64%) and median progression-free survival time (5.3 months versus 1.6 months). 
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Given that germline mutations in BRAF are rare (Casula et al., 2004), mutations in this 

gene may represent an early event in the progression toward malignant melanoma.  

Nevertheless, BRAF mutations are extremely rare in uveal melanomas and melanomas 

in less sun-exposed anatomical locations (Cruz et al., 2003; Rimoldi et al., 2003).  

Mutations in the N-ras gene are also relatively common in melanomas (Reifenberger et 

al., 2004).  Since the N-Ras protein functions upstream of B-Raf, mutations in the 

respective genes rarely coincide in the same tumour.  More recently, mutations in the 

KIT gene encoding the stem cell factor receptor which activates signaling via the same 

pathway as N-Ras and B-Raf have also been identified in some melanomas (Curtin et 

al., 2006). 

 

Mutations in the TP53 tumour suppressor gene are less common in melanoma compared 

to non-melanocytic skin cancers, but do occur in about 60% of melanomas from 

xeroderma pigmentosum patients (Spatz et al., 2001).  As previously described, 

mutations to p14ARF destabilise the p53 protein via mdm2.  Hence, the p53 pathway can 

be inactivated at several points and inactivation of the p53 pathway often occurs in 

conjunction with mutations activating the N-Ras/B-Raf pathway to induce 

melanomagenesis (Patton et al., 2005). 

 

Other genes shown to be mutated at lower frequencies in melanomas include PTEN, 

encoding a phosphatase that regulates the PI3K/AKT cell growth and survival pathway, 

CTNNB1 (β-catenin) and APC in the Wnt signaling pathway (Guldberg et al., 1997; 

Birck et al., 2000; Reifenberger et al., 2002; Worm et al., 2004).  Mutations of PTEN 

tend to occur later in melanoma development, suggesting that activation of the 

PI3K-AKT pathway may be more important for the process of metastasis (Dahl and 

Guldberg, 2007). 

 

1.3.3 The immunogenicity of malignant melanoma facilitates the use of 

immunotherapy and cancer vaccines 

Malignant melanoma is largely curable if identified in its early stages before metastasis.  

The standard of care for early stage melanomas involves surgical resection of the 

tumour with conservative margins.  The thickness of the tumour may also determine 

whether sentinel lymph node biopsies should also be analysed, since the extent of lymph 

node involvement is a very important prognostic determinant of survival.  Lymph nodes 
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may be analysed for the presence of melanoma-specific antigens by immunohistochemical 

staining or PCR-based methods (Wang et al., 1994; Kelley et al., 1998). 

 

Definitive human melanoma antigens fall into several categories: 

 Those specific to the melanocyte lineage or melanocyte differentiation (eg. 

proteins functioning in melanin production). 

 Those whose expression in adults is normally limited to tissues other than the 

skin (eg. the MAGE family of proteins, which is normally expressed only in the 

testis and placenta). 

 Tumour-specific mutant proteins (eg. mutant CDK4, mutant β-catenin). 

 Peptides/proteins activated as a result of cellular transformation (eg. IRF-4, 

alternatively known as melanoma associated antigen [mutated] 1) (Hodi, 2006). 

 

While more than 90% of malignant melanoma patients with stage I disease (based on 

the 2002 staging system of the American Joint Committee on Cancer) are cured by 

surgery, the cure rate drops to 70% for patients with stage IIA disease (tumour thickness 

between 2mm and 4mm).  In contrast, patients with stage IIB disease (tumour thickness 

>4mm) have a five-year survival rate of only 30-50% while those with lymph node 

involvement and distal metastases have very poor prognoses, with high recurrence rates 

post-surgery (McGary et al, 2006).  The high recurrence rates in patients with 

melanomas of stage IIB or above has led to them being categorised as high-risk.  Two 

major determinants of a patient’s outcome following surgery are the inherent state of the 

patient’s immune system and the intrinsic immunogenicity of the tumour cells 

(reviewed in Dezfouli et al., 2005).  Indeed, lymphocytic infiltrates in radial phase and 

vertical growth phase melanomas, and occasionally in lymph node metastases, correlate 

with prolonged survival and may be implicated in rare cases of spontaneous regression 

(Bulkley et al., 1975; Clemente et al., 1996; Mihm et al., 1996).  The state of the 

patient’s immune system and the immunogenicity of the tumour cells provide the 

foundation for immunotherapy, biochemotherapy (combinations of immunotherapeutic 

agents and chemotherapy) and use of tumour cell-based melanoma vaccines.   

 

Administering type I IFN and IL-2 for the clinical treatment of advanced stage 

malignant melanoma progressed substantially further than that of other cytokines such 

as IL-12, GM-CSF and IL-15.  Several reviews have been published summarising the 

results of phase III clinical trials (Gray et al., 2002; Lens and Dawes, 2002; Kirkwood et 
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al., 2008).  In summary, low-dose adjuvant IFN-α2a or IFN-α2b were shown to have no 

impact on overall survival and an unclear, transient improvement in relapse-free 

survival in two out of four trials.  In contrast, high-dose adjuvant IFN-α2b showed 

significantly improved relapse-free and overall survival rates.  As a result IFN-α2b was 

approved by the United States FDA for use with high-risk melanoma patients.  

However, the benefits in overall survival disappeared after longer follow-up periods 

(Kirkwood et al., 2004).  The benefits of high-dose IFN must also be considered against 

its severe side effects, including flu-like symptoms and hepatotoxicity.  Indeed, in the 

earliest phase III trial, two patients on high-dose IFN died from complications 

associated with hepatotoxicity (Gray et al., 2002).  Most recently, a phase II clinical 

trial using IFN-β to treat malignant melanoma showed a poor overall response rate 

(<10%) and frequent severe side effects, although one patient had a sustained regression 

and has remained off treatment without disease recurrence for three years (Borden et al., 

2011). 

 

Clinical trials of high-dose IL-2 as an adjuvant for metastatic melanoma showed 

response rates in the range 15-20%, comparable to high-dose IFN-α (Atkins, 2002).  

Similarly to IFN-α, reduced doses of IL-2 showed little benefit whereas higher doses 

were associated with severe toxicity.  To reduce the toxicity, the preferred method of 

administering IL-2 uses a “decrescendo” approach whereby an initial high dose is 

followed by reduced doses (Keilholz et al., 1993).  Another approach for reducing the 

toxicity of immunotherapies involved combining different agents at lower 

concentrations with the intent of yielding synergistic or additive effects.  Combining 

immunotherapies with established chemotherapeutic regimens, a strategy known as 

biochemotherapy, produced encouraging phase II clinical trial results with response 

rates among metastatic melanoma patients as high as 60% (Legha et al., 1998; O'Day et 

al., 1999).  However, these results were not reproduced in larger phase III trials (Atkins 

et al., 2008; Kim et al., 2009a).  While chemotherapy combined with IFN-α and IL-2 

produced slightly higher response rates, no meaningful benefits in overall survival have 

been obtained. 

 

The basis for the activity of melanoma vaccine therapy is to provide an antigenic 

stimulus capable of inducing an immune response against tumour antigens.  Immune 

effector cells that are activated by administration of the vaccine are intended to remove 

any residual live tumour cells remaining in the body.  Melanoma vaccines that have 
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been trialled include those composed of allogeneic whole tumour cells, chemically 

modified autologous tumour cells and allogeneic tumour cell lysates.  Vaccines have 

also been trialled in combination with cytokine adjuvant therapy.  Even among 

advanced stage III and IV patients, response rates and median survival times differ 

dramatically according to the state of the patient’s immune system as determined by the 

skin test for delayed-type hypersensitivity (reviewed in Dezfouli et al., 2005).  Despite 

several promising phase I and II clinical trial results, almost all products to date have 

failed to translate this success in larger phase III trials and failed to improved response 

rates and patient survival (Hersey et al., 2002; Mitchell et al., 2007; Goldman and 

DeFrancesco, 2009).  Nevertheless, the cell lysate-based vaccine Melacine®, developed 

by the Corixa Corporation, was approved in 1999 for the treatment of late stage 

melanoma in Canada. 

 

1.3.4 IFN resistance in malignant melanoma 

Following surgical resection and, if necessary, lymphadenectomy, the current 

recommendations for high-risk melanoma indicate using radiation therapy and adjuvant 

IFN therapy (Australian Cancer Network, 2008).  The use of adjuvant IFN therapy 

remains controversial with regard to its long-term survival benefits and associated 

toxicity.  Patients that present with metastatic disease (ie. stage IV) have a median 

survival of only about eight months and a five-year survival rate of about 10% (Balch et 

al., 2009).  Among metastatic melanoma patients, response rates to IFN-α as a single 

immunotherapeutic agent are typically in the range 15-20% (Agarwala and Kirkwood, 

1996; Gray et al., 2002).  Similarly, the preferred chemotherapeutic agents dacarbazine, 

temozolomide and fotemustine show mostly transient response rates in the range 5-15% 

and are generally considered palliative (Avril et al., 2004; Garbe et al., 2011).  As 

previously described, higher response rates to biochemotherapy regimens and 

melanoma vaccines have been reported, but no significant increase in overall survival 

was observed in the phase III clinical trials. 

 

Analysis of human melanoma cell lines revealed that the low response rates of 

melanoma metastases to the IFNs may be due to abnormalities in the JAK/STAT 

signaling pathway.  Considerable variation in the antiproliferative and antiviral assays 

used to test for in vitro responses to the IFNs was detected amongst a range of 

melanoma cell lines (Johns et al., 1992; Ralph et al., 1995).  Similarly, considerable 

variation in expression levels of the JAK/STAT signaling molecules was observed 
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among melanoma cell lines as well as cell cultures established from melanoma 

metastases (Wong et al., 1997; Pansky et al., 2000; Chawla-Sarkar et al., 2002; Kovarik 

et al., 2003).  Sensitivity of melanoma cells to the IFNs was found to correlate with 

protein and mRNA levels of signaling molecules in these cell lines and in particular 

with STAT1 expression levels (Wong et al., 1997).  Indeed, ectopic overexpression of 

STAT1 in an IFN-resistant melanoma cell line was shown to greatly enhance its 

responsiveness to the antiviral effects of IFN-β.  Variation was also observed in the 

levels of phopho-STAT1 (pY701 and pS727) following treatment of melanoma cells with 

type I or II IFN (Boudny et al., 2003), and the formation of ISGF3 and GAF complexes 

following IFN treatment (Wong et al., 1997; Chawla-Sarkar et al., 2002).  However, to 

date, there have been no firmly established mechanisms for the loss of STAT1 

expression or activation potential in advanced stage melanomas.  While oncogenic 

mutations in the K-ras gene were shown to inhibit the expression of STAT1 and STAT2 

in colon cancer cell lines (Klampfer et al., 2003), mutations in this gene are rare in 

melanomas (Herlyn and Satyamoorthy, 1996; Demunter et al., 2001). 

 

As described in section 1.1.9, the process of γ-priming increased the synthesis of latent 

ISGF3 components, in particular STAT1, in a range of melanoma cell lines (Wong et 

al., 1998).  Use of γ-priming resulted in substantially greater amounts of the ISGF3 

complex binding to target ISREs (Wong et al., 1998; Chawla-Sarkar et al., 2002) and 

lead to increased expression of a range of type I IFN-induced ISGs including class I 

MHC molecules, ICAM-1 and B7-1 (Wong et al., 1998).  The γ-priming effect suggests 

that the STAT1 gene is intact and functioning, but is somehow repressed in IFN-resistant 

melanoma cells.  Indeed, a region in the STAT1 gene was described as possessing strong 

repressor activity (Wong et al., 2002). 

 

1.4 COLORECTAL CANCER AND INFLAMMATORY CYTOKINES 

 

1.4.1 Colorectal cancer epidemiology 

Colorectal cancers are adenocarcinomas of the colon, rectum and the appendix that 

commonly arise from polyps.  Since colorectal cancers result from the sequential 

accumulation of genetic and molecular alterations over many years, the risk of 

developing colorectal cancer increases with age, with more than 90% of new cases 

diagnosed in patients over the age of 50.  The incidence of colon cancer is slightly 
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higher in males than in females and the incidence of rectal cancer is further weighted 

towards males with a male:female ratio of about 1.7:1 (Skibber et al., 2001). 

 

About 80% of colorectal cancer cases are sporadic with the remaining 20% attributable 

to several inherited disorders with an associated earlier age of onset.  Apart from genetic 

predisposition, risk factors for developing colorectal cancer include “Western” diets that 

are high in fat and low in fibre, obesity, a sedentary lifestyle, smoking, the presence of 

adenomatous polyps and inflammatory bowel disease (Giovannucci et al., 1994; 

Slattery et al., 1999; Jarvinen et al., 2001; Itzkowitz, 2003; Stattin et al., 2004). 

 

Worldwide it has been estimated that cancer of the colon and rectum killed more than 

600,000 people in 2008 with a particular bias towards developed countries (Ferlay et al., 

2010).  The 4,165 deaths from colorectal cancer represented 10.7% of all cancer deaths 

in Australia in 2005, making colorectal cancer the second most common cause of death 

amongst all cancers in Australia (AIHW and AACR, 2008).  The number of deaths in 

Australia has decreased from 4,686 in 2001, continuing a negative trend since the 1990s 

(AIHW and AACR, 2004).  The decreasing mortality rate is likely due to a combination 

of increased screening efforts leading to earlier detection, early intervention with 

prophylactic polypectomy and improved adjuvant therapies (Thomas et al., 2006). 

  

In Australia, there were 13,076 new cases of colorectal cancer diagnosed in 2005.  This 

represents an overall increase of 3.6% from 2001.  However, when age-standardised, the 

per-capita rate of colorectal cancer incidence has fallen slightly.  Despite the decreasing 

age-standardised incidence rate, the overall incidence is expected to continue to rise, 

placing an increasing burden on health care budgets and infrastructure as the population 

continues to increase and the median age of the population becomes older. 

 

To combat this, the National Bowel Cancer Screening Program was launched in 

Australia in 2006 and aims to reduce the incidence and further reduce mortality rates by 

detecting abnormalities of the colon and rectum and where cancer has developed, 

identifying it at an early stage.  The faecal occult blood test is used to detect 

microscopic amounts of blood in the faeces, often an early indication of colorectal 

cancer.  Up to the end of June 2008, 362,477 faecal occult blood tests had been obtained 

from individuals at either 55 or 65 years of age, of which the positivity rate was 8.9% 

for males and 6.4% for females.  Follow-up of the patients with positive tests revealed 
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that 5.2% had colorectal cancer, 53.7% had polyps detectable by colonoscopy and 

41.1% had neither cancer nor adenomas (AIHW and AACR, 2008). 

  

1.4.2 Colorectal carcinogenesis 

Polyps are mucosal lesions that project into the lumen of the bowel that may be villous, 

tubular or tubulovillous and typically about 5% of polyps are malignant (Thomas et al., 

2006).  Both the size of the polyp and the degree of villous component increase the risk 

of malignancy.  Polyps are most effectively detected and removed during colonoscopy 

and those that cannot be removed by colonoscopy are surgically removed. 

 

Colorectal cancers generally exhibit a step-wise progression from normal colonic 

mucosal epithelium to adenomatous polyps, and then to invasive cancer, with the 

sequential accumulation of molecular alterations over many years.  Progression is 

characterised by distinctive genetic and epigenetic pathways and abnormalities in more 

than one pathway are often evident.  One mode of development involves the 

chromosomal instability pathway in which mutations exist either as inherited or 

acquired changes in the tumour suppressor gene APC, and the proto-oncogene K-ras.  

Later genetic events include allelic deletions involving specific portions of 

chromosomes 5, 17, and 18, which correspond to the tumour suppressor genes Mutated 

in Colorectal Cancers (MCC), TP53 and Deleted in Colon Cancer mutation (DCC), 

respectively (Cho and Vogelstein, 1992).  A second colorectal carcinogenesis pathway 

results from the inactivation of mismatch repair genes such as hMSH2 and hMLH1 (Wu 

et al., 1997).  This is known as the microsatellite instability pathway and is further 

characterised by mutations in microsatellite DNA or at other loci such as TGFβRII and 

BAX (Markowitz et al., 1995; Rampino et al., 1997).  A third carcinogenesis pathway is 

driven by CpG island methylation and will be discussed further in section 1.5.6. 

 

Two conditions account for the majority of hereditary colorectal cancers.  In hereditary 

non-polyposis colorectal cancer syndrome (HNPCC), which has a genetic penetrance 

ranging from 30 to 70%, individuals inherit genetic mutations in one of the mismatch 

repair enzymes, commonly hMLH1 or hMSH2 (Liu et al., 1996; Giardiello et al., 

2001).  Additional mutations involving tumour suppressor genes and oncogenes rapidly 

accumulate within DNA repair-deficient cells.  Patients typically develop adenomatous 

polyps at about the same rate as the general population, although the DNA 

repair-defective polyps progress to cancer much more often with the onset of 
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malignancy occurring at an average age of 44 (Kinzler and Vogelstein, 1998; Giardiello 

et al., 2001).  In familial adenomatous polyposis, which has a genetic penetrance greater 

than 95%, individuals inherit a mutation in one copy of the APC locus (Groden et al., 

1991; Kinzler et al., 1991; Nishisho et al., 1991).  The other copy is mutated in 

individual colon and rectum cells in early childhood resulting in the growth of hundreds 

of adenomatous polyps throughout the colon and rectum.  Because of the vast number 

of polyps, the progression of some of them to malignancy is inevitable and occurs at an 

average age of 42 unless resection of the colon and rectum is carried out (Giardiello et 

al., 2001). 

 

1.4.3 Staging and prognosis of colorectal cancer 

Prior to the adoption of the TNM staging system (T: tumour size; N: lymph node 

involvement; M: metastases), colorectal cancers were classified according to their 

Dukes’ stage.  The Dukes’ classification system was devised by Cuthbert Dukes in 1932 

and has maintained its popularity due to its simplicity and accuracy in estimating patient 

prognosis for colorectal cancers as well as gastric cancers (Fisher et al., 1989; Adachi et 

al., 1994).  Thus, Dukes’ A tumours are confined to the mucosal lining of the colon or 

rectum.  Dukes’ B tumours are those that have invaded through the bowel wall and 

extend into the muscularis propria.  Dukes’ C colorectal cancers have spread to at least 

one lymph node.  Dukes’ D colorectal cancers have distal metastases. 

 

The modern management of colorectal cancer employs the TNM classification system.  

Most colon cancer patients present at a stage in which all of the gross tumour can be 

resected.  Following surgical resection, the risk for relapse from microscopic disease not 

evident at the time of surgery can be estimated based on the TNM classification.  Thus, 

adjuvant therapy is used to treat high-risk patients (stage III) with the aim of eradicating 

micrometastases.  The benefit of adjuvant therapy for patients with stage II disease 

remains controversial and is ideally decided on a case by case basis depending on the 

status of well-validated molecular markers (Lombardi et al., 2010).  Since rectal 

tumours are generally more challenging to resect with adequate margins, rectal cancer 

patients commonly also receive preoperative chemotherapy and radiotherapy to 

facilitate surgery with lesser margins (Moore et al., 2003). 

 

Patients that present with metastatic (stage IV) colorectal cancer have a poor prognosis 

with 5-year survival rates ranging from 6 to 17% (Mehrkhani et al., 2009).  Those with 
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metastases not amenable to surgical intervention present a formidable therapeutic 

challenge.  Patients with recurrent disease have similarly poor prognoses and are 

generally managed with palliative systemic therapy (O'Connell et al., 2008).  

Nevertheless, since the 1990s, front-line and second-line therapies have been rapidly 

evolving, contributing to the decreasing mortality rates for colorectal cancer.  More 

recently, targeted drugs have been introduced including the antibodies cetuximab 

(Erbitux) and bevacizumab (Avastin®) that specifically target the epidermal growth 

factor receptor (EGFR) and the vascular endothelial growth factor (VEGF), respectively 

(Baselga, 2001; Hurwitz et al., 2004). 

 

1.4.4 Inflammatory cytokines and colorectal cancer 

In addition to genetic and epigenetic abnormalities, the complex process of colorectal 

carcinogenesis often also involves microenvironmental influences, in particular 

inflammation, which can influence the proliferation and survival of malignant cells, 

angiogenesis and tumour metastasis.  The origin of inflammation in colorectal cancer is 

itself complex with both intrinsic pathways, driven by genetic alterations of epithelial or 

stromal cells, and extrinsic pathways, driven by leukocytes in the context of chronic 

infections or persistent inflammatory conditions.  Genetic alterations constituting the 

intrinsic pathways include mutations that activate oncogenes including K-ras and 

COX-2, as well as mutations that inactivate tumour suppressors such as the type II 

TGF-β receptor II (Erreni et al., 2011).  NF-κB is constitutively activated in the 

transformed epithelial and stromal cells, which secrete several inflammatory mediators, 

including chemokines and TNF-α (Sakamoto and Maeda, 2010). 

 

It has been well established that colorectal cancer can develop in the setting of diseases 

such as inflammatory bowel disease including Crohn’s disease and especially ulcerative 

colitis (Bernstein et al., 2001; Gupta et al., 2007).  Whereas inflammatory responses 

associated with infections and wound healing are usually self-limiting and involve a 

convergence of anti-inflammatory cytokines, dysregulation of this process (possibly as 

an age-related phenomenon) may result in a type of chronic inflammation that promotes 

carcinogenesis (Coussens and Werb, 2002; Balkwill et al., 2005).  Through the 

activation of toll-like receptors, NOD-like receptors (NLRs) and TNF-α receptors, 

NF-κB becomes activated in stromal cells, which include fibroblasts, endothelial cells 

and mucosal macrophages.  Activated stromal cells then alter their expression of growth 

factors, angiogenesis-promoting factors, cell adhesion molecules, inflammatory 
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cytokines (TNF-α, IL-1 and IL-6) and chemokines, to produce a favourable 

microenvironment for the proliferation of epithelial cells (Coussens and Werb, 2002; 

Matsuo et al., 2003; Nakagawa et al., 2004; Wu and Zhou, 2010). 

 

Upon the establishment of an inflammatory microenvironment, monocytes are recruited 

to the sites of tumours by the presence of such molecules as chemokines, VEGF, 

TGF-β, GM-CSF and M-CSF, whereupon they differentiate into mature macrophages 

(Fu et al., 1992b; Allavena et al., 2008).  Such tumour-associated macrophages (TAMs) 

contribute to the development of colorectal tumours by the production of growth factors 

for both tumour cells and cells of nascent tumour-associated blood vessels, the 

repression of adaptive immune responses, and an even greater production of the 

proinflammatory cytokines IL-1, IL-6 and TNF-α (Erreni et al., 2011).  The role of 

IL-6 in inflammation-related colorectal cancer is of particular significance since IL-6 is 

considered a major effector in the transition between acute and chronic inflammation as 

well as innate and adaptive immunity (Hoebe et al., 2004).  Evidence for the role of the 

stroma, and in particular TAMs, as sites of high IL-6 production is implicit in the high 

serum levels of IL-6 that correlate with poor prognosis of colorectal cancer patients 

(Knüpfer and Preiss, 2010).  Importantly, IL-6 is rarely produced in an autocrine 

manner by colorectal cancer cells themselves (Matsuo et al., 2003). 

 

The presence of adaptive immunity by way of tumour-infiltrating lymphocytes in 

colorectal cancer has been shown to be associated with beneficial patient outcomes 

(Naito et al., 1998; Canna et al., 2005).  In particular, increased mRNA levels of the 

products of Th1 effector cells (IFN-γ, T-bet, IRF-1) is associated with prolonged 

survival and decreased metastatic invasion (Pages et al., 2005).  Indeed, the distinct 

pathologies observed in Crohn’s disease and ulcerative colitis, and the greater tendency 

for ulcerative colitis to develop into colorectal cancer, are thought to result from the 

unique cytokine responses characteristic to these conditions.  The presence of activated 

Th1 cells in the intestine is characteristic of Crohn’s disease while elevated expression 

of Th2 cell-derived cytokines is often seen in ulcerative colitis (Fuss et al., 1996; Inoue 

et al., 1999; Kakazu et al., 1999).  In murine models of hapten-induced colitis, a 

predominance of Th2-type cytokines in the inflamed colon promoted tumour formation.  

Although the mechanism for the enhanced tumour formation is not yet known, a 

predominance of Th2-type cytokines appears to antagonise IFN-γ-mediated tumour 

immunosurveillance (Osawa et al., 2006a).  In humans, it is thought that by secreting 
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cytokines that suppress T cell activation (IL-10 and TGF-β), and chemokines (CCL17, 

CCL18 and CCL22), TAMs polarise the colorectal tumour microenvironment by 

recruiting naïve and Th2 lymphocytes that are ineffective in mounting a protective anti-

tumor immune response (Erreni et al., 2011). 

 

The NLR proteins, NLRP1 and NLRP3, induce activation of the proinflammatory 

caspase-1 and secretion of the proinflammatory cytokines IL-1β and IL-18 through the 

assembly of “inflammasome” complexes (reviewed in Kanneganti et al., 2007).  Despite 

the NLRP3 inflammasome inducing the secretion of proinflammatory cytokines, mice 

deficient for NLRP3 or caspase-1 are highly susceptible to hapten-induced 

inflammation and show an increased tumour burden in the colon (Zaki et al., 2011).  

This is thought to be due to the reduced expression of IL-18, given its role in repairing 

ulcerated epithelium, as well as the IFN-γ-mediated activation of STAT1, downstream 

of IL-18 signaling. 

 

Type I IFNs have been shown to repress the activity of the NLRP1 and NLRP3 

inflammasomes via STAT1 (Guarda et al., 2011).  In contrast to the effects of knocking 

out inflammasome activity in mice, the nett effect of type I IFN is a reduction in 

inflammation.  The anti-inflammatory actions of type I IFN include inhibiting IL-1 

maturation and secretion via the inflammasome, inhibiting the production and secretion 

of IL-13 by T cells, blocking IL-4 and IL-13 signaling events via SOCS proteins, and 

inducing the expression of the regulatory cytokine IL-10 (Guarda et al., 2011; Mannon 

et al., 2011).  Given the anti-inflammatory properties of type I IFN, and since 

circulating IFN-α is undetectable in serum or colonic tissue samples from most patients 

with inflammatory bowel disease (Capobianchi et al., 1992; Silva et al., 2003) and 

colorectal cancer (Stanilov et al., 2010), IFN-α and IFN-β have been used in clinical 

trials for treating these diseases.  While remission rates of 20-30% were obtained for 

ulcerative colitis (Kaser and Blumberg, 2011), no improvement over the placebo was 

observed in a phase II trial of patients with Crohn’s disease (Pena Rossi et al. 2009).  

Very low response rates (0-10%) were observed for type I IFN as a single agent against 

colorectal cancer (Figlin et al., 1983; Silgals et al., 1984; Eggermont et al., 1986; Lillis 

et al., 1987), while IFN-α in combination with 5-fluorouracil showed no improvement 

over 5-fluorouracil alone in multiple trials (reviewed in Pentheroudakis and Pavlidis, 

2003).  Possible explanations for the resistance of colorectal cancers to type I IFN 

therapy include the low expression levels of IFNAR2 in colorectal cancers (Ota et al., 
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2006) and the observed crosstalk between the TNF-α and IFN-α signaling pathways 

whereby IFN-α competes with TNF-α for the use of STAT1α (Pajak and Orzechowski, 

2007). 

 

While the roles of Th17 and Treg cells in colorectal cancer are only recently emerging, 

it is recognised that TAMs secrete factors that promoter lymphocyte differentiation into 

Th17 cells (IL-1β, IL-6, TGF-β and IL-23) and Tregs (TGF-β and IL-10).  The role of 

Th17 cells in colorectal cancer is still largely unresolved.  While the expression of 

IL-23 was shown to be increased in tumour cells compared to corresponding cancer-free 

mucosae (Stanilov et al., 2009) tumour growth and lung metastasis were enhanced in 

mice deficient in IL-17, the definitive cytokine produced by Th17 cells (Kryczek et al., 

2009).  Tregs play an important role in maintaining tolerance in normal intestinal 

mucosae.  While they inhibit anti-tumour adaptive immune responses (Izcue et al., 

2009), a higher density of tumour-infiltrating Tregs was associated with better survival 

(Salama et al., 2009), probably due to their decreasing the production of inflammatory 

cytokines. 

 

1.4.5 Solid tumours and hypoxia 

The presence of intra-tumoural microenvironments with low oxygen levels, referred to 

as hypoxia, is a common trait of solid tumours (Brown and Wilson, 2004).  Studies have 

indicated a role for hypoxia in promoting tumour invasive growth and metastasis, 

possibly through increased genomic instability as a result of reduced DNA repair 

activity, a process that demands high energy consumption.  In addition, hypoxia selects 

for tumour cells that have undergone changes in protein expression, facilitating 

successful growth in oxygen- and nutrient-deprived microenvironments (Semenza, 

2003).  Hypoxia is also one of the key stimuli for the release of angiogenic factors such 

as VEGF (Pugh and Ratcliffe, 2003). 

 

The adaptation of cells to grow under hypoxic conditions and the initiation of 

angiogenesis are driven by transcriptional and post-translational up-regulation of a 

protein family called hypoxia-inducible factors (HIFs).  HIF-1, the master regulator of 

the hypoxic response, is composed of a constitutively expressed β subunit called aryl 

hydrocarbon receptor nuclear translocator (ARNT) and a hypoxia-regulated α subunit.  

Under normoxic conditions, HIF-1α is continuously ubiquitinated and degraded in the 

proteasome.  This process is inhibited at low oxygen levels, resulting in stabilisation of 
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HIF-1α and an increase in HIF-1 protein levels (Furlan et al., 2007).  Significant  

up-regulation of HIF-1α polypeptide and mRNA has been observed in colorectal 

carcinomas when compared to normal samples (Krishnamachary et al., 2003; Furlan et 

al., 2007), confirming a connection between hypoxia and microenvironments within the 

structure of solid tumours. 

 

Of the more than 60 identified target genes of HIF-1, several encode factors that have 

functions particularly relevant to cancer such as glycolytic enzymes, survival factors, 

invasion factors and angiogenesis factors, including VEGF (Rasheed et al., 2008).  

Indeed, VEGF is the target of the monoclonal antibody bevacizumab (Avastin®) that has 

been shown in phase III clinical trials to produce short term increased response rates and 

overall survival rates for metastatic colorectal cancer patients compared to standard 

chemotherapy (Hurwitz et al., 2004; Giantonio et al., 2007).  HIF-1 also upregulates 

expression of the chemokine receptor CXCR4, resulting in the accumulation of tumour 

associated macrophages and their associated release of inflammatory cytokines 

(Schioppa et al., 2003). 

 

1.4.6 Matrix metalloproteinases and colorectal cancer 

The matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases 

that degrade a broad range of extracellular matrix components, including those of 

basement membranes.  Their functions in normal tissues include tissue remodelling and 

organ development.  The human MMP family consists of 23 expressed proteins of 

which 16 are soluble factors and seven are membrane-bound (Kessenbrock et al., 2010).  

Closely related to the MMPs in both structure and function are members of the ADAM 

(A Disintegrin And Metalloproteinase) and ADAMTS (A Disintegrin And 

Metalloproteinase with Thrombospondin Motifs) families. 

 

Almost all of the MMPs have a structure consisting of a pro-peptide, a catalytic domain 

that binds a zinc ion and a hemopexin-like domain that is linked to the catalytic domain 

by a flexible hinge region.  MMPs exist as precursor zymogens with a cysteine residue 

of the pro-peptide interacting with the zinc ion of the catalytic site.  The enzymes 

become proteolytically active upon cleavage of the pro-peptide which often occurs 

extracellularly by another MMP factor or a serine protease (Kessenbrock et al., 2010). 
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The extracellular matrix is viewed as a barrier to tumour invasion.  Cleavage of the 

extracellular matrix components by MMPs is considered a mechanism for breaching 

this barrier, facilitating tumour cell invasion and migration.  MMP-mediated proteolysis 

of the extracellular matrix can also release matrix-anchored growth factor molecules 

such as TGF-β (Wagenaar-Miller et al., 2004).  Despite their name, the substrates of the 

MMPs are not limited to the extracellular matrix.  As examples, MMP-3 and MMP-7 

have been shown to cleave the adhesion molecule E-cadherin, stimulating cell migration 

and invasion in vivo (Noe et al., 2001).  MMP-1 can also proteolytically activate the 

inflammatory cytokine TNF-α, whereas MMP-9 proteolytically activates TGF-β to 

promote tumour invasion and angiogenesis (Gearing et al., 1995; Yu and Stamenkovic, 

2000).  The transmembrane TNF-α propeptide can also be cleaved by the ADAM 

family metalloproteinase ADAM-17, also known as TNF-α-converting enzyme, or 

TACE.  TACE has an important role in the pathogenesis of colorectal cancer as the 

primary sheddase responsible for cleaving the membrane-bound IL-6Rα, thus 

facilitating IL-6 transsignaling (Becker et al., 2004).  MMPs are also implicated in cell 

survival by the proteolytic release of the cell death-inducing molecule FasL (Kayagaki 

et al., 1995).  Thus, MMPs contribute to many aspects of tumour cell establishment and 

progression. 

 

While rarely expressed in normal colorectal epithelium or colorectal adenomas (with the 

exception of MMP-7), the expression levels of several of the MMPs is increased in 

colorectal adenocarcinomas, consistent with their transcriptional regulation by 

pro-inflammatory cytokines (Newell et al., 1994; Shiozawa et al., 2000; Wagenaar-

Miller et al., 2004).  Expression levels of MMP-1 correlate with tumour invasiveness, 

grade, presence of lymph node metastases and, along with MMP-3, MMP-7 and 

MMP-9, a poorer prognosis (Shiozawa et al., 2000; Wagenaar-Miller et al., 2004).  

Increased protein levels of MMP-1 and MMP-3 have also been observed in the 

intestinal epithelia from patients with inflammatory bowel disease (Wagenaar-Miller et 

al., 2004; Zucker and Vacirca, 2004), suggesting a possible role in the association of 

this disorder with increased risk of colorectal cancer. 

 

Under normal disease-free conditions, the expression of MMPs is tightly regulated and 

they tend to be expressed at low levels.  Expression of several of the MMPs is induced 

by growth factors and proinflammatory cytokines including EGF, IL-1α, IL-1β, TNF-α, 

IL-6 and oncostatin M (OSM), often through the binding of STAT factors to SBEs in 



 57

the promoters of the MMP genes (Korzus et al., 1997; Catterall et al., 2001; Legendre et 

al., 2005; Burrage et al., 2006; Itoh et al., 2006; Tsareva et al., 2007).  The precise 

composition of the JAK/STAT signaling pathways through which inflammatory 

cytokines and growth factors activate transcription of the MMP genes remains a 

controversial area of research and is a focus for some of the research presented in this 

thesis.  Several reports have speculated a role for STAT3 in activating the MMP-1 and 

MMP-3 promoters in response to EGF, OSM and IL-6 (Korzus et al., 1997; Itoh et al., 

2006; Tsareva et al., 2007; Tsareva et al., 2011).  Furthermore, STAT3 was 

demonstrated to physically bind to SBEs in the distal promoters of the MMP-1 and 

MMP-3 genes, 4245 and 1987 bases upstream of the transcription start sites, 

respectively (Tsareva et al., 2007; Zugowski et al., 2011).  By contrast, EGF-induced 

expression of the closely related factor, MMP-9, was decreased when human breast 

cancer cells were transfected to overexpress STAT3 (Kim et al., 2009b).  A role for 

STAT1 was speculated in the OSM-induced transcription of the MMP-1, MMP-3 and 

MMP-13 genes, which was blocked in chondrocytes by both the anti-inflammatory 

agent curcumin and a specific inhibitor of JAK3 (Li et al., 2001).  Inhibition of MMP 

gene transcription by both of these agents was accompanied by a loss of STAT1 

phosphorylation and DNA-binding activity. 

 

The promoters of several of the human MMP genes (including MMP-1, MMP-3, MMP-9 

and MMP-13) also contain AP-1-binding sites, to which homodimers and heterodimers 

of Fos and Jun bind, often in conjuction with other transcription factors (Burrage et al., 

2006).  Cooperative binding between STAT and AP-1 factors has been observed on the 

human MMP-1 promoter, where SBE and AP-1-binding sites are positioned 

immediately adjacent to each other.  It was further suggested that transcriptional 

regulation of MMP-1 may be partially defined by protein-protein interactions between 

STAT and AP-1 factors (Zugowski et al., 2011).  Consistent with the notion that STAT 

and AP-1 factors bind cooperatively to neighbouring SBE and AP-1 sites in MMP genes 

is the high frequency and correlation in colorectal tumours of activated STATs (either 

STAT1, STAT3 or STAT5) and AP-1 (Corvinus et al., 2005; Zugowski et al., 2011). 

  

The regulation of activated MMPs is mediated by a variety of specific and non-specific 

inhibitors.  The most important inhibitors of MMP function are the four tissue inhibitors 

of metalloproteinases (TIMP-1, -2, -3 and -4), that collectively inhibit the enzymatic 

activity of all the MMPs by forming noncovalent complexes with their active sites 
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(Brew and Nagase, 2010).  Another inhibitor of MMP activity, RECK, when 

overexpressed is associated with a favourable prognosis in several cancers, including 

colorectal cancer (Takeuchi et al., 2004; van der Jagt et al., 2006).  RECK has been 

shown to inhibit MMP-2, MMP-9 and MMP-14 (Takahashi et al., 1998; Oh et al., 

2001), but not MMP-1 nor MMP-3.  The enzymatic activity of MMPs is also subject to 

regulation by non-specific endogenous protease inhibitors such as 

2-macroglobulin (Hidalgo and Eckhardt, 2001). 

 

1.5 EPIGENETIC EVENTS IN CANCER 

 

Epigenetic phenomena have been defined as gene-regulating activities that do not 

involve changes to the DNA code, but can persist through multiple generations of cells.  

Epigenetic phenomena include DNA methylation as well as modifications to histone 

proteins, which play a role in the remodelling and repackaging of chromatin, thereby 

affecting transcription and gene expression. 

 

1.5.1 Methylcytosine 

5-methylcytosine is an enzymatically-modified form of the cytosine base whose 

importance is exemplified by its occasional description as the 5th base of DNA 

(Widschwendter, 2007).  In mammalian genomes, 5-methylcytosine is only found in the 

context of the palindromic sequence 5’-CpG-3’, commonly abbreviated to CpG.  

Cytosine is methylated by enzymes called DNA methyltransferases (DNMTs).  The 

DNMT family in mammals consists of DNMT1, which maintains DNA methylation 

patterns during DNA replication by attaching methyl groups to hemimethylated DNA, 

as well as DNMT3A and DNMT3B, which establish methylation patterns de novo 

(Bestor, 2000).  Surprisingly, DNMT2 was found to function as an RNA 

methyltransferase (Goll et al., 2006).   

 

The addition of methyl groups to cytosine alters the appearance of the major groove of 

DNA, which is then selectively recognised by methyl-CpG-binding domain proteins 

(MBDs).  All MBDs share a conserved methyl-CpG-binding domain, consisting of 

approximately 70 amino acids.  Upon binding to DNA, the MBDs recruit enzymatic 

molecules that establish or maintain a locally repressive chromatin environment, usually 

by the modification of histones (Bird and Wolffe, 1999).  More recently, an 

architectural role has been proposed for the prototypic MBD, MeCP2, whereby a single 
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molecule of MeCP2 binds to multiple DNA molecules, forming higher order, 

compacted chromatin structures that facilitate both gene repression as well as gene 

activation (Nikitina et al., 2007). 

 

In section 1.1.8, CpG DNA is described in the context of bacterial and viral genomes 

that induce the expression of IFNs by engaging TLRs.  Through evolutionary pressures, 

CpGs have been progressively eliminated from the genomes of higher eukaryotes.  

Consequently, outside of CpG islands (see section 1.5.2), CpGs are present at only 20% 

of the frequency of the reverse GpC dinucleotides (Antequera and Bird, 1993), and 

hence, the observed/expected ratio in general DNA is considered to be 0.2.  Such a low 

representation of CpGs is due to the tendency of 5-methylcytosine to undergo 

spontaneous hydrolytic deamination, resulting in mutation into a thymine base which 

would be highly deleterious in genes essential for life (Coulondre et al., 1978).  Where 

CpG is mutated to TpG in the germ line, the mutation has been shown to be passed on 

to subsequent generations of organisms. 

 

1.5.2 CpG islands 

CpGs are not uniformly distributed throughout vertebrate genomes.  About 1% of 

vertebrate genomes comprise regions known as “CpG islands”, where CpGs are 

concentrated and a higher overall percentage of cytosine and guanine bases exists.  

Whereas outside of CpG islands, the observed/expected CpG ratio is about 0.2, within 

CpG islands the ratio can be higher than 1.  Whether a formal definition of a CpG island 

should exist is a matter of controversy.  An intentionally conservative definition, 

designed to avoid false positives, defined CpG islands as regions no shorter than 500 

base pairs with a GC content greater than 55% and an observed/expected CpG ratio 

greater than 0.65 (Takai and Jones, 2002).  Others have proposed less stringent 

parameters (Gardiner-Garden and Frommer, 1987), or definitions based only on the 

spatial distribution of CpGs (Hackenberg et al., 2006).  The latter method claims to 

identify very short “CpG islands” neglected by other methods and has the further 

advantage of assigning p-values to putative CpG islands where discretion may be 

necessary.  However, this definition may be more prone to identifying false positives, 

including Alu-repetitive elements (Han and Zhao, 2009).  The most comprehensive 

definition for CpG islands incorporates both structural and functional parameters, 

whereby regions of vaguely high CpG content are defined as CpG islands by virtue of 

their nonmethylated state in the germline, and most somatic tissues (Jones and Takai, 
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2001; Han and Zhao, 2009).  Unfortunately, this definition is not amenable to rapid 

screening by computational analysis alone. 

 

While 60-90% of CpG dinucleotides in the genomes of higher eukaryotes are 

methylated, those present in CpG islands are protected from methylation in most 

circumstances (Ng and Bird, 1999).  It is only due to their lack of methylation that CpG 

dinucleotides have persisted in CpG islands at such a high frequency, and not become 

mutated to TpG.  CpG islands are found almost exclusively at the 5’ ends of genes, 

sometimes only in the promoter regions and sometimes also spanning across exons and 

introns (Larsen et al., 1992).  Given the properties of CpG islands, it follows naturally 

that aberrant DNA methylation at CpG islands is a prominent mechanism for silencing 

gene transcription, and consequently is involved in the development of diseases, 

including cancer. 

 

1.5.3 Techniques for studying DNA methylation 

The simplest method for determining the methylation status of short regions of DNA 

relies on differential digestion with methylation-sensitive and methylation-resistant 

restriction endonuclease isoschizomers.  One such pair of isoschizomers is HpaII and 

MspI.  Whereas MspI cuts the palindromic sequence CCGG in both the methylated and 

unmethylated forms of the CpG dinucleotide, HpaII does not cut CCmGG.  This 

technique was used to demonstrate hypermethylation of the CDKN1A gene in 

mononuclear cells from patients with acute lymphoblastic leukaemia (Roman-Gomez et 

al., 2002). 

 

A more complex method used for investigating the methylation status of genes was 

devised by Frommer et al. in which the methylation status of individual cytosine bases 

could be determined (Frommer et al., 1992).  In this method, genomic DNA is first 

denatured and then treated with sodium bisulphite.  Cytosine bases become sulphonated 

and then hydrolytically deaminated unless they are methylated, in which case they are 

resistant to deamination.  Finally, de-salting results in desulphonation, generating uracil 

residues from the deaminated cytosine bases.  Methylation-protected residues revert to 

cytosine.  Bisulphite-modified DNA can then be amplified by PCR and sequenced for 

single-base resolution mapping of methylated CpG dinucleotides.  Alternatively, 

sequences can be rapidly analysed by modifying the PCR method slightly, a method 
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called methylation-specific PCR (MSP).  This time and resource efficient approach 

lends itself to high-throughput applications. 

 

In MSP, primer sets are designed to distinguish between the methylated and 

unmethylated forms of bisulphite-modified DNA by including 3’ terminal cytosine 

residues, which are substituted for thymine residues for amplification of the 

unmethylated form.  The antisense primers substitute adenine residues for 3’ terminal 

guanines.  By exploiting the sequence differences of bisulphite-modified DNA, PCR 

products specific for the methylated or unmethylated forms of a short promoter 

sequence can easily be generated.  Since bisulphite modification of genomic DNA 

produces two strands that are no longer reverse complementary, only one strand is 

typically analysed by MSP.  Further sets of primers are required for analysis of the other 

strand. 

 

5-aza-cytidine (5-aza-CR) is an analogue of the nucleoside cytidine used for the 

treatment of the pre-leukaemic condition, myelodysplastic syndrome (MDS).  Its 

clinical trade name is Vidaza® (Celgene, Summit, NJ).  5-aza-CR is also a research tool 

used for demethylating methylated DNA.  5-aza-2’-deoxycytidine (5-aza-CdR) is a 

deoxy derivative of 5-aza-CR that is a more potent demethylating agent, and as such is 

more cytotoxic than 5-aza-CR in both cultured cells and animals (Jones and Taylor, 

1980; Flatau et al., 1984; Momparler et al., 1984a; Momparler et al., 1984b).  5-aza-CdR 

(also called decitabine) is also used clinically, under the trade name Dacogen® 

(MGI Pharma, Bloomington, MN), for MDS.  Decitabine has been shown to prolong the 

progression of MDS into acute myelogenous leukaemia (Kantarjian et al., 2006) and is 

showing promising results in clinical trials for the treatment of chronic myelogenous 

leukaemia (Kantarjian et al., 2003)  Both drugs function by substituting for cytosine in 

replicating DNA, thereby inhibiting the “maintenance” function of DNMT1. 

 

1.5.4 DNA methylation in development and cancer 

One of the functions of DNA methylation at CpG islands is to maintain genomic 

imprinting, the process whereby allele-specific methylation mediates monoallelic 

expression of imprinted genes.  A unique case of genomic imprinting, involving DNA 

methylation and histone modification processes, is X-chromosome inactivation in 

female mammals.  During the initial cleavage divisions, genes on both X chromosomes 

are active.  Biallelic expression of most genes ceases as cells differentiate from 
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totipotency (Riggs and Porter, 1996).  Transcription of the X-inactive specific transcript 

(Xist) gene increases from one of the X chromosomes and the resulting non-coding 

RNA coats that chromosome.  Via an unknown mechanism, Xist RNA recruits 

chromatin-modifying enzymes that inactivate expression of genes from the Xist-coated 

chromosome.  DNA methyltranferases then recognise the modified chromatin, 

maintaining inactivation of X chromosome genes by methylating their CpG islands 

(Chang et al., 2006).  The same CpG islands on the active X chromosome are 

completely unmethylated, with exceptions including Xist, which is methylated on the 

active chromosome and remains unmethylated on the inactive chromosome (Riggs and 

Porter, 1996). 

 

The above example illustrates how DNA methylation and histone modifications 

function to specifically silence genes in a highly regulated manner.  Where regulation is 

lost, there are four ways that DNA methylation can contribute to carcinogenesis: 

1. promoting cytosine  thymine mutations (Hainaut et al., 1998). 

2. altering imprinted gene expression (Taniguchi et al., 1995). 

3. decreasing chromosome stability (Lengauer et al., 1997). 

4. inactivating tumour suppressor genes via de novo methylation of gene 

promoters. 

 

The earliest associations of de novo methylation of specific gene promoters with cancer 

phenotypes were found in the calcitonin gene in lymphoid and myelogenous leukaemias 

(Baylin et al., 1987), and the RB1 gene in retinoblastoma (Greger et al., 1989).  Another 

significant early finding was the silencing of the tumour suppressor gene CDKN2A 

(p16/INK4a) in a range of human cancers, and its subsequent reactivation in vitro by 

5-aza-CdR (Merlo et al., 1995).  More recently, a multitude of genes have been reported 

to be silenced by de novo methylation including classic tumour suppressors CDKN2B 

(p15/INK4b), APC and VHL, genes involved in DNA/mismatch repair (hMLH1 and 

MGMT), and others including E-cadherin and BRCA1 (Baylin et al., 1998; Rice et al., 

1998; Esteller et al., 1999; Jones and Laird, 1999). 

 

Methylation of the IRF-7 promoter was observed in the fibrosarcoma cell line 2fTGH, 

silencing the expression of IRF-7 and thus limiting virus-induced IFN expression to 

only the IFN-β subtype in these cells (Lu et al., 2000).  Methylation of the IRF-7 

promoter was also observed in immortalised fibroblasts derived from individuals with 
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the familial Li-Fraumeni syndrome, a rare disorder that greatly increases the 

susceptibility of sufferers to a range of cancers (Kulaeva et al., 2003; Li et al., 2008).  In 

the earlier Li-Fraumeni syndrome study, 85 genes showed both decreased expression in 

Li-Fraumeni syndrome-derived fibroblasts compared with normal fibroblasts, and 

increased expression in response to 5-aza-CdR.  Of these 85 genes, 39 were 

IFN-regulated, reiterating the importance of the IRF-7 gene in the initiation of IFN 

responses (Kulaeva et al., 2003). 

 

Hypermethylation of the SOCS1 and SOCS3 genes, associated with constitutive 

phosphorylation of STAT3 or JAK2 has been observed in hepatocellular carcinoma 

(Yoshikawa et al., 2001; Niwa et al., 2005), non-small-cell lung cancer (He et al., 

2003), and cholangiocarcinoma (Isomoto et al., 2007).  While a definitive connection 

between constitutive STAT3 activation and hypermethylation of the SOCS3 gene was 

established only in cholangiocarcinoma, SOCS1 and SOCS3 methylation has also been 

observed in the three malignancies listed above, as well as in acute myeloid leukemia 

(Watanabe et al., 2004), Barrett’s adenocarcinoma (Tischoff et al., 2007) and squamous 

cell carcinoma of the head and neck (SCCHN) (Weber et al., 2005).  In addition, loss of 

sensitivity to the IFNs via abrogation of their signaling pathways can occur in a range of 

cancers as a result of DNA methylation.  For example, IRF-7, required for the 

expression of the IFN-α subtypes, was shown to be silenced by promoter methylation in 

a fibrosarcoma cell line, thereby limiting the expression of type I IFN in these cells to 

the IFN-β subtype in response to virus stimulation (Lu et al., 2000; Yeow et al., 2000). 

 

Expression of STAT1, STAT2 and STAT3 was induced in HT-29 colon 

adenocarcinoma cells after treatment with 5-aza-CdR.  While none of the STAT genes 

were confirmed to be methylated, the 5-aza-CdR-treated cells became more responsive 

to growth inhibition mediated by IFN-α2a (Karpf et al., 1999).  However, the STAT1 

promoter has been found to be methylated in a study of SCCHN.  12 of 16 SCCHNs, as 

well as three SCCHN cell lines, showed methylation within the CpG island of the 

STAT1 promoter, while none of the paired peripheral blood lymphocyte samples from 

the same 16 patients were methylated at this locus.  The tumours with methylated 

STAT1 showed decreased STAT1 protein expression compared with both the tumours 

with unmethylated STAT1 or the patient-matched lymphocytes.  Treatment of the 

SCCHN cell lines with 5-aza-CR increased expression of both STAT1 and p21 (Xi et 

al., 2006). 
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1.5.5 DNA methylation in melanoma 

De novo DNA methylation has also been shown to play a role in the pathogenesis of 

melanoma.  The first gene to be identified was the CDKN2A (p16/INK4a) gene, 

described in the previous section, whose promoter was hypermethyated in 10-20% of 

melanoma biopsies and cell lines analysed (Gonzalgo et al., 1997). 

 

Treatment of some melanoma-derived cell lines with 5-aza-CdR has been associated 

with increased expression of human leukocyte antigen (HLA) class I antigens (Coral et 

al., 1999; Serrano et al., 2001).  However, to date only one melanoma cell line, 

MSR3-mel, has been shown to contain HLA class I genes directly silenced by 

methylation (Serrano et al., 2001).  Thus, silenced or reduced HLA class I expression 

may occur in some melanomas by methylation of the HLA class I genes and in others 

by methylation of a gene whose expression is required for robust expression of HLA 

class I genes.  Decreased HLA class I expression may constitute a mechanism for 

melanomas to evade tumour immunosurveillance. 

 

Promoter methylation has also been shown to be responsible for determining expression 

levels of the cancer-testis antigens MAGE2, MAGE3 and MAGE4 in metastatic 

melanoma lesions and cell lines (Sigalotti et al., 2002).  Induction of MAGE3 by 

5-aza-CdR facilitated increased recognition of cells by MAGE3-specific T cell receptor 

ligands (Sigalotti et al., 2004), suggesting that DNA demethylating agents may have 

clinical applications for the treatment of metastatic melanoma. 

 

Recently, global mRNA expression profiling of melanoma cell lines identified 670 

genes upregulated by 5-aza-CdR and trichostatin A (TSA, see section 1.5.7) (Bonazzi et 

al., 2009).  To date, over 50 aberrantly hypermethylated genes have been identified in 

all phases of melanoma progression and metastasis (Howell et al., 2009).  Of these 

genes, those that are methylated at a high frequency include 3-OST-2, COL1A2, 

CYP1B1, DPPIV, HOXB13, LXN, PI3KR5, PYCARD, QPCT, RARB, RASSF1A, SYK 

and TSPY (Gallagher et al., 2005; Muthusamy et al., 2006; Dahl and Guldberg, 2007; 

Howell et al., 2009).  Other genes have been identified that are methylated in normal 

melanocytes and hypomethylated in melanoma (Howell et al., 2009).   
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1.5.6 DNA methylation in colorectal cancer 

Two distinct types of hypermethylation have been observed in colorectal tumours.  In 

type A methylation, numerous CpG islands in the human genome are incrementally 

methylated during the aging process resulting in reduced expression of genes including 

oestrogen receptor (ER) and Versican (Issa et al., 1994; Toyota et al., 1999b).  In 

addition to colorectal tumours, this methylation pattern is commonly observed in an 

age-related manner in normal colon epithelium (Toyota et al., 1999a).  Type C 

methylation, which is rarely observed in normal colonic mucosa is characterised by 

methylation of several gene promoters, including those of the p16, THBS1 and hMLH1 

genes (Toyota et al., 1999a).  By a combination of the two patterns of methylation it has 

been estimated that nearly 5% of all gene promoters may be hypermethylated in 

colorectal tumours (Schuebel et al., 2007). 

 

1.5.7 Histone modifications 

While the acetylation and methylation of histone proteins was observed as early as the 

1960s, evidence for histone modifications having a function other than the packaging of 

nuclear DNA did not become apparent until the early 1990s.  Initially, the addition of 

acetyl groups to the tails of core histone proteins was shown to increase the accessibility 

of histone-packaged DNA to the transcription factor, TFIIIA, in Xenopus spp. (Lee et 

al., 1993).  It is now well recognised that histones can be covalently modified at 

multiple modification sites by the addition and removal of a range of different groups 

including acetyl, methyl, phosphate, ubiquitin and ribosyl groups.  Furthermore, 

methylation of histone lysines can occur in mono-, di-, and tri-methylated states 

(Santos-Rosa et al., 2002).  Heritability of histone modifications through multiple 

generations of mitotic cells has been shown in a range of human and murine cell lines, 

although how modifications are replicated and maintained is not yet known (Kouskouti 

and Talianidis, 2005; Valls et al., 2005; Xin et al., 2007). 

 

Distinct histone modifications act sequentially, or in combination, to confer structural 

properties on chromatin.  In effect, a ‘histone code’ exists to provide binding platforms 

for the recruitment of chromatin-associated proteins that initiate or block transcription.  

ChIP-on-chip experiments have established highly correlated histone modification 

patterns at promoters and insulators.  In contrast, enhancers tend to possess cell-type-

specific histone modification patterns (Heintzman et al., 2009). 
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By modifying histones, chromatin may be rendered either inactive (heterochromatic) or 

active (euchromatic) (Jenuwein and Allis, 2001).  Histone H3 and H4 hyperacetylation 

and tri-methylation of histone H3 at lysine 4 (abbreviated to H3K4me3) are 

modifications typically associated with chromatin in an active state (Noma et al., 2001).  

In contrast, histone hypoacetylation and H3K9me3 are typically associated with 

chromatin in an inactive state (Lennartsson and Ekwall, 2009).  In addition to the 

identity and combinations of the various histone modifications, the location of the 

modifications, with respect to the gene being regulated, can have a pivotal role in 

determining whether transcription of the gene is induced or repressed.  Thus, H3K9me3, 

when located downstream of the transcription start site, is associated with 

over-expressed oncogenes in acute leukaemic cell lines (Lennartsson and Ekwall, 2009). 

 

The removal of acetyl groups by histone deacetylases (HDACs) is often observed 

concurrently with CpG methylation and H3K9me in transcriptionally silenced genes 

(Fuks, 2005).  While this combination of modifications serves to mutually enforce 

long-term repression of transcription, the precise sequence of events resulting in 

transcription silencing is not yet known.  Some MBDs have been shown to recruit 

corepressor complexes containing HDACs and another repressor molecule, mSin3A, to 

the promoters of CpG methylated genes (Nan et al., 1998).  Other studies suggest that 

H3K9me, which clearly cannot precede the deacetylation of H3 lysine 9, is a 

prerequisite for DNA methylation (Mutskov and Felsenfeld, 2004).  Furthermore, 

histone acetylation has been shown to protect promoter CpG DNA from becoming 

methylated (Mutskov et al., 2002).  Inhibition of HDACs by inhibitors such as TSA has 

been shown to override transcriptional repression of CpG-methylation in some 

circumstances, but not in others (Nan et al., 1998; Cameron et al., 1999a; El-Osta et al., 

2002). 

 

The induction of classical MHC class II gene expression by IFN- was recently shown 

to be accompanied by massive higher-order chromatin remodelling in which the entire 

MHC locus loops out of its usual chromosomal territory and becomes hyperacetylated 

on histone H3 (Christova et al., 2007).  This higher-order remodelling and acetylation of 

histones, observed in the human fibrosarcoma cell line HT1080, was found to be 

dependent on tyrosine-phosphorylated STAT1.  No IFN--induced histone acetylation 

was observed at the HLA-DRA promoter in the STAT1-null U3A cell line, nor in U3A 

cells complemented with the phosphorylation-defective STAT1Y701F mutant.  Indeed, 
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STAT1 signaling was shown to be regulated by the co-activators CBP and p300, which 

possess intrinsic histone acetylase activity (Hiroi and Ohmori, 2003).  Somewhat 

paradoxically, histone deacetylase activity has also been shown to be required for 

IFN-dependent transcription (Nusinzon and Horvath, 2003; Sakamoto et al., 2004). 

 

Currently very little is known about genes that are directly repressed by histone 

modifications in melanoma.  This is due mainly to the unavailability of high throughput 

methods for determining the presence of modified histone tails.  To date, the TUBB3 

gene was shown to be hypoacetylated at histones H3 and H4 in the melanoma cell line 

HMV-I with 20% of primary malignant melanomas examined also shown to lack 

expression from this gene (Howell et al., 2009). 

 

The therapeutic use of HDAC inhibitors is still primarily in clinical trials and is 

hampered by their range of effects in different cell types.  While several studies have 

demonstrated that treatment with HDAC inhibitors reduced differentiation and induced 

expansion of the stem cell/progenitor pool, others have shown that treatment of primary 

cells or cancer cells actually induced differentiation (Lennartsson and Ekwall, 2009).  

Nevertheless, several HDAC inhibitors have shown promising results to date in clinical 

trials for various cancer types.  In 2006, the United States FDA approved the use of the 

HDAC inhibitor, Vorinostat, for the treatment of cutaneous T cell lymphoma. 

 

1.6 TRANSCRIPTIONAL REPRESSOR MOLECULES AND IFN 

BIOLOGY 

 

One of the main subjects in chapter 5 is the localisation and characterisation of an 

intronic repressor element in the STAT1 gene.  In that chapter, putative binding sites for 

transcription-regulatory DNA binding proteins in a region of the STAT1 gene are 

investigated based on their similarity to previously established transcriptional repressor 

elements using web-based binding site database searches.  Hence, this section of the 

introduction includes a brief background and introduces the biology of each of the 

candidate repressors. 

 

1.6.1 Retinoid X receptors 

The nuclear receptor superfamily comprises a large group of intracellular receptors that 

control the transcriptional activity of target genes in response to a diverse range of 
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extracellular stimuli.  The ligands for this family of receptors are chemically diverse, 

including steroid hormones, peptide hormones, retinoids, vitamin D, fatty acids and 

eicosanoids (Moore et al., 2006).  Within this family is a subfamily of nuclear receptors 

that exist as dimers with at least one subunit being retinoid X receptor (RXR).  These 

RXR heterodimer receptors (and RXR homodimers) bind to specific DNA sequences in 

their target genes.  The DNA-binding domain of RXRs comprises two zinc-finger 

modules, two α-helices, and a carboxy-terminal extension (Bastien and Rochette-Egly, 

2004). 

 

When activated by their ligands and bound to DNA, RXR heterodimers recruit  

co-activators to activate transcription of the target genes (Albalat, 2009).  Most of the 

DNA binding elements for the RXR heterodimers consist of a direct repeat (DR) of the 

consensus sequence AGGTCA, or variations thereof, separated by 1-5 nucleotides 

denoted DR-1 through DR-5 (Mangelsdorf and Evans, 1995).  For example, in response 

to 9-cis-retinoic acid (9-cis-RA), RXR homodimers bind to DR-1 elements in target 

genes, activating their transcription.  In response to all-trans-retinoic acid (ATRA), the 

retinoic acid receptor (RAR), binds as an RAR/RXR heterodimer to the consensus 

sequence AGTTCA in the context of a DR-2 or a DR-5 (Mangelsdorf et al., 1995).  The 

RAR/RXR heterodimer can also bind to a DR-1 in the absence of ligand.  In this 

context, the RAR/RXR heterodimer is a potent transcriptional repressor and functions 

by recruiting co-repressor molecules (Mangelsdorf and Evans, 1995; Albalat, 2009). 

 

1.6.2 The GATA family of transcription factors 

The vertebrate GATA family of transcription factors currently comprises six members 

that have critical roles in development, regulation of cell fate determination and control 

of cell proliferation.  The GATA factors are so named due to the DNA sequence  

5’-(A/T)GATA(A/G)-3’, to which they bind via two zinc finger domains (Merika and 

Orkin, 1993). 

 

Of particular interest is the factor, GATA-3, which has been shown to function as both a 

transcription activator and a transcription repressor (Schwenger et al., 2001).  In adults, 

GATA-3 is nearly exclusively expressed in T cells and is the only GATA factor 

expressed in Th cells (Ho and Pai, 2007).  Other than its role in driving Th2 cell 

commitment, GATA-3 has several additional roles during T cell development including 

the selection of double-negative thymocytes, development of CD4 single-positive 
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thymocytes, and the development and functioning of NKT cells (Hendriks et al., 1999; 

Pai et al., 2003; Wang et al., 2006).  The ability of GATA-3 to inhibit the production of 

IFN-γ and to regulate the expression of several other cytokines makes it a prime 

candidate as a possible factor that binds to the repressor element in the STAT1 gene. 

 

1.6.3 CREB/CREM/ATF family 

Regulation of eukaryotic gene expression by cyclic AMP (cAMP) was shown to be 

mediated by cAMP response elements (CREs), which contain the sequence  

5’-T(G/T)ACGTCA-3’, present in the promoters of many cellular genes related to 

growth, proliferation and neuronal activities  (Roesler et al., 1988; Impey et al., 2004).  

The mechanism for activating the transcription of genes containing a CRE was initially 

found to involve the phosphorylation and subsequent binding of a 43kDa protein, 

CRE-binding protein (CREB), which is phosphorylated by the cAMP-dependent protein 

kinase A (Montminy and Bilezikjian, 1987).  Two other DNA-binding proteins, 

CRE-modulator (CREM), whose gene shares sequence similarities to that of CREB, and 

activating transcription factor 1 (ATF1) were also found to bind specifically to the CRE 

(Hai et al., 1989; Zheng et al., 2008).  DNA binding occurs by the formation of dimers, 

which is possible due to the basic-leucine zipper (bZIP) domain that is common to the 

CREB/CREM/ATF family of proteins.  

 

While CREB and ATF function as transcriptional activator proteins, many splice 

variants of CREM exist which form heterodimers with each other and with CREB, 

yielding a range of transcriptional activation/repression activities (Andrisani and Dixon, 

1990; Foulkes et al., 1991; Laoide et al., 1993; Liu et al., 2005b).  The 

CREB/CREM/ATF proteins are expressed from constitutively active promoters, 

whereas a further CRE-binding protein, the inducible cAMP early repressor (ICER), 

utilises a CRE-inducible promoter within the CREM gene.  Multiple isoforms of ICER 

exist between 12-13.5 kDa in size and form homo- and heterodimers to function as 

potent transcriptional repressors (Molina et al., 1993; Borlikova and Endo, 2009). 

 

1.6.4 Upstream stimulatory factor 

The upstream stimulatory factor (USF) was initially shown to bind to a DNA element in 

the adenovirus major late promoter with the sequence 5’-GGCCACGTGACC-3’, but 

the eight central bases were later shown to be of greater importance for binding than the 

flanking bases (Sawadogo and Roeder, 1985).  The core element (underlined), known as 
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an E-box, is the same element to which the transcriptional activation complex  

c-Myc/Max binds.  USF, c-Myc and Max all belong to the b-HLH-ZIP class of 

transcription factors that dimerise and bind to DNA via helix-loop-helix/leucine zipper 

domains (Viollet et al., 1996).  While the c-Myc/Max heterodimer binds to different  

E-boxes with different affinities, and is capable of much higher affinity by cooperative 

binding to multiple E-boxes, USF appears not to discriminate between different E-boxes 

and does not show the cooperative binding to multiple E-boxes (Walhout et al., 1997). 

 

USF exists as a heterodimer of two polypeptides referred to as USF1 and USF2, 

encoded on separated genes.  USF1 has a molecular mass of 43kDa while USF2 is 

expressed in two isoforms, USF2a and USF2b, with molecular masses of 44kDa and 

38kDa, respectively (Viollet et al., 1996).  While usually functioning as a transcriptional 

activator, USF has been shown to repress transcription at the promoter of the hTERT 

gene (which encodes the human telomerase reverse transcriptase) in several cell lines 

and at the FSHR promoter in Chinese hamster ovary cells (Horikawa et al., 2002; 

Putowski et al., 2004; Chang et al., 2005).   

 

1.6.5 Repressor element 1 silencing transcription factor (REST) 

REST, also known as neuron restrictive silencer factor (NRSF), is a Kruppel-like zinc 

finger DNA-binding protein that represses the expression of neuron-specific genes in 

non-neural cells (Schoenherr and Anderson, 1995).  Silencing of REST in human bone 

marrow-derived mesenchymal stem cells resulted in the expression of multiple neuron-

specific genes and the development of neuronal characteristics (Yang et al., 2008).  

Upon binding to DNA, REST represses transcription by recruiting binding partners,  

Co-REST to its N-terminus and mSin3A to its C-terminus (Andres et al., 1999; Huang et 

al., 1999).  These co-repressors recruit histone deacetylases and histone methyltransferases 

to modify the chromatin structure of the target genes, as described in section 1.5.7., 

inactivating gene expression. 

 

While generally regarded as a transcriptional repressor, REST can function as either an 

activator or repressor, depending on the context of its expression (Kuwabara et al., 

2004).  Through its transcriptional regulatory function, REST is a critical factor in 

preventing cellular differentiation, as well as maintaining the self-renewal capability of 

both embryonic (ESC) and neuronal stem cells (NSC) (Su et al., 2004; Singh et al., 

2008).  Interestingly, the genes regulated by REST in ESCs and NSCs are almost 
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mutually exclusive (Johnson et al., 2008).  REST is a key component in the ESC 

pluripotency network that includes Oct4, Sox2 and Nanog.  Not only is the Rest gene a 

target of these three transcription factors, but the set of REST target genes overlaps 

substantially with those of Oct4, Sox2 and Nanog, and includes the Rest and Nanog 

genes themselves.  Thus, embryonic stem cell pluripotency is activated by Oct4-, Sox2- 

and Nanog-induced transcription, with REST providing a counterpoint of transcriptional 

repression.  The outcome of these opposing forces is expression levels of a large 

number of genes required for maintaining the pluripotent state of stem cells. 

 

In the context of NSC self-renewal, REST is induced in the Wingless (Wnt) signaling 

pathway (Doe, 2008).  Indeed, REST has recently been characterised as an oncogene in 

NSCs and as a tumour suppressor gene in other cell types (Guardavaccaro et al., 2008; 

Westbrook et al., 2008).  REST has also been found to bind to genes not recognised as 

having neuronal functions including genes involved in immune and inflammatory 

responses such as those encoding the complement proteins, chemokine receptor CCR7, 

IL17c, Myd88 and TNF superfamily members (Otto et al., 2007). 

 

The DNA element to which REST binds is known as repressor element-1 (RE-1) with a 

21-base consensus sequence 5’-TTCAGCACCACGGACAGCGCC-3’, although a more 

inclusive 21-base sequence has been assigned for REST binding as 5’-NT(T/C)AG 

(A/C)(A/G)CCNN(A/G)G(A/C)(C/G)AGNNNC-3’ (Schoenherr et al., 1996; Bruce et 

al., 2004; Majumder, 2006).  However, these canonical RE-1 sequences are merely a 

subset of a larger, more complex motif in which the first nine bases can be separated 

from the last ten bases by a range of different sized spacings (Patel et al., 2007).  Such 

bipartite RE-1 sequences can also be found in exons and, in some genes, downstream of 

the stop codon in the 3’ untranslated regions (Otto et al., 2007).   

 

The REST protein consists of 1097 amino acids, containing nine Krüppel-like zinc 

finger DNA-binding domains.  REST4, the major splice variant of REST, contains only 

five of the nine zinc finger domains and lacks the C-terminal repression domain.  Unlike 

its full-length counterpart, REST4 is expressed in neural tissues (Abramovitz et al., 

2008).  The region around zinc finger domain 5 contains a nuclear localisation signal 

ensuring that both full length REST and REST4 localise to the nucleus (Shimojo, 2006).  

The nuclear localisation may allow REST4 to antagonise REST by forming inactive 

heterodimers with the full-length protein.  Alternatively, REST4 was shown to enhance 
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expression of the glucocorticoid receptor in a neural-specific manner, in the absence of 

full-length REST (Abramovitz et al., 2008).  A further REST splice variant of unknown 

function, REST1, contains only four of the zinc finger domains and localises to the 

cytosol (Shimojo, 2006). 

 

1.6.6 Sp/KLF family 

The Sp/KLF family comprises a group of transcription factors that have a highly 

conserved DNA-binding domain, enabling them to bind G-rich sequence motifs, and 

thereby regulate the expression of genes involved in growth-regulatory and 

developmental processes in several tissues (Black et al., 2001).  Sp1 was originally 

shown to activate the SV40 early promoter by binding to multiple repeats of the 

sequence 5’-GGGCGG-3’ (Dynan and Tjian, 1983).  Sp1 is now known to recognise 

GC-boxes that have the consensus sequence 5’-(G/T)(G/A)GGCG(G/T)(G/A)(G/A) 

(C/T)-3’.  Sp1 also binds to CT-boxes 5’-(G/T)(G/A)GGAG(G/T)(G/A)(G/A)(C/T)-3’ 

and GT-boxes 5’-(G/T)(G/A)GGTG(G/T)(G/A)(G/A)(C/T)-3’, though with threefold 

and six-fold lower affinities, respectively, than the GC-box (Wierstra, 2008).  Most of 

the Sp/KLF proteins have similar affinities for different G-rich sites, although KLF 

proteins tend to prefer binding to GT-boxes.  Indeed, some proteins, such as Sp1 and 

Sp3, compete for binding to the same sites (Kaczynski et al., 2003).  

 

Variation in the amino-terminal regions of the Sp/KLF proteins accounts for their range 

of transcriptional regulatory activities.  Several of the KLF proteins function as 

transcriptional repressors while others function as transcriptional activators.  Still other 

KLF proteins, as well as Sp3, can function as activators or repressors depending on the 

cellular context and other contextual factors relating to the individual promoters to 

which the factors are bound (Kaczynski et al., 2003).  Despite being a potent 

transcriptional activator in its own right, Sp1 also interacts with the chromatin modifiers 

HDAC1 and DNMT1 (discussed in section 1.5.7) and can repress the transcription of 

the genes encoding p21, human telomerase reverse transcriptase (hTERT) and 

Myc-associated zinc finger protein (MAZ) (Gartel and Tyner, 1999; Song et al., 2001; 

Won et al., 2002).  Interestingly, most target genes of REST possess GC-boxes in the 

vicinity of the RE-1 site (Plaisance et al., 2005), suggesting a high level of cooperation 

or antagonism between REST and Sp factors. 
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1.6.7 Nuclear factor-Kappa B (NF-κB) 

Previously mentioned above in the context of IFNB promoter activation via the TLR 

pathway (see section 1.1.6.1), the mammalian NF-κB family of transcription factors 

comprises five members, p50, p52, p65 (RelA), c-Rel and RelB.  NF-κB binds as 

dimers to target DNA with the consensus sequence 5’-GGG(A/G)NTTTCC-3’ (Zabel et 

al., 1991).  NF-κB complexes are usually inactive and reside in the cytoplasm, bound to 

an inhibitory protein of the IκB family.  Upon activation of an appropriate signaling 

pathway, the inhibitory protein gets degraded, freeing NF-κB to enter the cell nucleus.  

p65, RelB and c-Rel contain C-terminal transactivation domains through which target 

genes are activated via the recruitment of co-activator complexes.  In contrast, p50 and 

p52 lack transactivation domains and can repress transcription as homodimers bound to 

DNA (Hayden and Ghosh, 2011).  Transcriptional repression by p65 was also observed 

in response to the “atypical” NF-κB activators, UVC and doxorubicin.  Repression in 

this case was proposed to occur as a result of differential phosphorylation of p65 in 

response to the “atypical” activator (Campbell et al., 2004).  A further example of the 

repressor activity of NF-κB is that of the TAC1 gene which is repressed in non-neuronal 

cells by a synergistic interaction between NF-κB and REST (Greco et al., 2007). 

 

The NF-κB factors have many immunological functions including activation of IFN-β 

expression in response to pattern recognition receptors such as TLRs, developmental 

roles in primary and secondary lymphoid tissues, lymphopoiesis and non-lymphocyte 

hematopoiesis, transcription of pro-inflammatory cytokines and mediation of T cell and 

B cell responses (Hayden and Ghosh, 2011).  While NF-κB is required for 

hematopoiesis and maintaining normal immune functions, its deregulation has been 

implicated in a broad range of cancers.  NF-κB can be constitutively activated in 

response to inflammatory stimuli, carcinogens, oncogenes and viral proteins (Prasad et 

al., 2010).  The persistence of NF-κB in the nucleus, and its constitutive activation 

produces further inflammation.  In addition, NF-κB regulates genes involved in cell 

proliferation, cell survival (anti-apoptotic), cellular adhesion, invasion and angiogenesis 

(Prasad et al., 2010). 

 

1.7 AIMS OF THIS STUDY 

 

Given the poor responsiveness of only about 15-20% of advanced stage melanoma 

patients to IFN therapy, and given its toxicity, it is important to identify the mechanisms 
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responsible for this in order to identify those patients whose cancer will respond.  The 

previous studies had indicated a possible link between poor IFN responsiveness and 

defective STAT1 expression (Wong et al., 1997; Pansky et al., 2000).  Therefore, 

studies were undertaken to further characterise the regulation of the human STAT1 

promoter in melanoma and colon cancer cells. 

 

Chapter 3 of this thesis investigates possible epigenetic mechanisms involved in the 

regulation of the expression of STAT1 in melanoma cells via a CpG island in the 

promoter of the STAT1 gene.  Chapter 4 is an extended investigation of dual-reporter 

methodology that constitutes one of the main techniques applied in chapters 5 and 6.  In 

chapter 5, the STAT1 gene is further analysed to map the precise location of a previously 

identified repressor motif (Wong et al., 2002) and includes studies to identify protein 

factors that may function as repressors and co-repressors of STAT1 expression.  In 

particular, a potential role is identified for REST in binding to a novel RE-1 motif 

identified in the second intron of the STAT1 gene. 

 

The expression levels of several MMPs correlated with colorectal tumour invasiveness, 

staging, the presence of metastases, and poorer patient prognosis (Shiozawa et al., 2000; 

Wagenaar-Miller et al., 2004).  While expressed at low levels in normal colorectal 

epithelium, the expression of several MMPs is inducible by inflammatory cytokines 

such as IL-6 as part of the inflammation-mediated pathway of colorectal cancer 

progression (Legendre et al., 2005; Tsareva et al., 2007).  While several of the MMP 

gene promoters possess recognisable STAT-binding and AP-1-binding elements, the 

molecular mechanisms for inflammatory cytokine-mediated MMP expression had not 

been definitively elucidated and were controversial. 

 

In chapter 6, the human MMP-1 and MMP-3 promoters are shown to be both 

constitutively activated and further inducible by IL-6 and the serum-mimicking factor 

phorbol-12-myristate-13-acetate (PMA).  Activation of their promoters was shown to 

involve the binding of STAT1 and AP-1 components, but not STAT3, in the contexts of 

colorectal and liver cancer.  The MMP-3 promoter was shown to be further inducible 

under conditions of hypoxia.  These results help to establish a molecular mechanism 

explaining how conditions of inflammation can lead to more invasive phenotypes in 

colorectal cancers. 
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CHAPTER 2 

   MATERIALS AND METHODS 

 

2.1 BACTERIAL MANIPULATIONS 

 

2.1.1 Bacterial strain, growth media, antibiotics 

All manipulations of bacteria were carried out using Escherichia coli cells of the DH5α 

strain bearing the genotype supE44 ΔlacU169 (Φ80 lacZ ΔM15) hsdR17 recA1 endA1 

gyrA96 thi-1 relA1.  Bacterial cultures were grown at 37°C in either Luria Broth (LB) 

[0.5% yeast extract, 1% tryptone, 0.17M NaCl] for small-scale liquid cultures or in 

Terrific Broth [2.4% yeast extract, 1.2% tryptone, 0.4% glycerol, 17mM KH2PO4, 

72mM K2HPO4] for large-scale plasmid preparations.  Solid-phase cultures were grown 

on LB with 1.5% agar(w/v) at 37°C.  For long-term storage, cells were suspended in LB 

with 15% glycerol and then frozen at -80°C.  Ampicillin selection of bacterial cells in 

either liquid or solid-phase culture was carried out with an ampicillin concentration of 

50μg/ml. 

 

2.1.2 Preparation of competent cells 

25ml of LB in a 50ml sterile tube was inoculated with 250μl of an overnight culture and 

incubated at 37°C with aeration for approximately 2.5 to 3 h, until the culture was in 

mid-exponential growth phase (A550  0.48).  The culture was chilled on ice for 15 min 

then centrifuged at 4500g for 5 min at 4°C.  The supernatant was discarded and the cell 

pellet resuspended in 5ml ice-cold TfbI buffer [30mM KAc, 100mM RbCl, 10mM 

CaCl2, 50mM MgCl2, 15% glycerol, pH5.8].  The cell suspension was then chilled on 

ice for a further 15 min and centrifuged as before.  The supernatant was again discarded 

and the cell pellet resuspended in 500μl ice-cold TfbII buffer [10mM MOPS, 10mM 

RbCl, 75mM CaCl2, 15% glycerol, pH 6.5].  The cell suspension was again chilled on 

ice for 15 min and then stored frozen at -80°C in 50μl aliquots. 

 

2.1.3 Bacterial transformation 

Competent DH5α cells were taken from storage at -80°C and thawed on ice for 5 min.  

50-100ng of the transforming vector DNA was added to the thawed cell suspension and 

vortexed briefly.  The cells were chilled on ice for a further 20 min, heat-shocked at 

42°C for 2 min and then chilled again on ice for 10 min.  1ml of LB was added to the 
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cells which were then incubated at 37°C for 1 h with gentle mixing every 15 min.  The 

cell suspensions were centrifuged at 6000 rpm for 4 min and the supernatant was 

discarded.  The cell pellet was resuspended in 200μl LB and spread in aliquots of 10μl 

and 190μl onto prewarmed LB agar plates containing ampicillin.  The plates were 

incubated overnight at 37°C. 

 

2.1.4 Blue/white selection 

pGEM®-T Easy vector (Promega Corporation, Madison, WI) and pCR-Script SK(+) 

(Stratagene, La Jolla, CA), facilitated blue/white selection of recombinant clones.  

These vectors encode the amino terminal fragment of the β-galactosidase gene (lacZ), 

which includes a multiple cloning site.  DH5α cells express the carboxyl terminal 

fragment of the β-galactosidase protein, which can associate with the amino terminal 

fragment expressed from pGEM®-T Easy to reconstitute the active enzyme using the 

chromogenic substrate 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal) to 

produce blue bacterial colonies.  Disruption of the lacZ gene by insertion of a DNA 

fragment into the multiple cloning site in pGEM®-T Easy results in production of an 

amino terminal β-galactosidase protein fragment incapable of complementing the 

carboxy terminal fragment.  The resultant recombinant clones cannot break down X-gal 

and appear as white colonies, easily distinguishable from the non-recombinant blue 

colonies.  100μl per plate of 100mM isopropylthio-b-D-galactopyranoside (IPTG) was 

mixed with 20μl per plate of 2% X-gal and spread onto LB agar plates containing 

ampicillin.  The mixture was allowed to soak into the agar for at least 1 h before 

spreading transformed DH5α cells onto the agar. 

 

2.2 DNA PREPARATION AND MANIPULATION 

 

2.2.1 Equilibration of phenol with Tris buffer 

0.1%(w/v) 8-hydroxyquinoline was added to 1 litre of liquefied phenol.  400ml of 0.5M 

Tris/HCl, pH 8 was then added to the phenol and gently swirled until completely mixed.  

The mixture was allowed to settle into 2 distinct phases.  Using a 1ml (blue) pipette tip 

attached to polyvinylchloride tubing under vacuum, the upper (Tris containing) phase, 

was carefully siphoned into a Buchner funnel, taking care to minimise any loss of 

phenol into the funnel.  The procedure was repeated once more with 400ml 0.5M 

Tris/HCl, pH 8 and once with 800ml 0.1M Tris/HCl, pH 8.  Finally, 0.2%  

β-mercaptoethanol was added to the remaining Tris phase.  The two phases were mixed 
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by swirling and quickly dispensed into appropriate vessels for storage at either 4°C or  

-20°C, shielded from light. 

 

2.2.2 Plasmid DNA miniprep (Alkaline lysis method) 

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

ampicillin and were grown overnight, shaking at 37°C.  1.5ml of bacterial culture was 

centrifuged in microfuge tubes at 6200rpm for 4 min.  The supernatants were discarded 

and the pellets fully resuspended in 150μl ice-cold solution I [50mM glucose, 25mM 

Tris-Cl (pH 8), 10mM ethylenediamine tetraacetic acid (EDTA)].  250μl of solution II 

[0.2M NaOH, 1% sodium dodecylsulphate (SDS)] was added and mixed by inverting 

the tubes 5 times to lyse the cells.  250μl of ice-cold solution III [3M KAc, 11.5% 

glacial acetic acid, pH 4.8] was added and mixed by vigorous shaking to precipitate the 

bacterial proteins and chromosomal DNA.  Cell lysates were incubated on ice for 5 min, 

followed by centrifugation at 13000rpm for 10 min.  Supernatants were transferred to 

fresh tubes containing 300μl equilibrated phenol and 300μl chloroform and mixed by 

vortexing.  After centrifugation at 13000rpm for 5 min, the upper aqueous phase 

(containing DNA and RNA) was transferred to fresh tubes containing 600μl chloroform, 

taking care to avoid transfer of any precipitated material at the interface between the 

upper and lower phases.  The tubes were again vortexed and centrifuged at 13000rpm 

for 5 min.  Plasmid DNA was precipitated by transferring the aqueous phase to fresh 

tubes and adding an equal volume of isopropanol.  The contents of the tubes were mixed 

by inversion several times and chilled on ice for 10 min.  Plasmid DNA was pelleted by 

centrifugation at 13000rpm for 10 min.  The pellets were washed with 80% ethanol, 

centrifuged, air-dried and dissolved in 30μl Milli-Q purified water.  1μl RNase solution 

(10μg/ml) was added to each miniprep. 

 

2.2.3 Plasmid DNA maxiprep (Alkaline lysis method) 

100ml Terrific Broth containing ampicillin was inoculated with a single bacterial colony 

and incubated overnight at 37°C whilst shaking gently.  Bacterial cells were pelleted by 

centrifugation for 10 min at 7500rpm using the Beckman JA-14 rotor (Beckman 

Coulter, Fullerton, CA) and the Beckman J2-HS centrifuge, or equivalent.  The 

supernatants were discarded and the cell pellets resuspended in 5ml ice-cold solution I 

[50mM glucose, 25mM Tris-Cl (pH 8), 10mM EDTA].  Cell suspensions were 

transferred to 30ml polypropylene tubes to which 10ml solution II [0.2M NaOH, 1% 

SDS] was added and mixed by inversion 5 times using Parafilm® to seal the open ended 
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tubes.  7.5ml ice-cold solution III [3M KAc, 11.5% glacial acetic acid, pH 4.8] was 

added and the tubes were again mixed by inversion.  The tubes were left to stand on ice 

for 10 min and then centrifuged for 10 min at 14000rpm at 4°C using the Beckman

JA-20 rotor in the Beckman J2-HS centrifuge, or equivalent.  The supernatants were 

transferred to fresh polypropylene tubes and the centrifugation step was repeated.  An 

equal volume of isopropanol was added to the supernatants, mixed by inversion, and left 

on ice for 10 min.  The plasmid DNA was pelleted by centrifugation for 10 min at 

14000rpm at 4°C as above.  The pellets were washed with approximately 20ml 80% 

ethanol and centrifuged again.  Supernatants were discarded, the pellets were briefly 

air-dried, and dissolved in 2ml 1TE buffer [10mM Tris, pH 8.0, 1mM EDTA, pH 8.0].  

DNA solutions were transferred in 500μl aliquots to microfuge tubes and incubated at 

37°C for at least 1 h in the presence of 50ng RNase per aliquot.  At this stage, either the 

RNase was removed by phenol/chloroform extraction following the plasmid miniprep 

protocol (section 2.2.2) and the DNA was precipitated, washed in 80% ethanol and 

dissolved in 500μl 1TE, or the DNA solutions were subjected to further purification on 

a cesium chloride density gradient. 

 

2.2.4 Cesium chloride density gradient centrifugation 

The RNase digests from a single plasmid maxiprep described in section 2.2.3 were 

pooled together in a sterile 10ml tube and the volume was made up to 2.2ml with 1TE.  

4.4g ultra pure CsCl (Invitrogen, Carlsbad, CA) was added and dissolved.  Dissolution 

of CsCl required incubation at 65°C and frequent mixing.  Upon complete dissolution of 

the CsCl, 50μl of 10mg/ml ethidium bromide was added and mixed.  A solution of CsCl 

with density 1.47g/ml was prepared by dissolving 31.5g CsCl in 42ml 1TE.  4ml of 

this solution was added to an Optiseal tube (Beckman Coulter).  The plasmid DNA 

solution was added to the Optiseal tube underneath the 1.47g/ml CsCl layer by 

pipetting through a glass Pasteur pipette.  The tube was filled as far as the stem base 

with 1.47g/ml CsCl and accurately balanced before centrifugation.  Establishing the 

CsCl gradient and separation of the plasmid DNA from impurities was achieved by 

centrifugation at 50000rpm for 20 h on a type 90-Ti rotor, using a Beckman Optima

L-90K ultracentrifuge.  The lower of the two resultant bands was extracted with an 18g 

needle and distributed in aliquots of 500μl to microfuge tubes.  Ethidium bromide was 

removed by at least 4 rounds of butanol extraction using 500μl TE-saturated butan-1-ol.  

The aliquots for each maxiprep were pooled in two 10ml tubes.  1ml 1TE was added to 

each tube and the DNA was precipitated with 2.5 volumes of ethanol and 0.1 volume of 
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3M sodium acetate, pH 5.2.  The tubes were incubated at -20°C for 10 min, followed by 

centrifugation at 5000g at 4°C for 10 min.  Pellets were washed in 80% ethanol and 

centrifuged for 5 min at 5000g.  The supernatants were removed and the pellets

air-dried and dissolved in 300μl of 1TE. 

 

2.2.5 Restriction endonuclease digestion 

Restriction endonuclease digests were carried out according to the manufacturers’ 

recommended protocols. (Promega; New England Biolabs, Cambridge, MA)  DNA was 

typically digested for 2 h. 

 

2.2.6 Agarose gel electrophoresis 

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

1mM EDTA] or 0.5 TBE buffer [45mM Tris-borate, 45mM boric acid, 1mM EDTA].  

Concentrations of agarose varied between 0.8% and 3% depending on the molecular 

size of the samples undergoing electrophoresis.  Before loading onto gels, samples were 

mixed with 1/5th volume 6 loading buffer [25% Ficoll type 400, 0.25% bromophenol 

blue, 0.25% xylene cyanol] to produce a final 1 working concentration. 

 

2.2.7 Purification of DNA fragments from agarose gels 

DNA was purified from agarose gels using either the QIAEX II kit (Qiagen, Valencia, 

CA) or the QIAquick spin column kit (Qiagen), according to manufacturer’s 

instructions. 

 

2.2.8 Calf intestinal phosphatase treatments 

To prevent re-ligation of compatible ends following restriction endonuclease digestion, 

plasmid DNA was treated with calf intestinal alkaline phosphatase (CIP) (New England 

Biolabs).  5 units of CIP were added to 10μg plasmid DNA along with 1NEBuffer3 

(New England Biolabs).  In accordance with the manufacturer’s recommended protocol, 

the phosphatase reaction was carried out for 60 min at 37°C. 

 

2.2.9 Filling-in 3’ termini using Klenow fragment 

3’ termini were filled in using the large fragment of DNA polymerase I (Klenow 

fragment).  4μg restriction enzyme-digested DNA was mixed with 50μM dNTPs, 5units 

Klenow fragment (New England Biolabs) and the supplied reaction buffer at
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1 concentration, in a 20μl volume.  The reaction was carried out for 10 min at 37°C, 

and stopped by heat inactivation at 75°C for 10 min. 

 

2.2.10 DNA ligations 

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

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

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

in a 10-12μl 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. 

 

 

 

2.2.11 Annealing of oligonucleotides 

Complementary oligonucleotides designed for cloning purposes were annealed prior to 

ligation.  20pmoles of each oligonucleotide was mixed in a buffered 20μl reaction 

containing 10mM Tris pH 8, 1mM EDTA and 50mM NaCl.  Tubes were heated to 95°C 

and allowed to cool to 25°C over a minimum period of 8 min. 

 

2.2.12 Polynucleotide kinase treatments 

To facilitate the ligation of annealed oligonucleotides with phosphatase-treated vector 

termini, the annealed oligonucleotides were treated with T4 polynucleotide kinase 

(PNK) (New England Biolabs).  10 units of PNK were added to 100pmol annealed 

oligonucleotides along with 50mM ATP and the supplied reaction buffer at

1 concentration, in a 30μl reaction volume.  In accordance with the manufacturer’s 

recommended protocol, the phosphatase reaction was carried out for 30 min at 37°C and 

stopped by heat inactivation at 65°C for 20 min. 

 

2.2.13 Genomic DNA purification 

Cell pellets of approximately 2107 cells were broken up by resuspension with a 

micropipette tip and lysed in 800μl 1TE containing 0.5% SDS on ice for 30 min.  

Lysates were divided into 200μl aliquots to which a further 200μl 1TE was added.  

Tubes were incubated for 2 h at 50°C in the presence of 100μg/ml proteinase K with 

frequent mixing.  For removal of proteins, lysates were subjected to several rounds of 

extraction with an equal volume of Tris-equilibrated phenol.  On achieving a clean 

DNAinsertng
vector

insert
ratiomolar

vectorofsizekilobase

insertofsizekilobaseDNAvectorng
equation 


:1  
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interface between the aqueous phase and the organic phase, two extractions with a 1:1 

mixture of phenol and chloroform were followed by a single extraction with chloroform 

only.  Genomic DNA was then precipitated in an equal volume of isopropanol and 1/10 

volume 3M sodium acetate.  Tubes were left at -20°C for 1 h after which they were 

centrifuged at 13000rpm for 15 min.  DNA pellets were washed with 80% ethanol and 

allowed to air dry.  Pellets were dissolved in 100μl 1TE. 

 

2.2.14 DNA purification by polyethylene glycol precipitation 

To 38.6μl plasmid DNA was added 6.4μl 5M NaCl and 40μl autoclaved 13%(w/v) 

polyethylene glycol (PEG).  Contents of the tubes were mixed thoroughly, and chilled 

on ice for 20 min.  DNA was pelleted by centrifugation at 15000rpm for 15 min at 4°C.  

Supernatants were carefully removed, noting that the pellets were not normally visible 

at this stage of the procedure.  Pellets were washed in 80% ethanol, air dried, and 

dissolved in 20μl MilliQ water. 

 

2.2.15 DNA Sequencing 

Two protocols were used for sequencing: DYEnamic ET terminator cycle sequencing 

kit (Amersham Biosciences, Piscataway, NJ) and BigDye® Terminator v1.1 (Applied 

Biosystems, Foster City, CA).  For the Amersham system, 1μl of PCR product was 

added to 5pmole primer, 8μl of sequencing reagent pre-mix and MilliQ water up to a 

total volume of 20μl.  The cycle parameters involved an initial denaturation at 95°C for 

2 min, followed by 30 cycles of: 94°C for 15 sec, 50°C for 20 sec, 68°C for 4 min.  

DNA was precipitated with 2μl 250mM EDTA and 30μl absolute ethanol and chilled at 

-20°C for 30 min.  DNA was then pelleted by centrifugation for 15 min at 13000rpm.  

The supernatant was removed and the pellet washed with 80% ethanol.  The pellet was 

dissolved in 4μl of the supplied formamide loading dye and sent to Micromon 

(Department of Microbiology, Monash University, Australia) for automated sequence 

determination. 

 

For the BigDye® Terminator v1.1 system, DNA was initially purified either on a cesium 

chloride gradient or by PEG precipitation.  200ng of plasmid DNA was added to 

3.2pmol primer, 5μl of terminator ready reaction mix and MilliQ water up to a total 

volume of 20μl.  The cycle parameters involved an initial denaturation at 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.  

Ramping between the steps involved rapid temperature rise at 1°C/sec.  A final 
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extension of 60°C for 7 min was followed by holding the reactions at 4°C.  DNA was 

precipitated by either the ethanol/EDTA method or the ethanol/EDTA/sodium acetate 

method described by the manufacturer.  Products were sent to the Griffith University 

DNA sequencing facility for automated sequence determination. 

 

2.2.16 Site-directed mutagenesis 

125ng of two complementary oligonucleotide primers containing the desired mutation 

were added to a 50μl reaction containing 5-50ng plasmid DNA template (for 

optimization), 5μl of 10 Pfx amplification buffer (Invitrogen), 1.5mM MgSO4, 0.2mM 

dNTPs and 2 units Platinum® Pfx DNA polymerase (Invitrogen).  The thermal cycling 

program included an initial denaturation step at 94°C for 2 min followed by 16 cycles of 

95°C for 30 sec, 55°C for 1 min, then 68°C for 5 min.  At the conclusion of the cycles, 

reactions were held at 4°C. 

 

The parental template plasmid DNA was digested by using 10 units of the methylation-

sensitive restriction endonuclease DpnI and incubating at 37°C for 1 h, and then at 80°C 

for 10 min to heat-inactivate the DpnI enzyme.  To 12.1μl of each digest reaction was 

added 1.4μl of 10 DNA ligase buffer (New England Biolabs) and 0.5μl (3 Weiss units) 

T4 DNA ligase (New England Biolabs).  Reactions were incubated at 16°C for 15 min, 

after which 5μl was used to transform DH5α cells using the method outlined in section 

2.1.3. 

 

2.3 GENOMIC DNA MANIPULATIONS FOR METHYLATION 

ANALYSIS 

 

2.3.1 Computer analysis for putative CpG islands 

Putative CpG islands were identified using the freeware program “CpGPlot”, from the 

EMBOSS suite (European Bioinformatics Institute): 

http://www.ebi.ac.uk/emboss/cpgplot/  

Parameters for CpG island searches were as follows: 

Window: 200 

Step: 1 

Observed/Expected ratio: 0.6 

Minimum C/G Percentage: 60 

Length: 200 
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2.3.2 CpG methylase treatment of genomic DNA 

 
5μg of genomic DNA was used in a 30μl reaction containing 1 NEBuffer2, 160μM

S-adenosylmethionine (SAM) and 5 units of the CpG methylase, M.Sss I, isolated from 

a recombinant methylase gene from Spiroplasma spp strain MQ1 (all from New 

England Biolabs).  The reactions were incubated at 37°C for 1 h followed by heat 

inactivation at 65°C for 20 min. 

 

2.3.3 Preparation of sodium bisulphite/hydroquinone solution 

Due to its instability in solution, sodium bisulphite was prepared fresh before each use.  

4.05g sodium bisulphite was dissolved in 8ml water, without vigorously shaking and the 

pH was adjusted to 5.0 with 10M NaOH.  500μl of freshly prepared 200mM 

hydroquinone was added to the sodium bisulphite solution.  The total volume was 

adjusted to 10ml, after which the solution was passed through a 0.45μm filter 

membrane.  Commercially available sodium bisulphite is a mixture of sodium bisulphite 

and sodium metabisulphite (Grunau et al., 2001).  The final concentration of HSO3
- 

could therefore only be estimated to be between 3.87M and 4.26M.  

 

2.3.4 Sodium bisulphite treatment 

0.3M NaOH was added to 1-5μg of genomic DNA and incubated for 15 min at 42°C.  

1.2ml sodium bisulphite/hydroquinone solution (see section 2.3.3) was added to the 

DNA mixtures and mixed by inverting the tubes.  The DNA solutions were overlaid 

with mineral oil and incubated at 55°C for 16 h.  After 16 h, the DNA solutions were 

tested to ensure a pH less than 7.5.  The salts were removed by using the QIAEX II 

(Qiagen) protocol for desalting and concentrating DNA solutions, following 

manufacturer’s instructions.  DNA was eluted from the QIAEX II beads twice with 50μl 

TE, pH 8, incubating for 10 min at 50°C for each elution.  Eluates were pooled and 

centrifuged at 13000rpm to remove any residual QIAEX II beads in the form of a tight 

pellet.  Supernatants were transferred to fresh tubes and incubated in the presence of 

0.3M NaOH for 20 min at 37°C.  Solutions were then neutralised with 61μl 

10M ammonium acetate, pH 7.  1μg tRNA was added as a carrier and the DNA 

precipitated by adding 3 volumes of absolute ethanol (approximately 600μl).  Tubes 

were then chilled at -20°C for 1 h, followed by centrifugation at 13000rpm for 15 min.  

The DNA pellets were washed with 80% ethanol, and allowed to air dry.  DNA was 

dissolved in 50μl TE buffer, pH 8, and frozen at -20°C in 5μl aliquots. 
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2.3.5 Methylation specific PCR 

Aliquots of bisulphite-treated DNA were added to 25μl PCR reactions containing 2.5μl 

10 PCR reaction buffer [200mM Tris-Cl pH 8.4, 500mM KCl], MgCl2 (optimised 

concentration), 1M betaine (N,N,N-trimethylglycine), 250μM dNTPs, 10pmol sense and 

antisense primers (either methylation specific or non-methylation specific), 1unit 

Platinum® Taq polymerase (Invitrogen).  The thermal cycling program included a hot 

start step at 94°C for 5 min followed by 40 cycles of 94°C for 1 min, specific annealing 

temperature for 1 min, then 72°C for 1-2 min (depending on length of target molecule) 

before a final extension period at 72°C for 7 min, with the final reaction held at 4°C. 

 

2.4 CELL CULTURE 

 

2.4.1 Cell lines, growth media, IFN stimulation and drug treatments 

Melanoma cell lines, SK-Mel-28, SK-Mel-3 and MM96, colon carcinoma cell lines, 

HT-29 and SW-480, hepatocellular carcinoma cell line, HepG2, and acute T cell 

leukemia cell line Jurkat were grown in RPMI 1640 (Invitrogen) supplemented with 

1%(v/v) GlutaMAX (Invitrogen) (a proprietary formulation containing 200mM

L-glutamine), 25mM N-(2-hydroxyethyl)piperazine-N-(2-ethanesulfonic acid) (HEPES) 

buffer pH 7.4, 1.9mM sodium pyruvate, 100units/ml penicillin, 100μg/ml streptomycin 

sulphate, 50μM β-mercaptoethanol and 10% heat-inactivated foetal calf serum.  

Melanoma cell cultures (from patients 1-7) were previously established using surgical 

biopsies of metastases removed from regional lymph nodes and grown in culture at low 

passage number (gift from Prof. P. Hersey, Immunology and Oncology unit, John 

Hunter Hospital, Newcastle, Australia).  The nomenclature of these cell cultures is kept 

consistent with that which has been previously published (Wong et al., 1997).  These 

melanoma cell cultures as well as the cervical carcinoma cell line, HeLa S3, and kidney 

cell line, 293T were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) 

(Invitrogen) supplemented with 1%(v/v) GlutaMAX, 25mM HEPES buffer pH 7.4, 

1.9mM sodium pyruvate, 100u/ml penicillin, 100μg/ml streptomycin sulphate, 50μM

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

antibiotic resistant clones, hygromycin B (Invitrogen) was added at 200μg/ml, 

mycophenolic acid (Sigma-Aldrich, St.Louis, MO) at 25μg/ml and puromycin (Sigma) 

at various concentrations as required. 
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Cells were stimulated with 1000IU/ml human interferon-α2a (huIFN-α2a) (Hoffmann-

La Roche, Basel, Switzerland), human interferon-β (huIFN-β) (Biogen, Cambridge, 

MA) or human recombinant interferon-γ (huIFN-γ) (Hoffmann-La Roche) for the times 

indicated.  In some experiments, cells were treated with 10μM 5-azacytidine

(5-aza-Cd) (Sigma), 1μM 5-aza-2′-deoxycytidine (5-aza-CdR) (Sigma), 200ng/ml 

trichostatin A (TSA) (Sigma), various concentrations of interleukin-6 (IL-6) (Peprotech, 

Rocky Hill, NJ), various concentrations of phorbol-12-myristate-13-acetate (PMA) 

(Sigma), 1μM dexamethasone (Sigma), 10μM 9-cis retinoic acid (9-cisRA) (Sigma), 

10μM all-trans retinoic acid (ATRA) (Sigma), 300μM cAMP (Sigma) and various 

concentrations of Stattic (Sigma).  Treatment of cells with 9-cisRA and ATRA required 

foetal calf serum to be dialysed against two changes of 1litre of phosphate buffered 

saline (PBS) before being added to culture media to ensure removal of low molecular 

weight solutes such as vitamin A. 

 

2.4.2 Trypan blue staining for viable cells 

Cells were detached from culture vessels using either 0.9mM EDTA in PBS or 0.05% 

Trypsin/ 0.5mM EDTA (Invitrogen) in PBS and mixed with trypan blue dye (Sigma) at 

0.08% final concentration.  Viable (unstained) cells and total cells (blue cells and 

unstained cells) were counted using a haemocytometer. 

 

2.4.3 Fluorescence microscopy 

Fluorescence microscopy was carried out on an Eclipse TE2000-U microscope (Nikon 

Corporation, Tokyo, Japan) equipped with a 100W mercury lamp and B-2A filter cube 

(450-490nm excitation) for the detection of enhanced green fluorescence protein 

(EGFP).  Images were obtained using a DS-Fi1c camera head (Nikon), DS-U2 camera 

control unit (Nikon) and ImageJ software (National Institutes of Health, Bethesda, MD). 

 

2.5 PREPARATION OF TOTAL CELL PROTEIN LYSATES FOR 

“WESTERN” IMMUNOBLOTTING 

 

2.5.1 Activation of sodium orthovanadate 

Vanadium ions are routinely used as inhibitors of protein-phosphotyrosine 

phosphatases, to preserve the phosphotyrosine content of cells and cell lysates (Gordon, 

1991).  Solutions of sodium orthovanadate (Na3VO4) must first be “activated” to 

depolymerise the vanadate, thereby converting it to a more potent phosphatase inhibitor. 
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To activate a solution of Na3VO4, a 200mM solution was adjusted to pH 10.0, 

whereupon it turned a yellow colour.  The solution was boiled for 10 min, whereupon 

the solution became colourless.  Upon cooling, the solution was again adjusted to 

pH 10.0 and boiled until the yellow solution became colourless.  The cycle of pH 

adjustment, boiling and cooling was repeated until the solution remained clear at 

pH 10.0.  Aliquots were then stored at -20°C. 

 

2.5.2 Lysate preparation 

Cells were detached from culture vessels using either EDTA, a mix of trypsin and 

EDTA as described in section 2.4.3, or by scraping.  Cells were counted using the 

haemocytometer and pelleted in microfuge tubes by centrifugation at 200g for 5 min.  

The cell pellets were thoroughly resuspended by repeated pipetting in ice-cold RIPA 

buffer [150mM NaCl, 50mM Tris-Cl pH 7.4, 0.25% sodium deoxycholate, 0.1% Igepal, 

1mM NaF, 1mM Na3VO4, 1mM phenylmethanesulfonyl fluoride (PMSF), 10μg/ml 

aprotinin, 10μg/ml leupeptin] (Luttrell et al., 1994), at a final concentration of 2.5106 

cells/75μl (total volume taking into account the volume of the resultant nuclear pellet).  

Cell nuclei were centrifuged into a tight pellet at 13000rpm for 5 min and the 

supernatants were transferred to fresh microfuge tubes.  1/3 volume of 4 SDS-PAGE 

loading buffer [0.25M Tris-Cl (pH 6.8), 4% SDS, 50μg/ml bromophenol blue R250, 

10% β-mercaptoethanol and 40% glycerol] was added to the samples and mixed 

thoroughly.  Cell lysate samples were boiled for 5 min at 90°C prior to loading on an 

SDS-PAGE gel. 

 

Nuclear membranes in MM96 and Jurkat cells were observed to rupture in RIPA buffer 

described above, resulting in a less defined, highly viscous nuclear pellet upon 

centrifugation.  In order to prevent this happening, MM96 and Jurkat cells were 

resuspended in a modified RIPA buffer by reducing the sodium deoxycholate 

concentration in the lysis buffer to 0.1%, and inclusion of MgCl2 at a concentration of 

3mM to help stabilise the nuclei. 

 

For experiments in which several different cell lines were analysed in parallel lanes and 

compared on 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.  

Hence, a standard protocol used a 300μl packed cell volume lysed by adding 700μl 

RIPA buffer. 
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2.6 ANALYSIS OF PROTEIN LEVELS BY “WESTERN” 

IMMUNOBLOTTING 

 

2.6.1 Preparation of acrylamide for polyacrylamide gels 

30% acrylamide solution with a 29:1 acrylamide:bis-acrylamide molar ratio was 

prepared by dissolving 58.4g acrylamide and 1.6g bis-acrylamide in distilled water to a 

final volume of 200ml. 

 

2.6.2 SDS-PAGE gels 

The discontinuous (Laemmli) system was employed whereby a large-pore “stacking” 

gel is layered above the “separating” gel.  Different buffers are used for the stacking gel, 

separating gel and the running buffer, in order to improve the resolution of protein 

separation. 

 

 Stacking gel Separating gel 

30% acrylamide/bis-acrylamide solution 1.2ml 5.6 – 9.0ml 

4 stacking gel buffer 1.8ml - 

4 separating gel buffer - 5.7ml 

distilled water 3.0ml 7.5 – 10.9ml 

Glycerol 1.0ml - 

10% Ammonium persulphate 112μl 336μl 

N,N,N′,N′-tetramethylethylenediamine 

(TEMED) 

20μl 15μl 

Total volume 7.132ml 22.551ml 

 

4 separating gel buffer: 1.5M Tris/HCl (pH 8.8), 0.4% SDS  

4 stacking gel buffer: 0.5M Tris/HCl (pH 6.8), 0.4% SDS 

 

Combs were used to generate wells in the stacking gel large enough to accommodate up 

to 200μl of sample.  Combs were quickly inserted after adding the polymerising agents 

ammonium persulfate and TEMED last before mixing and pouring the stacking gel. 

Combs were removed when the stacking gels had set. 
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Samples of up to 200μl were loaded onto SDS-PAGE gels adjacent to SDS-7B 

pre-stained molecular weight markers (Sigma) and electrophoresed in 1SDS-PAGE 

running buffer [25mM Tris (unbuffered), 0.19M glycine, 0.1% SDS].  Gels were 

electrophoresed at 120V until the samples had noticeably penetrated the stacking gel 

and at 150V thereafter. 

 

2.6.3 Western transfer 

A sponge soaked in Western transfer buffer [1SDS-PAGE running buffer with 20% 

methanol] was positioned on the negative electrode of the semi-dry blotting apparatus.  

2 sheets of Whatman 3MM filter paper were soaked in transfer buffer and laid on top of 

the sponge.  The SDS-PAGE gel was carefully laid face down on top of the filter paper.  

A piece of BioTrace polyvinylidene difluoride (PVDF) transfer membrane with pore 

size 0.45μm (Pall) was cut to the size of the gel, pre-soaked in methanol for 10 sec, then 

soaked in transfer buffer and carefully laid on top of the gel avoiding air bubbles.  Two 

further pieces of filter paper soaked in transfer buffer and added on top of the 

membrane.  Air bubbles were squeezed out by gently rolling a glass or plastic rod over 

the ‘gel sandwich’.  A further sponge was soaked in transfer buffer and added on top of 

the filter papers.  The lid of the blotting apparatus (i.e. the +ve electrode) was added and 

the electrodes connected to a power pack.  Protein transfer was carried out at 38V for 

2 h.  The current applied varied from 1A to 0.25A and decreased over the 2 h of 

electrophoretic transfer. 

 

2.6.4 Immunoblotting 

Membranes were removed from the blotting apparatus, washed briefly in wash buffer 

[1PBS, 0.1% Tween-20 (Sigma)] and then blocked in 1 blotto solution [1PBS, 0.1% 

Tween-20 (Sigma), 5% skim milk powder] for 1 h at 42°C.  Primary antibody was 

diluted in blotto solution at between 1 in 1000 and 1 in 3000 dilution except for

anti-α-tubulin, which was diluted at 1 in 10000 dilution.  Membranes were incubated 

overnight at 4°C sealed in a plastic bag in 10ml of the 1 blotto solution containing 

diluted primary antibody.  Membranes were then washed 3 times by gently shaking in 

200ml wash buffer each time for 10 min.  Secondary antibody was diluted at 1 in 5000 

in blotto solution, using 10ml for each membrane.  The secondary antibody was 

incubated with the membranes for 2 h at room temperature sealed in a plastic bag, with 

vigorous shaking.  Membranes were washed using 3 changes of fresh wash buffer for 
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10 min as before.  Detection of the HRP-conjugated antibody was carried out using 

enhanced chemiluminescence kits, using the manufacturers’ recommended protocols.  

Lumi-Light Western blotting substrate (Hoffmann-La Roche) was used for low 

sensitivity detection whilst SuperSignal®West Pico chemiluminescent substrate (Pierce 

Biotechnology, Rockford, IL) was used when higher sensitivity was required. 

 

2.6.5 Stripping of protein blots 

Antibody complexes were stripped from the membranes by agitation in stripping buffer 

[62.5mM Tris-Cl (pH 6.8), 2% SDS, 100mM β-mercaptoethanol] at 60°C for 30 min.  

Membranes were washed in wash buffer to remove traces of stripping buffer.  For 

further blotting, membranes were blocked and probed again as described in section 

2.6.4. 

 

2.6.6 List of antibodies used 

The following primary antibodies were used for immunoblot analysis:  

Mouse monoclonal anti-α-tubulin (DM1A)(Sigma, cat # T9026); mouse monoclonal 

anti-STAT1 (9H2) (Cell Signaling Technology Inc, Beverly, MA, cat # 9176); rabbit 

polyclonal anti-IRF-1 (C-20) (Santa Cruz Biotechnologies Inc., Santa Cruz, CA, 

cat # sc-497); rabbit polyclonal anti-IRF-3 (FL-425) (Santa Cruz, cat # sc-9082X); 

rabbit polyclonal anti-IRF-7 (H-246) (Santa Cruz, cat # sc-9083X); Rabbit polyclonal

anti-REST (Upstate Technology Inc., now Millipore, Billerica, MA, cat # 07-579). 

 

The following secondary antibodies were used for immunoblot analysis: 

Affinity purified, horseradish peroxidase (HRP) conjugated sheep anti-mouse IgG 

(originally sourced from Silenus, now Chemicon, Billerica, MA; cat # AP326P); 

affinity purified, HRP conjugated sheep anti-rabbit IgG (Chemicon, cat # AP322P). 

 

2.7 LUCIFERASE REPORTER GENE ANALYSIS 

 

2.7.1 Transfection reagents 

Mammalian cell lines were transfected using five different reagents according to the 

manufacturers’ instructions: the lipid-based (non-liposomal) FuGENE® 6 (Hoffmann- 

La Roche), the cationic liposomal reagent Lipofectamine2000 (Invitrogen), the cationic 

polymer reagent jetPEI (MP Biomedicals, Solon, OH), FuGENE® HD (Hoffmann- 

La Roche) and GenJet (SignaGen, Ijamsvilee, MD).  New transfection reagents were 
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substituted for older ones as improvements in reagent stability, transfection efficiency 

and reproducibility allowed for improved data to be obtained.  Instructions for all five 

reagents specified similar transfection efficiency both in the presence or absence of 

serum.  FuGENE® 6 specified lower transfection efficiency in the presence of 

antibiotics while Lipofectamine2000 specified toxicity in the presence of antibiotics.  

Cells were therefore grown for transfection in cell culture media free of antibiotics, but 

with serum levels determined by the needs of each individual experiment. 

 

Unless otherwise specified, treatment of cells with interferons, other cytokines and other 

effector drugs was initiated 24 h after transfection.  Cell lysates were assayed for 

luciferase expression between 36 and 48 h after transfection. 

 

For dual-luciferase reporter assays, in which luciferase from Renilla reniformis was 

used as an internal control for transfection efficiency, the test plasmids were

co-transfected with very small amounts of phRL-SV40 (Promega).  phRL-SV40 

contains a synthetic Renilla luciferase gene, codon-optimised for mammalian systems.  

The luciferase gene is downstream of the SV40 early promoter/enhancer, which has 

been cleared of known transcription factor binding sites. 

 

2.7.2 Transient transfection with FuGENE® 6 

Cells were seeded 24 h prior to transfection in either 96-well clear-bottomed black 

tissue culture plates (Greiner, Kremsmuenster, Austria; model #655090) or 24-well 

tissue culture plates (TPP, Trasadingen, Switzerland) in order to attain 80% confluence 

at the time of transfection.  For most cell lines, between 8104 - 1.5105 cells were 

added to the wells of 24-well plates, and between 1.2104 - 2104 cells were added to 

the wells of 96-well plates.  Much lower numbers of SK-Mel-28 cells were seeded due 

to their larger cell size (3.5104 and 5103 cells respectively for 24 and 96-well plates). 

  

Plasmid DNA/FuGENE® 6 complexes were prepared according to the manufacturer’s 

protocol in OptiMEM medium (Invitrogen).  Varying amounts of plasmid DNA and 

FuGENE® 6 were mixed in reaction volumes of either 100μl for the 24-well plate 

format or 50μl for the 96-well format.  The DNA/FuGENE® 6 mixtures were incubated 

at room temperature for 30 min to allow formation of complexes.  Complexes were 

added to cells and incubated at 37°C for 4 h, after which time the medium and 
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transfection mix in the wells was replaced with fresh complete medium containing 

foetal calf serum. 

 

2.7.3 Transient transfection with Lipofectamine2000 

Cells were seeded 24 h prior to transfection in either 96-well clear-bottomed black 

plates or 24-well plates.  In accordance with the manufacturer’s recommendations, cells 

were seeded to attain 95% confluence at the time of transfection. 

 

The remaining transfection procedure for Lipofectamine2000 was the same as that for 

FuGENE® 6 (see above) except that the DNA/Lipofectamine2000 mixtures were 

incubated for 20 min prior to addition to the cells, rather than 30 min. 

 

2.7.4 Transient transfection with jetPEI 

Cells were seeded 24 h prior to transfection in either 96-well or 24-well format to attain 

80% confluence at the time of transfection, except for assays in which cells were treated 

with IL-6.  For such assays, in order to observe maximal effects of IL-6, cells were 

required to be at 30% confluence at the time of transfection, rather than the usual 80%. 

 

Plasmid DNA/JetPEI complexes were prepared according to the manufacturer’s 

protocol.  For the 24-well format, 1.5μl JetPEI was mixed with 1μg firefly luciferase 

plasmid DNA and 10ng phRL-SV40 in 150mM NaCl in a total volume of 100μl.  For 

the 96-well format, 0.375μl JetPEI was mixed with 0.25μg firefly luciferase plasmid 

DNA and 2.5ng phRL-SV40 with 150mM NaCl in 50μl total volume.  The 

DNA/JetPEI mixtures were incubated at room temperature for 20 min to allow 

formation of complexes.  Complexes were added to cells and incubated at 37°C for 4 h, 

after which time the medium and transfection mix in the wells was replaced with fresh 

complete medium containing foetal calf serum. 

 

2.7.5 Transient transfection with FuGENE® HD 

During the course of this study, FuGENE® 6 was superseded by FuGENE® HD.  Cells 

were seeded 24 h prior to transfection to attain 80% confluence at the time of 

transfection.  Only the 24-well format was used for transfection with FuGENE® HD. 

 

Plasmid DNA/FuGENE® HD complexes were prepared according to the manufacturer’s 

protocol.  1μl FuGENE® HD was mixed with 0.35μg firefly luciferase plasmid DNA 
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and 10ng phRL-SV40 in OptiMEM medium, in a total volume of 25μl.  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 

without replacing the medium. 

 

2.7.6 Transient transfection with GenJet 

Cells were seeded 24 h prior to transfection in 24-well format to attain 80% confluence 

at the time of transfection.  Culture medium was replaced 30 min prior to the addition of 

DNA/GenJet complexes with serum-free culture medium.  Plasmid DNA/GenJet 

complexes were prepared according to the manufacturer’s protocol.  For the 24-well 

format, 2μl GenJet was mixed with 1μg firefly luciferase plasmid DNA and 30ng 

phRL-SV40 in serum-free culture medium in a total volume of 100μl.  The 

DNA/GenJet mixtures were incubated at room temperature for 10 min to allow 

formation of complexes.  Complexes were added to cells and incubated at 37°C for 5 h, 

after which time the medium and transfection mix in the wells was replaced with fresh 

complete medium containing foetal calf serum. 

 

2.7.7 Firefly (Photinus pyralis) luciferase assay 

Cells transfected in clear-bottomed 96-well black plates were assayed by removal of 

media from the wells and addition of 30μl PBS to each well followed by 70μl lysis 

buffer [37.5mM Tris-PO4 (pH 8.0), 1.5% Triton-X-100, 1.5mg/ml bovine serum 

albumin (BSA), 3mM dithiothreitol (DTT), 15% glycerol].  Lysis was ensured by 

mixing the lysis buffer with the PBS in each well by pipetting followed by incubation 

for 5 min at room temperature.  Finally, 100μl luciferase reaction buffer [40mM tricine 

(pH 8.0), 16mM MgCl2, 0.26mM EDTA (pH 8.0), 60mM DTT, 0.6mM coenzyme A 

(Sigma), 1mM beetle luciferin (Promega), 1mM adenosine triphosphate (ATP)] was 

added to each well and mixed by pipetting.  Co-enzyme A, luciferin and ATP were not 

added to the remaining reaction buffer components until immediately before the assay.  

Luminescence was measured on a FLUOstar OPTIMA microplate reader (BMG 

Labtech, Offenburg, Germany), set to luminescence mode.  Measurements were 

obtained over a time interval of 1 sec and the average values taken from 3 separate 

measurements were recorded for analysis.  For some experiments, fluorescence was 

measured prior to cell lysis using the microplate reader in fluorescence mode.  For 

detecting EGFP, excitation was performed using a 485nm filter at a rate of 10 

flashes/sec.  Emissions were detected through a 520nm filter. 
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Cells transfected in 24-well plates were detached with 50μl EDTA and transferred to 

black 96-well plates (Greiner, model #655077).  Cells were lysed by adding 50μl of a 

concentrated lysis buffer [52.5mM Tris-PO4 (pH 8.0), 2.1% Triton-X-100, 2.1mg/ml 

BSA, 4.2mM DTT, 21% glycerol].  The remainder of the assay was carried out by 

following the procedure outlined in the previous paragraph. 

 

2.7.8 Photinus pyralis / Renilla reniformis dual-reporter luciferase assay 

Media was removed from cells in clear-bottomed black plates and replaced with 50μl 

PBS.  Cells were lysed by two freeze-thaw cycles, freezing each time at -80ºC.  

Photinus pyralis (firefly) luciferase was measured by adding 50μl of 2 firefly 

dual-luciferase assay buffer [80mM tricine (pH 8.0), 8mM MgCl2, 0.1% tergitol™ NP-9 

detergent (Sigma), 1mg/ml BSA, 40mM DTT, 200μM EDTA, 10% glycerol, 600μM 

co-enzyme A, 1mM beetle luciferin, 1mM ATP] at pH 8.2, and mixing by pipetting.  

Co-enzyme A, luciferin and ATP were not added to the firefly dual-luciferase buffer 

until just prior to measurement in the plate reader.  Luciferase levels were detected on a 

FLUOstar OPTIMA microplate reader (BMG) set to luminescence mode.  

Measurements were obtained over a time interval of 1 sec and the average values taken 

from 3 repeated measurements were recorded for analysis. 

 

Renilla reniformis luciferase was measured after the firefly reaction by adding a further 

50μl of 3 Renilla dual-luciferase assay buffer [22.5mM sodium pyrophosphate, 30mM 

1,2-cyclohexane-dinitrilotetraacetic acid (CDTA) (Sigma), 600mM Na2SO4, 22.5mM 

sodium acetate, 9mM thiourea (Sigma), 0.03% Tween-20, 1μM coelenterazine 

(Promega)] at pH 5.9.  Coelenterazine was added to the other Renilla dual-luciferase 

buffer components immediately prior to adding the buffer mix to the cell lysates. 

Reactions were carefully mixed by pipetting before measurement of Renilla luciferase.   

Detection of Renilla luciferase levels was carried out on the FLUOstar OPTIMA exactly 

as per firefly luciferase. 

 

2.8 ELECTROPHORETIC MOBILITY SHIFT ASSAY 

 

2.8.1. Preparation of cytoplasmic extracts 

Cells were detached from the culture dishes by scraping, counted with a hemocytometer 

and centrifuged at 200g for 5 min.  Cell pellets were washed in 10ml PBS and 

centrifuged again.  Cell pellets were resuspended in hypotonic buffer [10mM Tris pH 7.4, 
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10mM NaCl, 6mM MgCl2, 10mM KCl, 100μM ethylene glycol-bis(2-aminoethylether)-

N,N,N,N-tetraacetic acid (EGTA), 200μM EDTA, 100μM ZnCl2, 10mM NaF, 500μM 

DTT, 0.1% Nonidet P-40, 10% glycerol, 1mM Na3VO4, 1mM PMSF, 10μg/ml 

aprotinin, 10μg/ml leupeptin], at a concentration of 107 cells/ml, followed by 

homogenisation for 20 strokes with a glass/teflon homogeniser.  Homogenates were 

transferred to microfuge tubes and centrifuged at 500g for 5 min to remove of cell 

nuclei.  Supernatants were frozen at -80°C in 80μl aliquots. 

 

2.8.2 Preparation of nuclear extracts 

Nuclear extracts were prepared using a modification of the detergent-free method 

previously described (Haan et al., 2005).  Cells were detached, counted, washed and 

centrifuged as described in section 2.8.1.  Cell pellets were then resuspended in buffer A 

[10mM HEPES/KOH pH 7.8, 1.5mM MgCl2, 10mM KCl, 500μM DTT, 1mM Na3VO4, 

1mM PMSF, 10μg/ml aprotinin, 10μg/ml leupeptin], at a concentration of 2107 

cells/ml.  After 20 min, cells were centrifuged at 200g for 5 min and the supernatants 

containing the cytoplasmic extracts were removed.  The pellets were incubated in high 

salt buffer [20mM HEPES/KOH pH 7.8, 1.5mM Mg Cl2, 420mM NaCl, 200μM EDTA, 

25% glycerol, 500μM DTT, 1mM Na3VO4, 1mM PMSF, 10μg/ml aprotinin, 10μg/ml 

leupeptin] for 20 min and then centrifuged at 500g for 10 min.  Supernatants containing 

nuclear extracts were collected. 

 

2.8.3 Protein quantification assay 

200μl protein assay dye reagent concentrate (Bio-Rad, Hercules, CA) was diluted in 

800μl water and distributed in 100μl aliquots into wells of a 96-well plate.  A series of 

protein standards containing 1-15μg BSA was added to the assay reagent alongside test 

wells to which 1μl of cytoplasmic or nuclear extract was added and mixed by pipetting.  

Absorbance at 590nm was measured using a FLUOstar OPTIMA microplate reader 

(BMG).  The protein concentrations in the test wells were determined by comparison 

with the standards. 

 

2.8.4 Radioactive labelling of oligonucleotide probes 

α-P32-labelled probe was prepared by annealing 200ng (in total) of primers using the 

primer annealing method described in section 2.2.11.  Overhanging 5’ ends were filled 

in using 1 unit Klenow fragment (New England Biolabs) in a 20μl reaction with

1 NEBuffer2 (New England Biolabs), 100μM dNTP mix without dCTP and 20μCi
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(α-P32)-dCTP [3000Ci/mmol] (Amersham Biosciences).  The fill-in reaction was 

incubated at 37°C for 30 min.  P32-labelled oligonucleotides were separated from 

unincorporated (α-P32)-dCTP by electrophoresis through a 15% polyacrylamide gel 

[50ml of 30% acrylamide, 50ml 0.5 TBE buffer (see section 2.2.6 for TBE buffer), 

800μl ammonium persulphate, 200μl TEMED] for 2 h at 220V.  Gels were covered by 

plastic wrap and exposed to a phosphor screen (Molecular Dynamics Inc., Sunnyvale, 

CA) for 2 min.  Phosphorimaging was carried out on a Personal Molecular Imager®FX 

(Bio-Rad).  Bands of P32-labelled oligonucleotides in the gel were cut out and mashed in 

microfuge tubes with 300μl TE buffer using a pipette tip.  Tubes were left overnight at 

room temperature to elute the radiolabelled probe from the gel. 

 

The activities of the probes were determined by scintillation counting.  1ml scintillation 

cocktail was added to 1μl of the labelled probe and measured in a 1450 MicroBeta® 

Plus scintillation counter (PerkinElmer, Waltham, MA). 

 

2.8.5 DNA/extract binding reactions 

10μg cytoplasmic extracts or 5μg nuclear extracts were added to 20μl reactions 

containing 4μl 5 binding buffer [200mM KCl, 100mM HEPES pH 7.4, 5mM MgCl2, 

500μM EGTA, 2.5mM DTT, 0.1% Nonidet P-40], 1.67μl 30% 3-[(3-

cholamidopropyl)dimethylammonio]-propanesulfonate (CHAPS) (MP Biomedicals) 

and 4μg of double-stranded poly(dI:dC) (Pharmacia Ltd, Sandwich, United Kingdom)  

Glycerol was also added to binding reactions at a final concentration of 5%.  Following 

the addition of cytoplasmic extract, reactions were mixed by pipetting.  Binding 

reactions were then incubated at 4°C for 1 h.  For supershift reactions, 0.5-1μg of 

specific antibody was added to the reactions before the 1 h incubation.  Finally, 

104counts per min (cpm) of oligonucleotide probe was added to all reactions and mixed 

by pipetting.  Reactions were incubated at room temperature for 10 min, following 

which 4μl 6 gel loading buffer [25% Ficoll type 400, 0.25% bromophenol blue, 0.25% 

xylene cyanol] was added.  5% polyacrylamide gels [10ml of 30% acrylamide, 50ml 

0.5 TBE buffer (see section 2.2.6 for TBE buffer), 400μl ammonium persulphate, 

100μl TEMED], also containing 5% glycerol, were pre-run for 30 min at 300V at 4°C, 

after which the binding reactions were loaded.  Electrophoresis was then carried out at 

300V for a further 3-4 h until the xylene cyanol tracking dye had migrated two thirds of 

the way down a 15cm gel. 
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Gels were transposed onto the surface of a single sheet of Whatman 3MM paper, 

covered with plastic wrap and dried on a slab gel dryer (Bio-Rad).  Dried gels were 

exposed to a phosphor screen (Molecular Dynamics) for up to 3 days.  

Phosphorimaging was carried out on a Personal Molecular Imager®FX (Bio-Rad). 

 

2.8.6 List of antibodies used 

The following antibodies were used in EMSA experiments:  

Rabbit polyclonal anti-STAT1 (Cell Signaling, cat # 9172); mouse monoclonal  

anti-STAT2 (22) (BD Transduction Laboratories, Franklin Lakes, NJ, cat # 610187); 

rabbit polyclonal anti-STAT3 (Cell Signaling, cat # 9132); rabbit polyclonal  

anti-STAT5 (Cell Signaling, cat # 9310); rabbit polyclonal anti-c-Jun (Cell Signaling, 

cat # 9162); rabbit polyclonal anti-pan-Fos (K-25) (Santa Cruz, cat # sc-253X), mouse 

monoclonal anti-IRF-9 (6) (BD Transduction Laboratories, cat # 610285); mouse 

monoclonal anti-GATA-3 (HG3-31) (Santa Cruz, cat # sc-268). 

 

2.9 CHROMATIN IMMUNOPRECIPITATION (ChIP) ASSAY 

 

2.9.1 Preparation of chromatin extracts 

To cross-link DNA-binding proteins to chromatin, formaldehyde solution in 1PBS was 

added to two large dishes (15cm in diameter) of cells in medium for 15 min at room 

temperature to a final concentration of 1%.  Cross-linking was quenched by adding 

125mM glycine to the culture medium for 5 min.  Cells were 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, 3μg/ml leupeptin, 300μM 

PMSF, 1μg/ml pepstatin).  Cells were counted and pelleted by low speed centrifugation.  

Cell pellets were then resuspended in 1.5ml sonication buffer [1% Triton X-100, 0.1% 

sodium deoxycholate, 50mM Tris-HCl pH8.1, 5mM EDTA, 150mM NaCl, protease 

inhibitors as above] and sonicated on ice for 8 bursts of 10 sec using a Soniprep 150 

sonicator (Sanyo) at 75% intensity.  Cell debris was removed by centrifugation at 

15000g for 15 min at 4ºC.  Supernatants were stored frozen at -80C in aliquots 

equivalent to 4.5106 cells.   
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2.9.2 Immunoprecipitation of chromatin extracts 

Aliquots of chromatin extract were diluted to 1.35ml with sonication buffer.  300μl of 

diluted chromatin was used for each immunoprecipitation (equivalent to 106 cells) and 

30μl was set aside for input controls.  Chromatin was precleared by rotation at 4ºC for 

1 h with 40μl protein G-conjugated Sepharose (of 50% slurry) and 2μg sheared herring 

sperm DNA.  Upon removal of the protein G Sepharose by low speed centrifugation, 

immunoprecipitation was performed overnight at 4ºC, rotating, with 5μg specific 

antibody.  50μl protein G Sepharose slurry, along with 2μg sheared herring sperm DNA, 

were then added.  The mixture was rotated for a further 2 h at 4ºC to allow antibody-

bound chromatin to bind to the protein G-conjugated Sepharose beads.  

Immunoprecipitates were washed sequentially by rotation for 10 min at 4ºC once with 

sonication buffer, twice with high salt buffer [1% Triton X-100, 0.1% sodium 

deoxycholate, 50mM Tris-HCl pH8.1, 5mM EDTA, 500mM NaCl, protease inhibitor 

cocktail described in section 2.9.1], once with LiCl buffer [0.25M LiCl, 0.5% Nonidet 

P-40, 0.5% sodium deoxycholate, 10mM Tris-HCl pH8.1, 1mM EDTA, protease 

inhibitor cocktail described in section 2.9.1] and three times with TE buffer containing 

protease inhibitors.  The slurry was pelleted by centrifugation (100g, 1 min) after each 

wash.  Bead precipitates were eluted twice with 150μl elution buffer [1% SDS, 100mM 

NaHCO3].  Eluates and input samples were incubated at 65ºC for 4 h with 0.3M NaCl 

and 3ng RNase A to reverse the cross-links and then at 45ºC overnight with 75μg 

proteinase K.  Samples were diluted to 400μl with TE buffer and 5μg tRNA was added 

as a carrier.  DNA was purified by phenol/chloroform extraction and precipitated in 

2.5 volumes ethanol.  IP and input DNA pellets were resuspended in 30μl and 67μl 

DNase-free water, respectively.  2μl IP samples and 0.5μl input samples were used for 

PCR amplification.  End-point PCR reactions contained 10pmol each primer, 1PCR 

buffer (Invitrogen), 3mM MgCl2, 0.1mM dNTP mix, 1M betaine, and 1 unit Platinum® 

Taq DNA polymerase (Invitrogen) in 25μl reactions.  Unless otherwise stated, 

thermocycling was carried out using an initial 2 min denaturation step at 95ºC followed 

by 30 amplification cycles of 95ºC for 30 sec, 61ºC for 30 sec and 72ºC for 30 sec.  

Amplification was carried out on an iCycler thermal cycler (Bio-Rad). 

 

2.9.3 Quantitative ChIP assay 

2μl IP samples and 0.5μl input samples were amplified using 5pmol each primer and 

10μl FastStart SYBR green master mix (Hoffmann-La Roche).  Amplification cycles 

were identical to those described for end-point analysis (see previous section), except 
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that the number of cycles was increased to 50.  Amplification was carried out on an 

iCycler thermal cycler (Bio-Rad) with a real-time optical module attachment. 

 

Reactions, including inputs, were carried out in triplicate.  Cycle thresholds for each of 

the IP amplifications were normalised by subtracting the mean cycle threshold of the 

respective inputs.  Normalised cycle threshold scores are denoted ΔCT.  Fold activation 

was calculated by: 2[meanΔCT(untreated)-meanΔCT(treated)].  % input was calculated by: 

1002meanΔCT. 

 

Purity of PCR amplification products was confirmed by real-time melt curve analysis 

and electrophoresis of amplification products on 2% agarose gels. 

 

2.9.4 List of antibodies used 

The following antibodies were used for ChIP assays: 

Rabbit polyclonal anti-REST (Upstate Biotechnology Inc., now Millipore,  

cat # 07-579); rabbit polyclonal anti-STAT1 (C-24) (Santa Cruz, cat # sc-345X); rabbit 

polyclonal anti-STAT3 (Cell Signaling Technology, cat # 9132); rabbit polyclonal 

anti-pan-Fos (K-25) (Santa Cruz, cat # sc-253X); purified mouse whole IgG (Sigma). 

 

2.10 GENOMIC DNA ALIGNMENT 

 

Human and mouse genomic DNA sequences were obtained from the Blat database on 

the Genome Bioinformatics Site of the University California, Santa Cruz.  The 

sequences were aligned using the Lalign program on the website: 

http://fasta.bioch.virginia.edu/fasta_www/lalign.htm 

 

2.11 STATISTICAL METHODS 

 

Unpaired Student’s t-Test was applied to data groups to test for significance.  P-values 

were based on two-tailed analysis, unless otherwise indicated.  P-values <0.05 were 

considered significant. 
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CHAPTER 3 

THE ROLE OF EPIGENETICS IN THE REGULATION OF STAT1 

AND STAT1-ASSOCIATED GENES IN HUMAN MELANOMA 

 

3.1   INTRODUCTION 

 

Epigenetic mechanisms are gene-regulating activities, such as methylation of DNA and 

various modifications of histones that do not involve changes to the DNA code, but are 

inherited through multiple generations of cells.  DNA methylation occurs only on 

cytosine residues and only in the context of 5’-CpG-3’ dinucleotides.  CpG dinucleotides 

are concentrated in the genome in regions known as CpG islands that are found almost 

exclusively at the 5’ end of genes (Larsen et al., 1992).  Methylation of CpG 

dinucleotides in CpG islands leads to silencing of transcription by recruiting 

methyl-CpG-binding domain proteins, which in turn activate chromatin modifying 

enzymes (Bird and Wolffe, 1999).  Aberrant DNA methylation contributes to the 

development of cancer (Riggs and Porter, 1996; Jones and Baylin, 2002). 

 

The sensitivity of melanoma cells to IFN treatment, determined by antiviral and 

antiproliferative assays, has previously been shown to correlate with protein and mRNA 

levels of STAT1, STAT2 and IRF-9 (Wong et al., 1997).  The STAT1 gene was 

previously found to be methylated in squamous cell carcinomas of the head and neck 

(SCCHN), a finding that correlated with low levels of STAT1 protein expression, and 

increased STAT1 expression following treatment of SCCHN cell lines with 5-aza-CdR 

(Xi et al., 2006).  Similarly, the DNA-methylation inhibitor 5-aza-CdR was shown to 

induce the expression of STAT1, STAT2 and STAT3 in the colon cancer cell line 

HT-29 (Karpf et al., 1999).  DNA methylation has also been shown to play a role in the 

pathogenesis of melanoma with over 50 aberrantly hypermethylated genes identified in 

all phases of melanoma progression and metastasis (Howell et al., 2009).  For instance, 

promoter methylation of the CDKN2A (p16/INK4a) gene was shown in 10-20% of 

melanoma biopsies and cell lines (Coral et al., 1999; Serrano et al., 2001) and was 

shown to be responsible for determining expression levels of the cancer-testis antigens 

MAGE2, MAGE3 and MAGE4 in metastatic melanoma lesions. 
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Given that the STAT1 and IRF-7 genes have previously been shown to be methylated in 

some cancers (Lu et al., 2000; Xi et al., 2006) and that DNA methylation has been 

shown to play a role in the pathogenesis of melanoma, the objective of this chapter was 

to determine whether the expression of genes involved in JAK/STAT signaling and IFN 

expression, in particular STAT1 and IRF-7, is regulated by epigenetic mechanisms in 

melanoma.  Included in the study were a range of melanoma cell lines, including low 

passage cell lines derived from melanoma metastases, and the HT-29 colon cancer cell 

line, which was used as a positive control for 5-aza-CdR-mediated induction of STAT1 

expression.  A preliminary analysis using computer software for sequence analysis 

revealed a number of potential CpG islands located in the promoters of several genes 

involved in IFN signaling and resistance to IFN, including the previously characterised 

CpG islands in the promoters of the STAT1 and IRF-7 genes (Lu et al., 2000; Xi et al., 

2006).  While STAT1 was not found to be methylated in any of the cell lines, the CpG 

island in the IRF-7 gene was found to be almost completely methylated in MM96, a 

melanoma cell line that was previously characterised as resistant to the antiviral and 

antiproliferative actions of IFN. 

 

3.2 RESULTS 

 

3.2.1 Sequence analysis for CpG island identification 

DNA sequences from the promoters of genes involved in IFN signaling were analysed 

for the presence of potential CpG islands, using the freeware program “CpGPlot” 

http://www.ebi.ac.uk/emboss/cpgplot (Fig. 3.1(a-b) and appendix 1).  Sequences 

approximately 2 kilobases (kb) upstream of the 5’UTR through to 200 bases downstream 

of the first exon were obtained from the University of California, Santa Cruz genome 

browser.  For each gene, the frequency of CpG dinucleotides was plotted as a moving 

average, incorporating a window of 200 bases, centred about the base shown in the X-

axis.  An observed-versus-expected ratio of 1.0 is defined as the same frequency of 

CpGs that would be expected if the sequence of bases within the 200 base window was 

completely random.  That is, the specific sequence “CpG” would be expected to appear 

on average every 16 bases if a DNA sequences was random.  Also shown in Fig. 3.1 is 

the overall content of “C” and “G” nucleotides within the 200 base window.  The third 

graph indicates the regions in which both the observed-versus-expected CpG ratio is 

greater than 0.6 and the overall CG content is greater than 60%.  Regions that satisfy 

both of these parameters over a region of at least 200 bases are indicated. 



 101

(a) IRF-7 

 

(b) STAT1 

 

Figure 3.1(a-b) CpG plots of the IRF-7 (a) and STAT1 (b) genes.  Genome 
sequences approximately 2kb upstream of the 5’UTR (base 0) through to 200 bases 
downstream of the first exon were analysed with regard to the observed-versus-expected 
(Obs/Exp) frequency of CpG dinucleotides and the overall C/G content (%).  The 
results shown represent a moving average of a 200 base window.  Also shown are 
regions of putative CpG islands longer than 200 bases, that satisfy an (Obs/Exp) 
frequency of 0.6 and overall C/G content greater than 60%. 
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The CpG island in the IRF-7 promoter (Fig. 3.1(a)) was previously characterised and 

shown to be hypermethylated in the fibrosarcoma cell line 2fTGH (Lu et al., 2000).  

Based on identical parameters, it was evident that the STAT1, IRF-3, IRF-1 and SOCS1 

genes also contained potential CpG islands in their promoter regions (Fig. 3.1(b) and 

appendix 1), whereas the STAT2 and IRF-9 genes did not.  Notably among the other  

genes analysed, neither the type I nor type II IFN genes contained CpG islands in their 

promoters by this method of analysis and in fact, the CpG frequency, as well as the 

overall CG content in all of the IFN gene promoters was found to be extremely low. 

 

3.2.2 Use of DNA methylation inhibitors 5-aza-cytidine and 5-aza-2’-deoxycytidine 

and the histone deacetylation inhibitor, trichostatin A 

5-aza-CdR was previously shown to increase both the expression and nuclear 

accumulation of STAT1, STAT2 and STAT3 proteins, and induced growth inhibition 

mediated by IFN-α in the cell line HT-29, derived from a colon adenocarcinoma (Karpf 

et al., 1999).  The up-regulation in response to 5-aza-CdR was hypothesised to be due to 

the silencing of these genes during cancer progression by methylation of their 

promoters.  An alternative hypothesis was also proposed in which an upstream regulator 

of STATs 1, 2 and 3 (but not STATs 4, 5 or 6) was itself silenced, facilitating 

expression of the STATs upon blocking DNA methyltransferases with 5-aza-CdR. 

 

As a preliminary experiment, because 5-aza-CR was available, the IFN-resistant 

melanoma cell line MM96 was treated with this inhibitor of DNA methylation over a 

time course ranging from one to five days.  Cells were lysed at the end of the time 

course and cell lysates were separated on an SDS-PAGE gel.  Western immunoblotting 

was carried out using primary antibodies specific for STAT1 and IRF-7.  An antibody 

specific for the housekeeping protein, α-tubulin was used as a loading control 

(Fig. 3.2(a)).  Lysates from untreated, but IFN-sensitive, SK-Mel-28 melanoma cells 

were analysed in parallel for comparison.  The results showed a lower level of STAT1 

expression in MM96 cells compared to SK-Mel-28 cells, consistent with previous 

observations (Wong et al., 1997).  STAT1 levels were not induced in MM96 cells by 

treatment with 5-aza-CR.  Likewise, IRF-7 levels were not substantially induced by 

5-aza-CR treatment. 
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Figure 3.2(a) 5-aza-CR treatment of MM96 cells.  Cells were treated with 5-aza-CR 
(10μM) for the time periods shown prior to cell lysis.  SDS-PAGE and western 
immunoblotting were carried out to determine STAT1 and IRF-7 protein expression 
levels. 
 

 

 

Due to its more potent demethylating properties, 5-aza-CdR was substituted thereafter 

in place of 5-aza-CR.  To confirm the functionality of the 5-aza-CdR, HT-29 cells were 

treated with 5-aza-CdR for 24 h, as in Karpf et al. (1999).  Cells were either lysed after 

24 h treatment, or the culture medium was replaced in each dish, effectively removing 

all traces of 5-aza-CdR, while allowing the cells to further grow.  Dishes of 5-aza-CdR-

treated cells were cultured for 4 and 8 days, respectively.  Cell lysates were separated on 

an SDS-PAGE gel and western blotting was carried out using primary antibodies 

specific for STAT1, IRF-7, and α-tubulin as a loading control (Fig. 3.2(b)).  The results 

showed a marked and progressive induction of STAT1 in HT-29 cells over 9 days, even 

when traces of 5-aza-CdR were removed after the first day, a result consistent with the 

previous report (Karpf et al., 1999).  IRF-7 was also found to be induced in a similar 

time-dependent manner in the HT-29 cells. 

 

Given that STAT1 and IRF-7 protein levels were increased by 5-aza-CdR in HT-29 

cells, and that the IRF-1 gene similarly contains a putative CpG island (see appendix 1), 

the effect of 5-aza-CdR on IRF-1 protein expression was also determined.  Two 

independent cultures of HT-29 cells were treated with 5-aza-CdR using the nine-day 

schedule described in the previous paragraph.  Following lysis of the cells, western 
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blotting was carried out using antibodies specific for STAT1, IRF-1 and  

α-tubulin (Fig. 3.2(c)).  In addition to the STAT1 induction previously shown in  

Fig. 3.2(b), IRF-1 was also found to be induced by 5-aza-CdR in the HT-29 cells. 

 

 

 

 

 
Figure 3.2(b) Time course for 5-aza-CdR treatment of HT-29 cells.  Cells were left 
untreated (0) or treated with 5-aza-CdR (1μM) for 24 h.  The 5-aza-CdR-treated cells 
were either lysed immediately (1) or the culture medium was replaced and the cells 
incubated for a further 4 or 8 days.  SDS-PAGE and western immunoblotting were 
carried out to determine protein expression levels of STAT1 and IRF-7. 
 

 

 

 

 

Figure 3.2(c) IRF-1 and STAT1 levels in 5-aza-CdR-treated HT-29 cells.  Cells 
were left untreated or treated with 5-aza-CdR (1μM) for 24 h.  The culture medium was 
replaced and the cells were incubated for a further 8 days.  SDS-PAGE and western 
immunoblotting were carried out to determine protein expression levels of STAT1 and 
IRF-1. 
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As an illustration of the differences between an IFN-sensitive human melanoma cell 

line, SK-Mel-28, versus an IFN-resistant cell line, MM96, the induction levels of IRF-3 

and IRF-7 proteins were determined by western blotting both before and after treatment 

with IFN-β (Fig. 3.2(d)).  Whereas IRF-3 was constitutively expressed in both cell lines 

and was maintained at this level following treatment with IFN-β, IRF-7 levels were 

dramatically increased by IFN-β treatment in SK-Mel-28 cells, but not in MM96 cells. 

 

Next, the effects of IFN-β and 5-aza-CdR on STAT1 and IRF-7 expression in MM96 

cells were determined.  MM96 cells were treated with either IFN-β for 16 h, or 

5-aza-CdR for 24 h.  The 5-aza-CdR-treated cells were either immediately lysed, or the 

culture medium was replaced for further incubation of the cells and treatment with 

IFN-β at two different time points.  Western blot results (Fig. 3.2(e)) showed negligible 

effects of IFN-β alone on either the IRF-7 protein levels (consistent with Fig. 3.2(d)) or 

STAT1 levels.  Similarly, 5-aza-CdR alone had no effect on STAT1 protein levels at 

either 24 h or 9 days after the treatment.  By contrast, a considerable induction of 

STAT1 expression was observed when IFN-β was added for 16 h to the 5-aza-CdR-

treated cells either directly after the removal of 5-aza-CdR or after 8 days of further 

culturing.  IRF-7 levels were unaffected after 24 h exposure to 5-aza-CdR, but were 

substantially increased after 8 days of further culturing.  The level of IRF-7 protein at 

this time point was further induced by IFN-β.  Hence, inhibiting DNA methylation 

increases IRF-7 expression. 

 
 

 

 
Figure 3.2(d) IRF-3 and IRF-7 levels in IFN-β-treated melanoma cells.  Cells were 
left untreated or treated with IFN-β (1000IU/ml) for 16 h prior to lysis, SDS-PAGE and 
western immunoblotting to determine the relative protein expression levels of IRF-3 and 
IRF-7. 
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Figure 3.2(e) Effects of 5-aza-CdR and IFN-β on STAT1 protein expression in 
MM96 melanoma cells.  Cells were either left untreated or treated with 
5-aza-CdR (1μM, 24 h) or IFN-β (1000IU/ml, 16 h).  The 5-aza-CdR-treated cells were 
either lysed immediately or the culture medium was replaced.  Subsequently, cells were 
either treated with IFN-β, or incubated for a further 8 days before cell lysis or the 
addition of IFN-β.  SDS-PAGE and western immunoblotting were carried out to 
determine the relative protein expression levels of STAT1. 
 

 

 

Trichostatin A (TSA) is a potent inhibitor of class I and II histone deacetylases 

(HDACs).  TSA, in combination with 5-aza-CdR, has been shown to reactivate some 

silenced tumour suppressor genes (Cameron et al., 1999a; Primeau et al., 2003) and 

increase the level of tumour cell apoptosis in human lung cancer cell lines (Zhu et al., 

2001).  TSA has also been shown to have in vivo antitumour activity in a rat breast 

cancer model (Vigushin et al., 2001).  Therefore, the effects of TSA on gene expression 

in melanoma cell lines was examined, either alone or in combination with 5-aza-CdR. 

 

MM96 cells, as well as HT-29 cells again as a positive control, were treated with either 

IFN-γ, IFN-β or TSA.  TSA was used at 100ng/ml, as previously described (Peltonen et 

al., 2005).  TSA was also tested at 200ng/ml, as described by Xiao et al. (2000).  

However, at this concentration HT-29 cells assumed a more rounded appearance within 

24 h, with large numbers of cells detaching from the culture dish.  Though the detached 

cells maintained the ability to exclude trypan blue dye, an indication of cell viability, 

100ng/ml TSA was chosen as the preferred concentration in order to prevent possible 

complications from the altered morphology.  Cell lysates were prepared and western 

blotting was carried out using antibodies specific for IRF-7 and α-tubulin (Fig. 3.2(f)).  

The results showed that IRF-7 was highly induced in HT-29 cells by IFN-β and TSA, 
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Figure 3.2(f) Effects of IFN-γ, IFN-β and TSA on IRF-7 protein in HT-29 and 
MM96 cells.  Cells were left untreated or were treated with IFN-γ (1000IU/ml, 16 h), 
IFN-β (1000IU/ml, 16 h) or TSA (100ng/ml, 24 h) prior to lysis.  SDS-PAGE and 
western immunoblotting were carried out to determine the relative expression levels of 
IRF-7 protein.  Densitometric values for IRF-7 are presented relative to α-tubulin levels, 
using a value of 1 for the levels in untreated cells for each cell line.  Note that the results 
are from a single experiment without replicate samples, therefore data is not statistically 
significant. 
 

 

 

more so than by IFN-γ.  While neither IFN-γ nor IFN-β induced IRF-7 in MM96 cells, 

IRF-7 was induced by TSA, albeit moderately.  These results, however, are from a 

single experiment without replicate samples and therefore cannot be analysed for 

statistical significance. 

 

Using the 9 day 5-aza-CdR-treated HT-29 cells as a control for STAT1 induction, 

MM96 cells were treated with 5-aza-CdR (24 h treatment plus 8 days further 

incubation), TSA alone (24 h), or a combination of 5-aza-CdR for 9 days plus TSA 

added for 24 h before harvesting the cells for protein analysis.  Western blotting was 

carried out using antibodies specific for STAT1 and α-tubulin.  The results showed that 

STAT1 levels were not induced by either 5-aza-CdR or TSA (Fig. 3.2(g)), although the 

combination of 5-aza-CdR followed by TSA treatment produced a slight increase, when 

compared by densitometry.  Again, these results are from a single experiment without 

replicate samples and therefore cannot be analysed for statistical significance. 
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Figure 3.2(g) 5-aza-CdR and TSA treatment of MM96 cells.  Cells were left 
untreated or treated with 5-aza-CdR (1μM) for 24 h.  The culture medium was replaced 
and the cells were incubated for a further 8 days.  TSA (100ng/ml) was added 24 h prior 
to lysis of the cells.  SDS-PAGE and western immunoblotting were carried out to 
determine the relative protein expression levels of STAT1. Densitometric values for 
STAT1 are presented relative to α-tubulin levels, using a value of 1 for the levels in 
5-aza-CdR-treated HT-29 cells.  Note that the results are from a single experiment 
without replicate samples, therefore data is not statistically significant. 
 
 

 

SK-Mel-28 melanoma cells were previously shown to be sensitive to IFN-β, as shown 

by the robust induction of IRF-7 by IFN-β in this cell line (Fig. 3.2(d)).  To determine 

whether 5-aza-CdR had an effect on IRF-7 expression in SK-Mel-28 cells, cells were 

treated for 24 h followed by either immediate cell lysis or replacement with fresh 

culture medium and incubation for a further 8 days.  Cells were also treated with TSA 

or IFN-β, either alone or in combination with 5-aza-CdR.  The results showed no 

induction by 5-aza-CdR or TSA alone, but a moderate induction by TSA occurred 9 

days after the initial exposure to 5-aza-CdR (Fig. 3.2(h)).  The relative STAT1 protein 

level was reduced 9 days after the cells were treated with 5-aza-CdR.  As expected, 

IFN-β induced the expression of STAT1 (1.6-fold).  However, the induction by IFN-β 

was not as marked when IFN-β was added 24 h after 5-aza-CdR (1.4-fold above  

5-aza-CdR alone after 24 h), but was enhanced when IFN-β was added for 16 h, 8 days 

after treatment and removal of 5-aza-CdR (3.4-fold above 5-aza-CdR alone after 9 

days).  The IFN-β induction of STAT1 protein levels relative to α-tubulin at 9 days 

appeared to be restored compared to induction by IFN-β alone for 16 h. 
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Figure 3.2(h) Effects of 5-aza-CdR, TSA or IFN-β on STAT1 protein expression in 
SK-Mel-28 melanoma cells.  Cells were either left untreated or treated with 
5-aza-CdR (1μM, 24 h), TSA (100ng/ml, 24 h) or IFN-β (1000IU/ml, 16 h).  The 
5-aza-CdR-treated cells were either lysed immediately or the culture medium was 
replaced with fresh media.  Subsequently, cells were either treated with TSA or IFN-β, 
or incubated for a further 7 days before treatment with TSA or IFN-β.  SDS-PAGE and 
western immunoblotting were carried out to determine the relative protein expression 
levels of STAT1.  Densitometric values for STAT1 are presented relative to α-tubulin 
levels, using a value of 1 for the levels in the untreated cells.  Densitometric values for 
IRF-7 are presented relative to α-tubulin levels, using a value of 1 for the levels in cells 
treated with IFN-β alone. Note that the results are from a single experiment without 
replicate samples, therefore data is not statistically significant. 
 

 

 

3.2.3 Sodium bisulphite-sequencing and methylation-specific PCR – analysis of the 

IRF-7 gene promoter 

Transcription of the IRF-7 gene was previously shown by MSP to be repressed due to 

promoter methylation in the 2fTGH fibrosarcoma cell line (Lu et al., 2000).  Due to its 

role as a transcriptional activator of the type I IFN genes, the methylation status of the 

IRF-7 gene was investigated by methylation-specific PCR (MSP) in melanoma cell 

lines.  Due to the induction of IRF-7 protein expression by 5-aza-CdR, the colon cancer 

cell line HT-29 was also included.  Using the same methodology, the methylation status 
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of the STAT1 gene was also investigated in these cell lines and is described in the next 

section, 3.2.4. 

 

Oligonucleotide primers specific for the methylated conformation (IRF-7MS1 and  

IRF-7MAS2), and for the unmethylated conformation (IRF-7UMS1 and IRF-7UMAS2) 

of a 343/350 base pair (bp) region from the IRF-7 promoter have previously been 

described (Lu et al., 2000) (see full list of primers, appendix 13).  MSP amplifies from 

only one strand of bisulphite-modified genomic DNA, which in the case of these 

primers was the sense strand (with respect to transcription of the IRF-7 gene). 

 

Controls were included to clearly demonstrate the effective discrimination of the primer 

sets between the methylated and unmethylated conformations.  The template for the 

positive methylation control comprised genomic DNA from the SK-Mel-28 cell line 

treated with recombinant DNA methylase prior to bisulphite modification.  The 

template for the negative methylation control comprised bisulphite modified genomic 

DNA prepared from MM96 cells that were cultured for 24 h in the presence of

5-aza-CdR immediately prior to cell lysis.  These cells were lysed immediately upon 

removal of medium containing 5-aza-CdR since some cancer cells have been shown to 

revert over time to their former methylation states upon removal of 5-aza-CdR (Bender 

et al., 1999). 

 

Discrimination between the methylated and unmethylated forms of the IRF-7 promoter 

was carried out using primer sets differing in sequence at only 3 and 4 bases 

respectively, except for a short addition of 5’ bases to the primer IRF-7UMS1 to 

compensate for its lower CG content.  Accordingly, particular attention was placed on 

establishing the optimum annealing temperature for these primers.  The optimum 

annealing temperature must produce sufficient PCR product without false priming by 

the converse primer set (ie. methylation-specific primers on unmethylated DNA).  

Using control DNA described above, PCR was carried out with each primer set using a 

range of annealing temperatures (Fig. 3.3(a-b)).  The results demonstrated that the

IRF-7 primer sets discriminated sufficiently well between methylated and unmethylated 

DNA, such that there was no specific PCR product produced with converse primer sets 

even at annealing temperatures as low as 52C.  There appeared to be some non-specific 

PCR product at 52C annealing in the methylation control (Fig. 3.3(a)) and a distinct 
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optimum annealing temperature at 60C.  Therefore, 60C was chosen as the annealing 

temperature for analysis of the melanoma cell line-derived DNA samples. 

 

 
 
 
 

 
 
Figure 3.3(a) Optimisation of the IRF-7 MSP primers using a methylated DNA 
template.  SK-Mel-28 genomic DNA was treated with CpG methyltransferase prior to 
bisulphite modification and PCR amplification.  MW – 100bp ladder; W – water 
control. 
 

 

 

 

 

 
Figure 3.3(b) Optimisation of the IRF-7 MSP primers using an unmethylated DNA 
template.  MM96 cells were cultured in the presence of 5-aza-CdR for 24 h prior to cell 
isolation of genomic DNA.  The DNA was bisulphite modified and amplified by PCR.  
MW – 100bp ladder; W – water control. 
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MSP was then carried out on the bisulphite-treated genomic DNA from melanoma cell 

lines SK-Mel-28, SK-Mel-3 and MM96, as well as DNA from short term cultured cells 

of melanoma metastases from patients 2, 3 and 5.  The colon cancer cell line HT-29 was 

also included due to its importance in analysing the methylation status of the STAT1 gene.  

Since the “unmethylation”-specific primers were of poor quality and produced weak 

target bands in Fig. 3.3(b), fresh primers were used for the cell line analysis.  The results 

showed evidence for methylation of the IRF-7 promoter in the MM96 cell line, but not 

in any other cell lines (Fig. 3.3(c)).  The poor quality of the DNA template from patient 

2 prevented amplification using either methylation or “unmethylation”-specific primers. 

 

The process of MSP differentiates between the methylated and unmethylated 

conformations of only the CpG dinucleotides located in the primers and not those 

located between the primers.  Since it was of interest to determine the extent of 

methylation of the IRF-7 promoter in the MM96 cell line, the MSP product was purified 

and sequenced using the DYEnamic ET system.  The sequencing trace output is shown 

in Fig. 3.3(d) as well as the genomic sequence of the IRF-7 promoter in Fig. 3.3(e).  

Considering that the bisulphite modification converts only unmethylated cytosines into 

uracil, which is then amplified as thymine, Fig. 3.3(d-e) shows that all the CpG 

dinucleotides within this region are methylated with the exception of one.  The 

unmethylated CpG dinucleotide is indicated with a box in Fig. 3.3(d) and highlighted 

yellow in Fig. 3.3(e). 

 

 

 
Figure 3.3(c) Methylation-specific PCR of the IRF-7 gene.  Genomic DNA was 
bisulphite modified and amplified by PCR using methylation-specific (M) primers or 
unmethylated-specific (U) primers.  MW – pUC19, MspI cut. 
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Figure 3.3(d) Sequencing trace of the IRF-7 promoter region from bisulphite-
modified MM96 genomic DNA.  The PCR product obtained using the methylation-
specific primers on bisulphite-modified genomic DNA from MM96 cells was extracted 
from the gel shown in Fig. 3.3(c), purified, and sequenced using the DYEnamic ET 
terminator cycle sequencing kit.  The box indicates the unmethylated CpG dinucleotide. 
 
 
 
 

 
 
 
Figure 3.3(e) Sequence of the IRF-7 promoter in the MM96 cell line.  Methylated 
CpG dinucleotides are highlighted blue, the unmethylated CpG dinucleotide is 
highlighted yellow.  The bases are aligned such that they correspond with their 
respective locations in the sequencing trace shown in Fig. 3.3(d). 
 

gccggccctccgcttccccgcgagacgaaacttcccgtcccggcggctctggcacccaggtactg 

gggaccccagacccacgcggtgcaggccgggagcgagagcctccgtgggggctccgtga 

ccccggaggggtagagccaagagctgggggagcctgagagatgagggtcgggcggggagg 

gaggcggaggcggaggcggggttccgcggagctgagaaccggacggggtgggatcgaggag 

ggtgcgaagcgccactgtttaggtttcgctttcccgggagcctgacccgcccctgacgtc 

gcctttcccgtctccgcagggtccggcctgcgccttcc 
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3.2.4 Methylation-specific PCR (MSP) – analysis of the STAT1 gene promoter 

Oligonucleotide primers specific for the methylated conformation (STAT1-A-M-S and 

STAT1-A-M-AS) and also for the unmethylated conformation (STAT1-A-UM-S and 

STAT1-A-UM-AS) were designed to amplify a 281/284 bp region (“A” region) of the 

STAT1 promoter after modification with sodium bisulphite.  Primers for a 266/269 bp 

region (“B” region) of the STAT1 promoter have been previously described (Xi et al., 

2006) (see appendix 2 for the location of these primer sets relative to the first and 

second exons).  To maintain consistency with the “A” primer sets, these primers are 

referred to as STAT1-B-M-S, STAT1-B-M-AS, STAT1-B-UM-S and  

STAT1-B-UM-AS in this thesis.  The initial template for the “A” region primers was 

the antisense strand (with respect to transcription of the STAT1 gene) while the template 

for amplification of the “B” region of bisulphite-modified genomic DNA was the sense 

strand. 

 

Discrimination between the methylated and unmethylated forms of the STAT1 promoter 

using the “A” primer sets relied on sequence differences at only 1 and 2 bases 

respectively, with a short addition of 5’ bases to the primer STAT1-A-UM-S.  As with 

the IRF-7 primers, the optimum annealing temperature for the STAT1 primers was 

established in preparation for screening the cell lines.  Using controls described in 

section 3.2.3, PCR was carried out with each primer set using a range of annealing 

temperatures (Fig. 3.4(a-b)).  The results demonstrated that the STAT1 “A” primer sets 

discriminated sufficiently well between methylated and unmethylated DNA such that 

there was no specific PCR product produced with converse primer sets even at 

annealing temperatures as low as 52C.  The specific PCR products using methylated 

template DNA were weak but progressively stronger at annealing temperatures above 

57C.  Unmethylated template DNA strangely yielded specific PCR products only at the 

extreme highest and extreme lowest annealing temperatures.  Based on the presence of 

PCR products with both primer sets at 64C, this was used as the annealing temperature 

for analysis of the melanoma cell lines. 

 



 115

 

 

 
 
 
Figure 3.4(a) Optimisation of the STAT1 MSP “A” primers using a methylated 
DNA template.  SK-Mel-28 genomic DNA was treated with CpG methyltransferase 
prior to bisulphite modification and PCR amplification.  MW – 100bp ladder; W – water 
control. 
 

 

 

 

 
 
 
Figure 3.4(b) Optimisation of the STAT1 MSP “A” primers using an unmethylated 
DNA template.  MM96 cells were cultured in the presence of 5-aza-CdR for 24 h prior 
to cell isolation of genomic DNA.  The DNA was bisulphite modified and amplified by 
PCR.  MW – 100bp ladder; W – water control. 
 

 

 

The “B” primer sets differed at only 1 and 3 bases, respectively.  As with the

IRF-7UMS1 primer, the STAT1-B-UM-AS primer has a short addition of 5’ bases to 

compensate for its lower CG content.  57C was chosen for the annealing temperature 

using these primer sets based on their previous use for MSP of the STAT1 gene (Xi et 

al., 2006). 
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MSP was carried out on bisulphite-treated genomic DNA from the same cell lines as 

those used in the IRF-7 MSP analysis.  The colon cancer cell line, HT-29 was included 

alongside the melanoma cell lines given that 5-aza-CdR had induced STAT1 protein in 

this cell line (Karpf et al., 1999).  Again, owing to the poor quality of the primers, 

which produced weak target bands in the optimisation process (Figs. 3.4(a-b)), fresh 

primers were used for the cell line analysis.  The results showed this region of the STAT1 

promoter to be in the unmethylated state in all of the cell lines investigated with the 

exception of patient 2, which again produced no recognisable product in either PCR 

reaction, indicative of poor quality template DNA (Fig. 3.4(c)).  Patient 3 also produced 

no product in either PCR reaction in the initial experiment, indicative of a poor quality 

template or low amount of template.  The results from a repeated experiment were 

therefore superimposed on the gel from the initial experiment.  The repeated result 

shows the overwhelmingly unmethylated state of the STAT1 promoter in the DNA of 

the patient 3 cell line.  The faint band seen in the methylation-specific lane for patient 3 

is a result of leakiness in the reaction after a higher number of amplification cycles and 

is a false positive band, given the extent of the unmethylated product. 

 

 

 

 
 
 
Figure 3.4(c) Methylation-specific PCR of the STAT1 gene using the “A” primer 
set.  Genomic DNA was bisulphite modified and amplified by PCR using methylation-
specific (M) primers or unmethylated-specific (U) primers.  MW – pUC19, MspI cut. 
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As with the “A” region, MSP of the “B” region showed no evidence of methylation in 

any of the cell lines investigated (Fig. 3.4(d)) and an absence of bands in the reactions 

from patients 2 and 3.  The combined set of MSP results indicate that the STAT1 

promoter region is unlikely to be methylated in any of these melanoma cells. 

 
 
 
 

 
Figure 3.4(d) Methylation-specific PCR of the STAT1 gene using the “B” primer 
set.  Genomic DNA was bisulphite modified and amplified by PCR using methylation-
specific (M) primers or unmethylated-specific (U) primers.  MW – pUC19, MspI cut. 
 

 

 

3.2.5 Methylation status of the CDKN1A promoter analysed by differential 

restriction endonuclease digestion 

An alternative and conceptually simple method for determining the methylation status 

of short regions of DNA is differential digestion with methylation-sensitive and 

methylation-resistant restriction endonuclease isoschizomers.  One such pair of 

isoschizomers is HpaII and MspI.  While MspI cuts the palindromic sequence CCGG in 

both the methylated and unmethylated forms of the CpG dinucleotide, HpaII does not 

cut at 5’-CCmGG-3’. 

 

This technique was previously used to demonstrate hypermethylation of the CDKN1A 

gene in mononuclear cells from patients with acute lymphoblastic leukaemia (Roman-

Gomez et al., 2002).  Using the primer sequences described in that report, the 

methylation status of the CDKN1A gene, which encodes the cyclin-dependent kinase 
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inhibitor p21/WAF1/CIP1, was analysed in HT-29 colon cancer cells.  Primers for the 

CDKN1A gene (p21_sense and p21_antisense) were used in multiplex PCRs with 

primers that amplify the ACTB gene (ACTB_fwd and ACTB_rev), encoding β-actin.  

The p21 primers span a region of 110bp that contains two HpaII sites while the β-actin 

primers span a region of 75bp containing no HpaII sites.  The technique was also 

modified to analyse methylation of the STAT1 gene in these cells and is described in 

section 3.2.6. 

 

Multiplex PCRs were prepared as described with some modifications: a 25μl reaction 

volume was used in place of 50μl, and 20pmol of each primer for the gene of interest 

(CDKN1A/p21) was used instead of 50pmol.  1M betaine was used as an enhancer in 

the place of gelatin, and Platinum® Taq DNA polymerase (Invitrogen) was used in the 

place of Pfu DNA polymerase. 

 

Individual primer sets were used as controls to confirm the feasibility of the multiplex 

reactions.  The reactions yielded PCR products of the expected sizes, confirming the 

feasibility of multiplexing (Fig. 3.5(a)). 

 

 

 
 
 
Figure 3.5(a) Multiplex PCR for CDKN1A (p21) and ACTB (β-actin).  Genomic 
DNA from HT-29 cells was used as a template.  MW – pUC19, MspI cut. 
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The concentration of the control (β-actin) primers was optimised, in order for them to 

produce a reliable PCR product without overwhelming the primers for p21.  β-actin 

primer concentrations between 50nM and 800nM, corresponding to 1.25-20pmol, were 

multiplexed with 800nM p21 primers.  Fig. 3.5(b) shows that the lowest concentration 

at which a strong band of β-actin product was produced was 400nM.  This concentration 

was used in all subsequent multiplex reactions. 

 

 

 
 
Figure 3.5(b) Optimisation of β-actin primer concentration for multiplex PCR.  
Genomic DNA from HT-29 cells was used as a template.  Concentrations (nM) of
β-actin primers are indicated.  MW – pUC19, MspI cut. 
 

 

The optimum annealing temperature was initially determined by carrying out four 

concurrent reactions using annealing temperatures in the range 60-68°C.  Fig. 3.5(c) 

shows that at 60°C and 63°C, a false product of a slightly smaller molecular weight to 

that expected from the p21 primers was produced.  Furthermore, at 68°C both PCR 

products were substantially weaker than at 66.5°C.  A more precise optimisation was 

then carried out using annealing temperatures in the range 63-69°C (Fig. 3.5(d)).  Once 

again, a false product was produced at the lower annealing temperatures, and 

progressively less PCR products were produced at annealing temperatures above 67°C, 

including the 75bp β-actin control product.  67°C was therefore chosen as the optimum 

annealing temperature and was used in all subsequent reactions. 
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Figure 3.5(c) Optimisation of p21/β-actin multiplex PCR annealing temperature.  
Genomic DNA from HT-29 cells was used as a template.  Annealing temperatures (°C) 
are indicated.  MW – pUC19, MspI cut. 
 
 
 
 
 

 
 
 
Figure 3.5(d) Further optimisation of p21/β-actin multiplex PCR annealing 
temperature.  Genomic DNA from HT-29 cells was used as a template.  Annealing 
temperatures (°C) are indicated.  MW – pUC19, MspI cut. 
 

 

 

Finally, the magnesium ion concentration was optimised by using MgCl2 concentrations 

between 1.5mM and 4mM (Fig. 3.5(e)).  Very little difference was visible between any 

of the PCR products at magnesium ion concentrations above 2mM.  2.5mM was used in 

subsequent reactions. 
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Figure 3.5(e) Optimisation of p21/β-actin multiplex PCR MgCl2 concentration.  
Genomic DNA from HT-29 cells was used as a template.  MgCl2 concentrations (mM) 
are indicated.  MW – pUC19, MspI cut. 
 

 

 

Genomic DNA was prepared from HT-29 colon cancer cells as well as HT-29 cells 

cultured in the presence of 500nM 5-aza-CdR for 9 days to be used as a negative 

methylation control.  5μg of genomic DNA was digested for a range of times between

1 h and 16 h with 50 units HpaII.  As a positive methylation control, HT-29 genomic 

DNA was treated with recombinant DNA methylase prior to digestion with HpaII.  

Multiplex PCR was carried out on each DNA sample.  The results in Fig. 3.5(f) showed 

that the HT-29 genomic DNA was not protected from HpaII digestion and was therefore 

not methylated at the two CCGG sites in the CDKN1A gene, in these cells. 

 

 

 
Figure 3.5(f) p21/β-actin multiplex PCR following digestion with HpaII.  Genomic 
DNA from HT-29 cells that were cultured in the presence or absence of 5-aza-CdR was 
digested with HpaII (50u) for the time periods indicated, prior to multiplex DNA.  MW 
– pUC19, MspI cut; W – water control. 
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3.2.6 Methylation status of the STAT1 promoter analysed by differential restriction 

endonuclease digestion  

Primers (STAT1_900p2 and STAT1upstream) were used to amplify a region of 298bp 

from the STAT1 gene, containing five HpaII sites, in multiplex reactions with control 

primers (GAPDH_fwd and GAPDH_rev) that amplify a region of 267bp from the 

GAPDH gene, containing no HpaII sites. 

 

As for p21, the STAT1 and GAPDH primer sets were tested both individually and in a 

multiplex reaction (Fig. 3.6(a)).  The results demonstrated that the PCR products were 

of the expected sizes and confirmed the viability of multiplexing. 

 
 
 

 
 
 
Figure 3.6(a) Multiplex PCR for STAT1 and GAPDH.  Genomic DNA from HT-29 
cells was used as a template.  MW – pUC19, MspI cut. 
 

 

 

The concentration of control (GAPDH) primers in multiplex reactions was optimised by 

using concentrations between 50nM and 800nM with a fixed concentration of STAT1 

primers (Fig. 3.6(b)).  400nM was the lowest concentration at which a strong band of 

GAPDH PCR product was produced and was used in subsequent multiplex reactions.  

Fig. 3.6(b) also shows that at GAPDH primer concentrations higher than 400nM, the 

amount of STAT1 PCR product became greatly reduced. 
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Figure 3.6(b) Optimisation of GAPDH primer concentration for multiplex PCR.  
Genomic DNA from HT-29 cells was used as a template.  Concentrations (nM) of 
GAPDH primers are indicated.  MW – pUC19, MspI cut. 
 

 

 

The annealing temperature was optimised by concurrent multiplex reactions using 

annealing temperatures in the range 62-69°C.  Fig. 3.6(c) shows that optimum PCR 

products were produced over a range of annealing temperatures between 64°C and 

67°C.  A false product of a higher molecular weight to that expected from either set of 

primers was also produced and persisted at high annealing temperatures.  67°C was 

used as the annealing temperature in all subsequent PCR reactions. 

 

 

 

 
 
Figure 3.6(c) Optimisation of STAT1/GAPDH multiplex PCR annealing 
temperature.  Genomic DNA from HT-29 cells was used as a template.  Annealing 
temperatures (°C) are indicated.  MW – pUC19, MspI cut. 
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The magnesium ion concentration was optimised by using MgCl2 concentrations 

between 1.5mM and 4mM (Fig. 3.6(d)).  The highest yield of PCR products was 

produced using 2.5mM MgCl2, which was therefore used in subsequent reactions. 

 

 

 

 

 

 

Figure 3.6(d) Optimisation of STAT1/GAPDH multiplex PCR MgCl2 
concentration.  Genomic DNA from HT-29 cells was used as a template.  The MgCl2 
concentrations (mM) are indicated.  MW – pUC19, MspI cut. 
 

 

 

 

DNA, including positive and negative controls, was prepared from HT-29 cells and 

digested with HpaII as described for the CDKN1A gene.  Multiplex PCR was then 

carried out as previously described.  The results in Fig. 3.6(e) showed that the HT-29 

genomic DNA was not protected from HpaII digestion and was therefore not fully 

methylated at the five CCGG sites in the STAT1 gene in these cells. 
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Figure 3.6(e) STAT1/GAPDH multiplex PCR following digestion with HpaII.  
Genomic DNA from HT-29 cells that were cultured in the presence or absence of  
5-aza-CdR was digested with HpaII (50u) for the time periods indicated prior to 
multiplex DNA.  MW – pUC19, MspI cut; W – water control. 
 

 

3.3 DISCUSSION 

 

The parameters chosen for the CpG island searches matched those of a previous study 

(Lu et al., 2000), but varied somewhat from a similarly conservative model (Takai and 

Jones, 2002) which required a higher observed-versus-expected ratio of 0.65 while 

accommodating a lower overall CG content of 55% and a minimum length of 500bp.  

More recent observations identified much shorter regions of DNA that can function as 

CpG islands (Hackenberg et al., 2006), and as a result the minimum length threshold of 

200bp was chosen.  The identification of potential CpG islands in the STAT1, IRF-3, 

IRF-1 and SOCS1 genes (Fig. 3.1(b) and appendix 1), as well as that previously 

identified in the IRF-7 gene, supported the distinct possibility that IFN signaling could 

have been regulated by DNA methylation mechanisms in the melanoma or colon cancer 

cell lines. 

 

Unlike STAT1, IRF-3, IRF-1 and the SOCS1 genes, the promoters of the type I IFN 

genes possess extraordinarily low CpG frequencies with long stretches of DNA 

completely devoid of CpG dinucleotides (appendix 1).  These promoters could 

reasonably be described as “anti-CpG islands”, where DNA methylation would be 

expected to play no role in regulating their tissue or cell type-specific gene expression.  

CpG islands have been shown to be associated with housekeeping genes and tissue-
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specific genes that are active during early embryonic development (Robinson et al., 

2004).  Given the proposed roles of type I IFNs in development (Hardy et al., 2004), the 

absence of CpG islands in their promoters is a somewhat unexpected observation.  The 

location of CpG islands in the promoters of the IRF genes, together with the role of the 

IRF proteins in activating expression of the type I IFNs, suggests that the type I IFN 

genes are not expressed in a differential manner dependent on DNA methylation status 

and that subtype-specific expression is regulated by means other than by their DNA 

methylation.  This would apply both in the developing embryo and postnatally. 

 

Of particular interest is the homology evident throughout the CpG plots of the 

promoters of the type I IFN genes (appendix 1).  This reflects the close evolutionary 

relationships between the genes within this subfamily.  Indeed, the close proximity of 

the genes on chromosome 9, and the phylogenetic clustering of the human IFN-α 

peptides, when compared with amino acid sequences from many other mammalian 

species (Hardy et al., 2004), suggests that many duplications of ancestral type I IFN 

genes have occurred since the divergence of the mammalian species. 

 

DNA methylation has been shown to influence the expression of genes involved in 

various aspects of IFN and JAK/STAT signaling pathways.  Firstly, methylation of the 

gene encoding IFN- directs lineage commitment during T cell development 

(Fitzpatrick et al., 1998).  In addition, IRF-7, STAT1, SOCS1, SHP1 and CIITA are all 

hypermethylated in various malignancies and tumour cell lines (Lu et al., 2000; 

Yoshikawa et al., 2001; van der Stoep et al., 2002; Chim et al., 2004a; Chim et al., 

2004b; Xi et al., 2006).  In melanoma, over 50 genes have been identified in which the 

promoters are hypermethylated or hypomethylated compared with normal melanocytes 

(Howell et al., 2009).  It is in the light of these findings that an investigation into the 

methylation status of some key genes involved in IFN signaling was carried out in 

melanoma cell lines as part of this thesis. 

 

The IRF-7 gene was previously shown to be silenced by hypermethylation in the 

fibroblast cell line, 2fTGH (Lu et al., 2000), and in immortalised fibroblasts from 

individuals with Li-Fraumeni syndrome (Kulaeva et al., 2003).  IRF-7 was also 

hypermethylated in a range of lung cancer cell lines (Fukasawa et al., 2006).  Given 

these observations, and the function of IRF-7 as a key component of the 

autocrine/paracrine feedback loop mediating type I IFN expression (Marie et al., 1998), 
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a potential correlation was proposed to exist between IRF-7 hypermethylation and IFN 

sensitivity in melanomas and was tested.  However, methylation-specific PCR on a 

range of melanoma cell lines showed that MM96 was the only cell line to have a 

methylated IRF-7 promoter (Fig. 3.3(c)).  Thus, silencing of IRF-7 expression by 

promoter methylation is unlikely to be a frequent phenomenon in melanoma, as it is for 

other cancers as described above. 

 

Given that MM96 has previously been characterised to be IFN-resistant, the 

methylation of IRF-7 in this cell line was investigated further.  Bisulphite sequencing 

revealed that all CpG dinucleotides, with the exception of one, were methylated 

(Figs. 3.3(d-e)).  Interestingly, the non-methylated CpG dinucleotide found in the IRF-7 

promoter constitutes the middle bases within a consensus ISRE sequence  

(5’-GGTTTCGCTTTC-3’) that has been shown to confer IFN-inducibility of the IRF-7 

gene (Lu et al., 2000). 

 

Induction of IRF-7 expression in cells that do not constitutively express it (ie. cells other 

than peripheral blood lymphocytes and pDCs) has been shown to occur by two 

mechanisms.  In the first, type I IFN induces IRF-7 via the JAK/STAT signaling 

pathway, independently of NF-κB activation.  In the second, CpG DNA induces IRF-7 

through the TLR pathway, in an NF-κB-dependent, but IFN-independent manner 

(Osawa et al., 2006b).  In SK-Mel-28, an IFN-sensitive melanoma cell line in which the 

IRF-7 gene is not methylated, IRF-7 and STAT1 expression were inducible by IFN-β 

(Figs. 3.2(d), 3.2(h)), but not by 5-aza-CdR (Fig. 3.2(h)), a result consistent with the 

observations of others (Bae et al., 2008).  In contrast, expression of IRF-7 in MM96 

cells was induced by neither IFN-β, IFN-γ, nor 5-aza-CR (Figs. 3.2(a), 3.2(d-f)).  In this 

cell line, in which the IRF-7 promoter is methylated, 5-aza-CdR induced IRF-7 

expression strongly, but only after a significant time delay following treatment of the 

cells with 5-aza-CdR (Fig. 3.2(e)).  Therefore, the inhibition of IRF-7 expression by 

promoter methylation could be overcome by treatment of the cells with the DNA 

demethylating agent 5-aza-CdR.  Upon demethylation, IRF-7 expression was further 

inducible by IFN-β.  While there was a significant time delay between treatment with 

5-aza-CdR and the observed increase in IRF-7 protein expression, MM96 cells appeared 

to become responsive to IFN-β much more quickly, justified by the IFN-β-dependent 

increase in STAT1 protein levels, within 24 hours after treating with 5-aza-CdR 

(Fig. 3.2(e)).  In the HT-29 colon cancer cells, IRF-7 was highly inducible by 5-aza-
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CdR (Fig. 3.2(b-c)), despite the IRF-7 promoter being unmethylated in these cells 

(Fig. 3.3(c)).  It follows that the induction of IRF-7 by 5-aza-CdR in this cell line must 

be mediated by a different protein factor whose gene promoter is likely to be 

methylated. 

 

The inability of MM96 cells to respond to IFN-β was previously shown to be due to the 

low protein expression levels of components of the ISGF3 complex (Wong et al., 1997).  

Although the IRF-7 CpG island was shown to be methylated in MM96 cells 

(Fig. 3.3(c)), demethylation of this specific CpG island would be unlikely to have 

conferred IFN sensitivity within 24 hours through inducing the expression of the ISGF3 

components since the ISGF3 complex functions upstream of IRF-7 in the 

autocrine/paracrine feedback loop mediating type I IFN expression proposed by Marie 

et al., 1998.  IRF-3 can also be excluded from a role in conferring IFN sensitivity to

5-aza-CdR-treated MM96 cells due to its high constitutive level in untreated MM96 

cells (Fig. 3.2(d)).  Other possible factors that may be responsible for the reversion to 

an IFN-sensitive state include other molecules involved in IFN signaling, such as 

p38/MAPK and PI3K (Guiducci et al., 2008), and IRF-1, which was also shown to have 

a CpG island in the promoter of its gene (appendix 1).  Alternatively, IRF-7 expression 

could be blocked prior to 5-aza-CdR treatment by overexpression of SOCS1, as shown 

by Xu et al., 2009.  Interestingly, IRF-7 expression was moderately induced by TSA 

(Fig. 3.2(f)), an effect that was also evident in SK-Mel-28 cells (Fig. 3.2(h)) and highly 

evident in HT-29 colon cancer cells.  This indicates that inhibiting histone deacetylation 

could be useful for sensitising some IFN-resistant melanoma cells, such as MM96, to 

IFN-β and may be even more important in the development of some colon cancers, such 

as HT-29. 

 

Previous observations of STAT1 promoter methylation in squamous cell carcinoma (Xi 

et al., 2006), along with the considerable heterogeneity in STAT1 expression levels in 

melanoma cell lines, warranted a further investigation into the methylation status of the 

STAT1 promoter in melanoma.  In addition to melanoma cell lines, the HT-29 cell line 

was chosen for this experiment because it was reported that STAT1 mRNA and protein 

expression in this cell line may be silenced by promoter methylation (Karpf et al., 

1999).  Karpf et al. showed that treatment of HT-29 cells with 5-aza-CdR resulted in 

increased protein and mRNA levels of STAT1, STAT2 and STAT3 over a time period 

of nine days.  Similar results for STAT1 were reproduced in our study (Figs. 3.2(b-c)).  
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However, using two different sets of primers, each targeting different CpG 

dinucleotides, methylation-specific PCR failed to identify methylation of the STAT1 

promoter in HT-29 cells (Figs. 3.4(c-d)).  The absence of methylation at the STAT1 

promoter, as well as at the CDKN1A promoter, was confirmed using differential 

restriction endonuclease digestion (Figs. 3.5(f), 3.6(e)).  Therefore, the increase in 

STAT1 and IRF-7 protein and mRNA levels in this cell line upon treatment with 

5-aza-CdR is due to demethylation of a gene other than STAT1, IRF-7 or CDKN1A.  

Further studies to determine the identity of this gene could include gene array analysis 

to identify all the genes induced by 5-aza-CdR.  The list of candidate genes could then 

be further narrowed to those with CpG islands in their promoters.  Possible candidates 

include IRF-1, whose expression was also induced by 5-aza-CdR (Fig. 3.2(c)) and 

IRF-8, which is discussed later.  Although the HT-29 colon cancer cell line does not 

have immediate relevancy to melanoma as the focus of this study, the differential 

restriction enzyme digestion technique was not extended to melanoma cell lines due to 

limitations of this technique that are discussed further in chapter 7. 

 

Methylation-specific PCR failed to identify any melanoma cells lines, including MM96, 

with methylated STAT1 promoters (Figs. 3.4(c-d)).  STAT1, in the context of the ISGF3 

complex, functions upstream of IRF-7 induction in both the type I IFN and p38/MAPK 

pathways (Osawa et al., 2006b).  STAT2, another component of the ISGF3 complex 

that is upregulated by 5-aza-CdR in HT-29 cells (Karpf et al., 1999) was also 

considered as a deficient factor contributing to the inability of MM96 cells to express 

IRF-7.  Thus, although STAT1 was shown to be unmethylated in MM96, STAT2 also 

appeared unlikely to be a target for methylation since it lacked a CpG island in its 

promoter (appendix 1).  There is also no CpG island in the promoter of the gene 

encoding IRF-9, the third component of the ISGF3 complex (appendix 1). 

 

Until the discovery of IRF-3 and IRF-7, IRF-1 was initially thought to be the primary 

activator of type I IFN expression in response to viral infection.  Experiments using 

IRF-1 knock-out mice showed this not to be the case (Matsuyama et al., 1993).  

Nevertheless, IRF-1 knock-out mice were shown to have numerous immunological 

deficiencies (Mamane et al., 1999).  IRF-1 is the major interferon regulatory factor 

expressed and activated by IFN-γ, which induces IRF-1 transcription by the binding of 

phospho-STAT1 homodimers (GAF) to a GAS site in its gene promoter (Sgarbanti et 

al., 2004).  IRF-1 itself can bind to an IRF-E site in the IGI intronic enhancer element of 
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the STAT1 gene (Wong et al., 2002).  The reciprocal binding of IRF-1 and STAT1 to 

regulatory regions of each other’s gene may be part of an intracellular amplifier circuit 

involving these two molecules.  Similarly to IRF-7 and STAT1, protein expression of 

IRF-1 was increased in HT-29 cells upon treatment with 5-aza-CdR (Fig. 3.2(c)), 

lending further credence to the existence of a STAT1/IRF-1 amplifier circuit.  Since the 

IRF-1 promoter contains a CpG island, analysis of the methylation status of this island 

in MM96 cells would be of interest for future studies given that IRF-1 is a plausible 

candidate as the factor responsible for the IFN-β-inducible STAT1 expression in 

5-aza-CdR-treated MM96 cells (Fig. 3.2(e)).  Recently, knockdown of HDACs in HeLa 

cells was shown to increase the IFN-induced activity of an IRF-1 promoter-containing 

luciferase construct, suggesting that histone deacetylation could also play a substantial 

role in repressing IRF-1 expression in malignancy (Kamitani et al., 2008). 

 

Another possible candidate for the factor responsible for IFN-β-inducible STAT1 

expression in 5-aza-CdR-treated MM96 cells is IRF-8.  IRF-8 is a central mediator in 

the IFN-γ/STAT1 signaling pathway and has previously been shown to interact with the 

Ets-family transcription factor PU.1 to initiate a second wave of IFN-α/β- or 

IFN-γ-mediated transcription in immune cells from gene promoters containing 

composite GAS/ETS-binding or ISRE/ETS-binding sites (Kanno et al., 2005).  This 

second wave of transcription serves to amplify the IFN response in immune cells. 

 

Host cell IRF-8 expression was shown to be important for attracting tumour-infiltrating 

dendritic cells and lymphocytes in a mouse metastatic melanoma model.  While 

expression of IRF-8 is limited mainly to immune cells (Levi et al., 2002; Tamura and 

Ozato, 2002), B16-F10 melanoma cells transplanted into hosts lacking IRF-8 expression 

became methylated at the IRF-8 promoter, resulting in the loss of IRF-8 expression and 

more rapid growth of the melanoma cells (Mattei et al., 2009).  Similarly, IRF-8 

expression in colon cancer cells has been shown to inversely correlate with a metastatic 

phenotype (Liu and Abrams, 2003; McGough et al., 2008).  Silencing of IRF-8 by 

promoter methylation was observed in both human colon tumour specimens and in 

human colon cancer cell lines (Yang et al., 2007; McGough et al., 2008) while 

demethylation rendered cells responsive to IFN-γ.  Interestingly, methylation of the 

IRF-8 promoter prevented IFN-gamma-induced transcription of the IRF-8 gene not by 

preventing STAT1 from binding to the GAS site in its promoter, but by recruiting the 
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methyl-binding protein MBD1, which preferentially associated with the 

phospho-STAT1 inhibitor, PIAS1 (McGough et al., 2008). 

 

Since gene silencing by DNA methylation can function in conjunction with histone 

deacetylation (Cameron et al., 1999a), MM96 cells were treated with TSA alone and in 

combination with 5-aza-CdR.  TSA alone was shown to have no effect on STAT1 

protein levels whereas the combination of TSA plus 5-aza-CdR induced a slightly 

increased level of STAT1 protein expression (Fig. 3.2(g)).  While treatment of cells 

with HDAC inhibitors provides irrefutable indirect evidence of chromatin modifications 

influencing gene expression, currently, very little understanding exists regarding the 

specific genes that are directly repressed by histone modifications in melanoma.  This is 

due mainly to a lack of available methods for determining the presence of modified 

histone tails in melanoma biopsy material.  The current method of chromatin 

immunoprecipitation using anti-histone antibodies does not lend itself to high 

throughput applications.  Emerging technologies such as ChIP-on-chip assays may 

facilitate a considerable increase of knowledge in this area within the near future. 

 

Most cultured melanoma cells undergo growth arrest and apoptosis following treatment 

with HDAC inhibitors (Boyle et al., 2005; Peltonen et al., 2005).  By contrast, 

melanocytes do not undergo apoptosis under the same conditions (Zhang et al., 2004).  

Given the results on cell lines as well as data obtained from in vivo models (Murakami 

et al., 2008; Vo et al., 2009), HDAC inhibitors are being developed for use in the 

treatment of human malignant melanoma.  Agents including valproic acid, Vorinostat 

(suberoylanilide hydroxamic acid, SAHA), MS-275 and Panobinostat (LBH-589) have 

been trialled or are currently in early stage clinical trials for the treatment of melanoma.  

To date, no improvements in overall survival have been obtained using HDAC 

inhibitors (Hauschild et al., 2008; Daud et al., 2009; Rocca et al., 2009), although an 

increase in progression-free survival was achieved using a combination of valproic acid 

and the topoisomerase I inhibitor karenitecin (Daud et al., 2009). 
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CHAPTER 4 

DEVELOPMENT OF DUAL-REPORTER METHODOLOGY FOR 

STUDYING GENE PROMOTER ACTIVATION 

 

4.1 INTRODUCTION 

 

A major focus of this thesis was to study the transcriptional regulation of the human 

Signal Transducer and Activator of Transcription 1 (STAT1) gene.  For this purpose, it 

was necessary to develop robust and sensitive gene reporter assays.  Luciferases are 

enzymes that generate light via the oxidation of enzyme-specific substrates called 

luciferins.  The specificity and enzyme kinetics of luciferases makes them suitable as 

sensitive reporter genes with which to analyse promoter activation.  The first luciferase 

gene to be cloned and used as a reporter gene in eukaryotic cells and organisms was 

from the firefly Photinus pyralis (de Wet et al., 1985; Ow et al., 1986).  The basic 

reaction catalysed by firefly luciferase is as follows: 

 

 

The reaction also requires divalent cations (Mg2+) and can be enhanced by the addition 

of co-enzyme A (Wood et al., 2003).  The emission spectrum of firefly luciferase ranges 

from about 510-650nm with a peak at 562nm (Wood et al., 1989). 

 

This study made use of a plasmid construct denoted pEF-luc as a positive control, in 

which the luc+ gene, encoding a modified form of firefly luciferase cDNA, was cloned 

immediately downstream of the elongation factor-1α (EF-1α) promoter (Wong et al., 

2002).  This construct, when transfected into mammalian cells, produced very high 

constitutive levels of firefly luciferase expression. 

 

Reporter genes provide a means for measuring the cumulative transcription from gene 

promoters and enhancers in vitro, which enables the relative inhibition of transcription 

mediated by repressor elements to be determined.  The cumulative transcription 
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mediated by regulatory regions of target genes, and the relative effects of chemical 

agents, expression plasmids and targeted gene knockdowns can be compared over 

identical time courses with high sensitivity and low background.  However, reporter 

assays are subject to significant levels of variability observed between replicate 

reactions in different wells of the same reaction plate.  Sources of variation may include 

differential attachment of cells to the surface of the reaction wells prior to transfection, 

variable and unpredictable levels of toxicity of the transfection reagents, and cumulative 

error associated with repeated pipetting of viscous solutions containing DNA and 

transfection reagents.  The accepted method for reducing variation between wells is the 

inclusion of an internal control to standardise for relative gene activation differences in 

samples of cells transfected with the reporter gene.  Historically, common examples of 

internal calibration controls have included human growth hormone (hGH), 

β-galactosidase, and more recently luciferase from Renilla reniformis.  In addition, it is 

standard practice to include multiple replicate wells to reduce standard errors, thereby 

increasing the statistical power of experiments. 

 

The advantage of hGH is that it is secreted from the cells into the culture medium, 

circumventing the need to lyse cells prior to measuring the expression of the reporter.  

In this way, the entire cell sample can be dedicated to measuring the expression of the 

primary reporter.  The main limitation of using hGH as an internal calibration control is 

the requirement for anti-hGH antibodies to detect the secreted hGH by ELISA.  Not 

only is the antibody-based assay time consuming and expensive, but it also lacks the 

sensitivity of other reporter assays (Schenborn and Groskreutz, 1999). 

 

β-galactosidase is encoded by the lacZ gene from E. coli.  One of the benefits of

β-galactosidase is the range of assays and substrates that can be used to detect the 

enzyme, including spectrophotometric, fluorescence and luminescence assays, as well 

as histochemical staining for assaying in situ expression.  As an internal calibration 

control, β-galactosidase is typically detected by colorimetry or by a chemiluminescence 

assay in which the substrate 6-o-β-galactopyranosyl-luciferin is cleaved by

β-galactosidase to form galactose and luciferin.  The luciferin is then used as the 

limiting factor in a firefly luciferase reaction to generate light.  Although highly 

sensitive when detected by chemiluminescence, β-galactosidase has some disadvantages 

as an internal calibration control.  Firstly, assays require time to attain either maximum 

colour development or peak light emissions.  Secondly, some mammalian cells possess 
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endogenous lysosomal β-galactosidase activity that may interfere with the assay.  

Finally, β-galactosidase assays, especially those using the luciferin substrate, are 

incompatible with the simultaneous use of the luciferase reporter assay and hence two 

separate reactions must be performed side by side.  In addition to dividing the cell 

samples and thus lowering the sensitivity of the reactions, separating the reactions 

increases the possibility of introducing error. 

 

Green fluorescent protein (GFP) is a protein identified in organisms of the phylum 

Cnidaria (formerly classified as Coelenterates), of which the most studied is the

238-amino acid protein from the jellyfish Aequorea victoria.  GFP fluoresces green with 

a peak emission wavelength at 509nm, when excited by UV (395nm) or blue (475nm) 

light.  Several modifications to the wild-type protein led the way for GFP becoming 

commonly used as a reporter for gene expression in mammalian cells.  The mutation 

S65T resulted in a protein with more intense fluorescence and a shift in the peak 

excitation wavelength to 488nm, which, along with the emission peak at 509nm, is 

compatible with filter sets for FITC (Heim et al., 1995).  Mutation F64L improved the 

folding efficiency of the protein at temperatures above 30°C (Thastrup et al., 2001).  

Together, these two mutations produce a protein called enhanced green fluorescent 

protein (EGFP).  EGFP allows direct visualisation of gene expression by microscopy 

and is ideal for use in vivo because visualisation does not involve an enzymatic assay.  

For this reason, GFP and EGFP have frequently been used as gene reporters (Kain et 

al., 1995; Ducrest et al., 2002). 

 

The cDNA encoding the luciferase from the sea pansy, Renilla reniformis, was first 

cloned and expressed in E. coli in 1991, and in mammalian cells in 1996 (Lorenz et al., 

1991; Lorenz et al., 1996).  Renilla luciferase catalyses the oxidation of native 

coelenterate-luciferin (native coelenterazine), as follows: 
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This reaction emits blue light in the range 450-530nm with a peak at 482nm (Loening et 

al., 2006).  Unlike the firefly luciferase reaction, the Renilla luciferase reaction requires 

neither ATP nor Mg2+ as cofactors.  This, together with the smaller size of Renilla 

luciferase (Renilla luciferase is 36kDa, firefly luciferase is 61kDa) makes it ideal for use 

as a bioluminescent marker in vivo, particularly since serum ATP concentrations are 

generally low (Loening et al., 2006) and firefly luciferase requires the addition of ATP.  

Renilla luciferase is now widely used as an internal calibration control for firefly 

luciferase reporter assays.  Commercially available systems, such as the Dual-Glo 

Luciferase assay system (Promega) have been developed whereby sequential reactions 

for both luciferases can be performed on lysates from a single sample of cells.  Thus, a 

reagent that contains beetle luciferin and activates the firefly luciferase reaction neither 

activates nor inhibits Renilla luciferase.  After assaying for firefly luciferase activity, a 

second reagent is used to inactivate and thoroughly quench the firefly luciferase reaction 

while activating Renilla luciferase by the addition of its substrate, coelenterazine.  

Given the cost of the commercial dual-luciferase reporter assay kits, a similar in-house 

assay system was developed, based on the Promega system, which is described in 

section 2.7.8 of chapter 2 and analysed in section 4.2.2 of this chapter. 

 

The objective of this chapter was to assess the relative merits of EGFP and Renilla 

luciferase as internal calibration controls for the firefly luciferase reporter and to 

develop a consistent luciferase assay for extensive use in the subsequent chapters.  

Ultimately, Renilla luciferase was found to be a more suitable than EGFP due mainly to 

high background autofluorescence from the cells.  In addition, the effect of using 

varying amounts of internal calibration control vector DNA for transfection in dual-

luciferase assays was investigated.  The results showed that the internal calibration 

control was effective over a wide range of concentrations without affecting expression 

of the primary luciferase reporter.  However, beyond a certain threshold, expression of 

both the primary and calibration control reporters decreased dramatically as the optimal 

ratio of DNA : transfection reagent was exceeded.  The bulk of the studies in this part of 

the chapter have already been published (Ghazawi et al., 2005) and are included in 

appendix 14.  Finally, the effects of various experimental treatments on the expression 

of Renilla luciferase from a commercial reporter vector were analysed to assess the 

suitability of this vector for use in further reporter assays. 
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4.2 RESULTS 

 

4.2.1 Use of GFP as an internal calibration control 

Due to its cost effectiveness, EGFP was initially trialled for use as the internal 

calibration control for gene reporter assays.  The pBOS-H3-N-GFP expression vector 

encodes histone protein H3 tagged with EGFP, and a 23-residue linker under the control 

of the EF-1α promoter (Kimura and Cook, 2001).  Cells transfected with this plasmid 

vector expressed an H3-EGFP fusion protein, which localised to nucleosome cores in 

cell nuclei (Fig. 4.1(a)). 

 

 

 

Figure 4.1(a) Expression of histone-targeted EGFP in HeLa S3 cells.  Left panel. 
HeLa S3 cells were transfected with the expression vector pBOS-H3-N-GFP and 
viewed under bright field.  Middle panel. The same cells were viewed by fluorescence 
microscopy using a GFP-dedicated B-2A filter cube, with an excitation wavelength 
centred at 470nm.  Right panel. An overlay of these two images. 
 

 

 

HeLa S3 cells are a variant of the cervical adenocarcinoma cell line HeLa which can be 

adapted to grow in suspension by persistent rotation or stirring of the tissue culture 

vessel.  HeLa S3 cells can also be transfected with a high efficiency and are very 

sensitive to IFN-β (Pfeffer and Tamm, 1983).  HeLa S3 cell cultures were prepared as 

adherent cells by allowing 15000 cells to attach to wells of a 96-well tissue culture 

plates prior to transfection.  Due to the larger space occupied by their adherent cells, 

SK-Mel-28 melanoma cell cultures were prepared by allowing 5000 cells to attach to 

the wells of 96-well plates.  The wells of the 96-well plate had clear bases to enable 

20μm 
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cells to be visualised by microscopy, and black walls to prevent light emissions from 

adjacent wells from penetrating across into other nearby wells measured by a plate 

reader. 

 

Once attached to the surface of the wells (usually after overnight culture), cells were

transfected with pBOS-H3-N-GFP using the transfection reagent FuGENE® 6.  Initially, 

fluorescence intensity was estimated 48 h after transfection by visual inspection of cells 

using fluorescence microscopy.  Unless otherwise indicated, all transfections were 

carried out using a minimum of triplicate reactions per sample point.  Initially an old 

sample of FuGENE® 6 was used, whose optimal transfection efficiency for HeLa S3 

cells was obtained by using 2μl of FuGENE® 6 and 5-6μg DNA (results not shown).  

The optimal transfection efficiency for SK-Mel-28 cells was obtained using 2μl of 

FuGENE® 6 and 8-9μg DNA (results not shown).  At the optimal transfection 

efficiency, approximately 70% of HeLa S3 cells and 40% of SK-Mel-28 cells were 

observed to be fluorescing. 

 

Considering the proposed use of EGFP as an internal calibration control rather than a 

singly transfected vector, various combinations of pEF-luc and pBOS-H3-N-GFP 

totalling 5-6μg and 8-9μg were co-transfected into HeLa S3 and SK-Mel-28 cells, 

respectively.  Fluorescence intensity was estimated 48 h after transfection by visual 

inspection of cells using fluorescence microscopy.  Up to 2μg and 2.5μg of pEF-luc 

could be used in Hela S3 and SK-Mel-28 cells, respectively, without appreciable loss of 

fluorescence signal (results not shown). 

 

To determine the relative amount of background fluorescence (autofluorescence) when 

using EGFP as the internal calibration control, fluorescence from untransfected cells 

was compared to the peak fluorescence observed in HeLa S3 or SK-Mel-28 cells 

transfected with pBOS-H3-N-GFP and pEF-luc.  48 h after transfection, fluorescence 

and luminescence were detected on the FLUOstar OPTIMA multipurpose plate reader 

reader as described in section 2.7.7 of chapter 2.  Fluorescence levels of the transfected 

HeLa S3 and SK-Mel-28 cells were distinguishable from background control levels, but 

were only increased by 36% and 9%, respectively (Fig. 4.1(b)).  Given the low increase 

over background observed in SK-Mel-28 cells, HeLa S3 cells were chosen for further 

experiments.  Background fluorescence from the mean of three wells of untransfected 

cells was subtracted from all subsequent sample readings. 
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Figure 4.1(b) EGFP-transfected fluorescence versus background (b/g) 
autofluorescence in HeLa S3 and SK-Mel-28 cells.  For EGFP fluorescence, cells 
were transfected using 2μl Fugene® 6.  HeLa S3 cells were transfected with 4μg
pBOS-H3-N-GFP and 2μg pEF-luc; SK-Mel-28 cells were transfected with 6μg 
pBOS-H3-GFP and 2.5μg pEF-luc.  Fluorescence values are the raw output values from 
the plate reader, expressed as fluorescence units. * indicates significant difference 
(p<0.05 by two-tailed T-test) compared to background fluorescence. ** indicates 
significant difference (p<0.01 by two-tailed T-test) compared to background 
fluorescence. 

 

 

 

 

Luciferase and EGFP expression levels were compared using a constant amount of

pEF-luc DNA (2μg) and either 3μg or 4μg of pBOS-H3-N-GFP.  The fluorescence 

increased substantially with increasing amounts of pBOS-H3-N-GFP, while 

luminescence did not differ significantly (Fig. 4.1(c)).  Luciferase and EGFP expression 

levels were also compared using a constant amount of pBOS-H3-N-GFP DNA (3μg) 

and either 2μg or 2.5μg of pEF-luc.  With increasing amounts of pEF-luc, neither 

fluorescence nor luminescence significantly changed (Fig. 4.1(d)), indicating that 2μg is 

a sufficient amount of pEF-luc for maximally transfecting HeLa S3 cells. 
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Figure 4.1(c) Comparison of fluorescence and luminescence using increasing 
amounts of p-BOS-H3-N-GFP vector in HeLa S3 cells.  Cells were transfected with 
2μg pEF-luc and different amounts of pBOS-H3-N-GFP, as indicated, using 2μl 
Fugene® 6.  The results shown here have background fluorescence from
non-transfected cells subtracted from the raw fluorescence measurements.  
Luminescence values represent the absolute luminescence measurements, expressed as 
light units. * indicates significant difference (p<0.01 by two-tailed T-test). 
 

 

 

 

 

Figure 4.1(d) Comparison of fluorescence and luminescence with increasing 
amounts of pEF-luc vector in HeLa S3 cells.  Cells were transfected with 3μg
pBOS-H3-N-GFP and different amounts of pEF-luc, as indicated, using 2μl 
Fugene® 6.  The results shown here have background fluorescence from non-transfected 
cells subtracted from the raw fluorescence output values.  Luminescence values 
represent the absolute luminescence measurements, expressed as light units.   
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Another problem associated with measuring the fluorescence emitted from live cells 

attached to a plate is the sampling variation of the signal across the surface of the wells, 

given that the H3-EGFP fusion protein is concentrated in the nuclei of cells that tend to 

form clumps when seeded at low density.  More recent fluorescence plate readers 

alleviate this problem by sampling the surface of the wells and taking multiple 

measurements at different locations in each well.  The FLUOstar OPTIMA does not 

have this utility.  Therefore, to address this problem, fluorescence was compared before 

and after detaching cells with trypsin, a process that entailed incubation for 2 min 

followed by repeated pipetting to physically shear the cells off the plastic surface. 

HeLa S3 cells were co-transfected with pBOS-H3-N-GFP (3μg) and 2.5 μg of either 

pEF-luc, the basal luciferase vector pGL3-Basic (Promega), or pGL3-Basic with an 

inserted ISRE sequence from the STAT1 gene promoter (discussed in more detail in 

chapter 5).  Some of the wells were treated with 1000IU/ml IFN-β 16 h prior to 

measuring fluorescence and assaying for luciferase. 

 

In each case, fluorescence measurements were greater, but also more varied, between 

wells when the cells were detached compared with measurements from the cells still 

attached to the surface of the wells (Fig. 4.1(e)).  The greater variability between wells 

of detached cells was surprising and indicates that a representative overall fluorescence 

measurement can still be obtained from attached cells, even though fluorescence across 

the surface of the well may be relatively uneven.  By contrast, the process of detaching 

cells with trypsin generated greater variability, possibly due in part to the generation of 

air bubbles on the liquid surface of the reaction wells by repeated pipetting.  When 

comparing raw luminescence levels using pEF-luc, it was evident that the values 

obtained from detached cells were slightly lower than those obtained from attached cells 

(Fig. 4.1(d) and Fig. 4.1(f), upper panel) (note the logarithmic scale on Fig. 4.1(f)).  

This was possibly due to the loss of some cells during the detachment process, rather 

than an effect of trypsin on the luciferase reaction, as trypsin does not cross the 

membrane of live cells. 
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Figure 4.1(e) Comparison of fluorescence levels when p-BOS-H3-GFP was 
co-transfected with various firefly luciferase constructs in HeLa S3 cells.  Cells 
were transfected with 3μg pBOS-H3-N-GFP and 2.5μg firefly luciferase construct, 
using 2μl Fugene® 6.  IFN-β treatment was at 1000IU/ml for 16 h.  Background 
fluorescence of non-transfected cells was subtracted from the raw fluorescence output 
values.  * indicates significant differences (p<0.05 by two-tailed T-test). 
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Figure 4.1(f) Comparison of luminescence levels between firefly luciferase 
constructs in HeLa S3 cells using different methods for normalisation.  Cells were 
transfected with 3μg pBOS-H3-N-GFP and 2.5μg firefly luciferase construct, using 2μl 
Fugene® 6.  IFN-β treatment was at 1000IU/ml for 16 h.  Raw luminescence values 
represent the absolute luminescence measurements, expressed as light units.  
Normalised values were normalised to the respective fluorescence value for each well.  
The normalised values are expressed as relative light units (RLU).  * indicates 
significant differences with respect to untreated controls (p<0.05 by two-tailed T-test). 
 

 

Using EGFP as an internal calibration control and normalising luminescence from each 

well (Fig. 4.1(f), upper panel) against fluorescence from the same wells (Fig. 4.1(e)) 

yielded very similar results whether fluorescence was measured from the attached or 

detached cells (Fig. 4.1(f), lower panels) (note logarithmic scales).  The variation of the 

luminescence values was quite noticeable, although the degree of variation was similar 

between the non-normalised (raw) luminescence values and those normalised against 

the fluorescence values from either the attached cells or the detached cells.  Induction of 

the STAT1 ISRE by IFN-β was 4.4-fold and 5.3-fold when values were normalised from 

the attached and detached cells, respectively.  Induction was 5.0-fold using the non-
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normalised luminescence values.  Each of these analyses suggested that the loss of cells 

during the detachment process and the generation of air bubbles in the reaction wells 

have only minimal effects on variation of normalised luminescence across wells, and 

hence the overall accuracy of the assay.  However, given the variability in fluorescence 

values and the high background autofluorescence, an alternative calibration standard 

was investigated. 

 

4.2.2 Use of Renilla reniformis luciferase as an internal calibration control and 

development of an in-house dual-luciferase methodology 

Luciferase from Renilla reniformis was substituted in place of EGFP as an internal 

calibration control.  To distinguish between the two luciferases using a two-step 

sequential reaction in each of the wells, the first reaction step containing the firefly 

luciferase assay buffer needed to be modified in order to be compatible with the second 

step Renilla luciferase assay buffer.  The respective buffers were described in section 

2.7.8 of chapter 2 and their composition was based on the Promega patent for the dual 

reporter assay system (Sherf et al., 1998).  The first Renilla luciferase expression vector 

to be used was pRL-TK obtained from Promega Corporation, in which the Renilla 

luciferase cDNA was cloned downstream of the herpes simplex virus thymidine kinase 

promoter (HSV-TK).  The HSV-TK promoter provides low to moderate levels of 

Renilla luciferase expression when co-transfected into mammalian cells (Promega 

technical bulletin, TB240). 

 

Using a fresher sample of FuGENE® 6, similar transfection levels of HeLa S3 cells 

were obtained with much less FuGENE® 6 (1μl) and DNA, compared to the older 

sample used in section 4.2.1.  From this it was deduced that Fugene® 6 had a short shelf 

life of less than one year.  Firefly and Renilla luciferase levels were compared using 1μl 

of FuGENE® 6 and either 0.25μg or 0.5μg each of pEF-luc and pRL-TK (Fig. 4.2(a)).  

The expression levels of both luciferases were readily detectable, with a low amount of 

variation between wells.  Furthermore, the levels of both luciferases did not 

significantly differ from 0.25μg to 0.5μg of transfected plasmid DNA, indicating that

0.25μg of each vector was sufficient DNA to obtain the optimal transfection efficiency 

when using 1μl of FuGENE® 6. 
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Figure 4.2(a) Optimisation of DNA content for pEF-luc/pRL-TK co-transfection in 
HeLa S3 cells.  Cells were transfected using 1μl Fugene® 6 and the amounts of each 
plasmid DNA as indicated.  Luminescence values represent the absolute luminescence 
measurements, expressed as light units.   
 

 

 

 

To assess the specificity of the assay detection system for each different luciferase 

(firefly versus Renilla), HeLa S3 cells were transfected with 1μl FuGENE® 6 and either 

0.5μg of pEF-luc or pRL-TK, or 0.25μg of both constructs.  48 h after transfecting the 

cells, a dual-luciferase reporter assay was carried out.  One well of cells remained 

untransfected to assess the background level of luminescence in the presence of 

substrate.  Both of the luciferase constructs were shown to be specific and the overall 

background values were negligible (Fig. 4.2(b)).  The results also showed that 99.93% 

of the firefly luciferase activity in the first step reaction (following the addition of firefly 

dual-luciferase assay buffer) was effectively quenched by the second step in which 

Renilla dual-luciferase assay buffer was added to activate the Renilla luciferase 

reaction.  Co-transfecting 0.25μg of each construct (ie. maintaining the total amount of 

DNA at 0.5μg for the purpose of transfection efficiency) reduced both firefly and 

Renilla luciferase levels equally (although neither difference between the triplicate 

reactions was statistically significant), indicating that neither construct is outcompeting 

the other and suggesting that neither construct is at a saturating level at 0.25μg when 

0.5μg of total DNA is present.  Thus, co-transfection of two luciferase constructs did 

not affect the expression of either luciferase in a way that would compromise the 

sensitivity of the dual-luciferase assay. 
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Figure 4.2(b) Specificity of the firefly and Renilla luciferase reporters in HeLa S3 
cells.  Cells were transfected using 1μl Fugene® 6.  Cells were transfected with 0.5μg of 
individual luciferase constructs, 0.25μg of both constructs, or left untransfected.  
Luminescence values represent the absolute luminescence measurements, expressed as 
light units.  Note that the Renilla luciferase assay buffer used in the second step almost 
completely inhibited the firefly luciferase signal from pEF-luc.  * indicates significant 
differences with respect to the same wells after reaction step 1 (p<0.02 by two-tailed 
T-test).  The co-transfection reactions are not significantly different from either of the 
single vector transfection reactions. 
 

 

 

 

Since the luciferases typically used in reporter assays are not secreted by the cells, the 

transfected cells must be lysed in order for the luciferases to gain unimpeded access to 

their substrates and cofactors.  Therefore cell lysis is one of the most important steps in 

a luciferase assay.  Traditional luciferase assays use detergents to lyse the cells prior to 

the addition of the luciferase reaction buffer.  Cell lysis for dual-luciferase reporter 

assays cannot use detergents that interfere with either luciferase reaction.  In addition, 

some detergents such as Triton-X-100 and nonidet P-40 (NP-40) have been shown to 

cause substantial coelenterazine autoluminescence in a concentration-dependent manner 

(Hampf and Gossen, 2006).  In contrast, use of tergitol™ NP-9 was shown to improve 

luminescence from native coelenterazine, reducing the signal-to-background ratio 

(Wood et al., 2003).  Hence, tergitol™ NP-9 was tested in the dual reporter assay for its 

suitability to lyse the cells and allow signal detection. 
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HeLa S3 cells were co-transfected with pEF-luc and pRL-TK, and were lysed using 

firefly dual-luciferase assay buffer containing 0.3%(v/v) or 1.5%(v/v) tergitol™  

NP-9, resulting in final tergitol™ NP-9 concentrations of 0.1% and 0.5%, respectively, 

in the final reaction mixtures.  In parallel, transfected cells were lysed in PBS by 

freezing and thawing twice, in the absence of detergent.  The results demonstrated that 

tergitol™ NP-9 did not significantly affect firefly luciferase readings (Fig. 4.2(c)), but 

at the levels used had an inhibitory effect on Renilla luciferase (Fig. 4.2(d)).  By 

plotting on a logarithmic scale, it can be seen that the inhibitory effect of tergitol™

NP-9 was very strong, even at 0.1%.  The results also validated the freezing and 

thawing of cells as a viable alternative method for cell lysis prior to dual-luciferase 

assay. 

 

When the firefly luciferase readings from this experiment were normalised against the 

Renilla luciferase readings for each well, the coefficients of variation for the three 

groups of triplicate reactions were 17%, 14% and 20%, for 0%, 0.1% and 0.5% 

tergitol™ NP-9, respectively.  This indicated that although tergitol™ NP-9 detergent 

substantially reduced the activity of Renilla luciferase, the accuracy of the 

dual-luciferase assay was not affected and may in fact have been improved by the 

presence of a low concentration of tergitol™ NP-9.  Hence, cell lysis for all subsequent 

dual-luciferase assays was achieved by freezing and thawing cells twice in PBS, before 

adding 0.1% tergitol™ NP-9 in the firefly dual-luciferase buffer, resulting in a final 

tergitol™ NP-9 concentration of 0.033% in the second step of the Renilla dual-

luciferase assay.  In order to increase the signals in our reporter assays, 96-well plates 

were replaced with 24-well plates.  The extra surface area of the larger wells allowed 

greater numbers of cells to be transfected, increasing the sensitivity of the assay.  

Expression of Renilla luciferase was increased by replacing the pRL-TK vector with the 

more efficient phRL-SV40 (Promega), which contains the Renilla luciferase cDNA 

under the control of the potent early promoter and enhancer of the SV40 virus.  The 

SV40 promoter/enhancer provides much higher levels of expression than the HSV-TK 

promoter (Promega technical bulletin, TB550). 
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Figure 4.2(c) Effect of tergitol™ NP-9 on the first step firefly luciferase in the dual 
reporter assay.  HeLa S3 cells were co-transfected with 1μg pEF-luc and 1μg pRL-TK, 
using 1μl Fugene® 6, and lysed either by freeze/thawing (0%) or by the addition of 
tergitol™ NP-9 in the firefly dual-luciferase buffer.  The cells were then assayed for 
firefly luciferase.  The concentrations of tergitol™ NP-9 indicated are the 
concentrations at the time of the firefly luciferase assay, expressed as %(v/v).  
Luminescence values represent the absolute luminescence measurements, expressed as 
light units. 
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Figure 4.2(d) Effect of tergitol™ NP-9 on the second step Renilla luciferase in the 
dual reporter assay.  Renilla luciferase was assayed using the same reaction wells 
from figure 4.2(c).  The concentrations of tergitol™ NP-9 indicated are the final 
concentrations obtained in the Renilla luciferase assay, expressed as %(v/v).  
Luminescence values represent the absolute luminescence measurements, expressed as 
light units.  Luminescence is plotted on a linear scale (left panel) and a logarithmic 
scale (right panel).  * indicates significant differences with respect to the no tergitol™ 
NP-9 controls (p<0.01 by two-tailed T-test). 
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Luciferase expression from phRL-SV40 is further enhanced by codon optimisation.  

The native luciferase gene from Renilla reniformis uses codons that are not optimal for 

expression in mammalian cells (Promega protocols and applications guide, chapter 8).  

These codons have been replaced by mammalian preferred codons and, where possible, 

transcription repressor sequences active in mammalian cells have been removed. 

 

For studies testing the highly expressing phRL-SV40 vector, Fugene® 6 was substituted 

with the more stable transfection agent Lipofectamine2000, given the instability 

problems experienced with Fugene® 6.  In these experiments, SK-Mel-28 cells were 

transfected in 24-well plates using 2μg of a pGL3-Basic vector containing an inserted 

IFN-inducible ISRE element from the ISG15 gene (5’-GAAAGGGAAACCGAAACT-

3’), 2μl Lipofectamine2000, and amounts of phRL-SV40 ranging from 0-1μg per 

well.  1000IU/ml IFN-β was added to some wells to examine the effect of transfecting 

increasing amounts of Renilla vector DNA on the IFN-inducibility of the ISRE element.  

A dual-luciferase assay was carried out 16 h after the addition of IFN-β to the cells

(Fig. 4.2 (e)).  In contrast to pRL-TK (Figs. 4.2(a-b)), Renilla luciferase expression 

from phRL-SV40 was extremely efficient when between 10ng and 100ng of 

phRL-SV40 was used, even in SK-Mel-28 cells which typically transfect at a lower 

efficiency than HeLa S3 cells.  The expression levels of both firefly and Renilla 

luciferase rapidly decreased when greater than 100ng of phRL-SV40 DNA was 

transfected per well as the total amount of DNA in the transfection reactions exceeded 

2.1μg.  Firefly luciferase levels remained relatively constant up to 100ng of 

phRL-SV40, indicating that the efficient transcription from phRL-SV40 did not 

interfere with transcription from pGL3-Basic:ISG15-ISRE. 

 

Of particular importance was the reduction of Renilla luciferase activity obtained in 

response to treatment of the cells with IFN-β (Fig. 4.2(e), upper right panel).  This 

inhibitory effect was consistent with other results obtained by our group, based on the 

report of (Ghazawi et al., 2005).  Although treatment with IFN-β would similarly be 

expected to slightly inhibit firefly luciferase levels, the presence of a highly IFN-

inducible ISRE masked the ability to detect such inhibitory effects. 

 

When firefly luciferase levels were normalised to Renilla luciferase levels, the induction 

of the ISRE by IFN-β was significant and ranged from between 22.3-fold and 25.5-fold, 

although some of this effect would be attributable to the reduction in Renilla luciferase 
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activity in response to IFN-β.  However, in the presence of 1g of phRL-SV40, the 

expression levels of firefly luciferase were inhibited by 99.8% (Fig. 4.2(e), upper left 

panel) and Renilla luciferase levels were similarly inhibited by 98.5% from the peak 

level (Fig. 4.2(e), upper right panel).  When no phRL-SV40 was used in the 

transfection reactions, firefly luciferase levels could not be normalised and the apparent 

induction by IFN-β was 34.4-fold over the control.  Thus, the results from luciferase 

assays were more consistent when normalised against an internal calibration control like 

Renilla luciferase. 

 

In a separate experiment, additional amounts of 250ng and 500ng of phRL-SV40 were 

also included.  Again, the results showed a progressive decrease in firefly and Renilla 

luciferase levels, but only when amounts of phRL-SV40 DNA above 100ng were 

co-transfected (Fig. 4.2(e), bottom panel).  The same experiment was also carried out in 

HeLa S3 cells with similar results regarding the optimal amount of phRL-SV40 (results 

not shown). 

 
A similar Renilla titration study was carried out using pEF-luc as the vector for firefly 

luciferase.  In this experiment, SK-Mel-28 cells were seeded in wells of a 96-well plate 

and co-transfected with 0.4μl Lipofectamine2000, using 400ng of pEF-luc and 

amounts of phRL-SV40 ranging from 1ng to 200ng.  When the level of phRL-SV40 

was within the range 1 - 40ng, there was a steady increase of Renilla luciferase 

expression as the amount of phRL-SV40 increased, while the firefly luciferase 

expression remained relatively constant (Fig. 4.2(f)).  Similar, albeit not as marked, 

reductions in the levels of both luciferases was observed when the amount of 

phRL-SV40 in the transfection reactions exceeded 40ng. 
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Figure 4.2(e) Effect of increasing the level of the highly expressing Renilla vector 
phRL-SV40 on an IFN-inducible luciferase reporter construct in SK-Mel-28 cells.  
Upper panels. Cells in a 24-well plate were co-transfected with 2μg pGL3-
Basic:ISG15-ISRE and different amounts of phRL-SV40, as indicated, using 2μl 
Lipofectamine™2000.  IFN-β treatments were 1000IU/ml for 16 h.  Luminescence 
values represent the absolute luminescence measurements, expressed as light units.
* indicates significant difference (p<0.05 by two-tailed T-test). ** indicates significant 
difference (p<0.02 by two-tailed T-test).  Bottom panel. As per the upper panels.  The 
Renilla measurements were assessed from the IFN-treated cells. 
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Figure 4.2(f) Effect of increasing the level of Renilla vector on a constitutively 
active luciferase reporter construct in SK-Mel-28 cells.  Cells in a 96-well plate were 
co-transfected with 400ng pEF-luc and different amounts of phRL-SV40, as indicated, 
using 0.4μl Lipofectamine™2000.  Luminescence values represent the absolute 
luminescence measurements, expressed as light units.  Transept indicates threshold of 
phRL-SV40 DNA above which the relationship between luminescence signal and DNA 
becomes nonlinear. 
 

 

 

To confirm that the inhibitory effect of using higher amounts of the Renilla luciferase 

vector was due to exceeding the optimal stoichiometric ratio of DNA : transfection 

reagent and not due to competition with the firefly luciferase vector for transcription 

factors, the previous experiment was modified slightly.  As the level of phRL-SV40 

DNA varied, pGL3-Basic was included as a carrier, to ensure that the total amount of 

DNA transfected in each reaction stayed the same.  SK-Mel-28 cells seeded in wells of 

a 96-well plate were co-transfected with 0.4μl Lipofectamine2000, 300ng of pEF-luc, 

amounts of phRL-SV40 ranging from 1ng to 100ng and requisite amounts of

pGL3-Basic to maintain a total amount of DNA of 400ng.  The dual luciferase assay 

results showed that so long as the amount of total DNA remained constant, expression 

of Renilla luciferase increased proportionally to the amount of phRL-SV40 transfected, 

while expression of firefly luciferase from pEF-luc remained constant (Fig. 4.2(g)).  

Thus, the inhibition observed when excess Renilla luciferase vector was transfected was 

due to the optimal DNA : transfection reagent ratio being exceeded. 
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Figure 4.2(g) Effect of increasing Renilla vector using constant total DNA.  Cells in 
a 96-well plate were co-transfected with 300ng pEF-luc, different amounts of 
phRL-SV40, as indicated, and pGL3-Basic for a total of 400ng DNA, using 0.4μl 
Lipofectamine™2000.  Luminescence values represent the absolute luminescence 
measurements, expressed as light units. 
 

 

 

 

To show that Renilla luciferase expression does not depend on the nature of the co-

transfected luciferase construct, pEF-luc was titrated over a range of 2.5ng to 400ng.  

SK-Mel-28 cells were seeded in wells of a 96-well plate and transfected using 0.4μl 

Lipofectamine2000 and a total of 404ng of DNA comprising 4ng of phRL-SV40, and 

400ng made up of different amounts of pEF-luc and pGL3-Basic, which was used as a 

carrier.  The results of this experiment (Fig. 4.2(h)) revealed a linear relationship 

between increased luciferase activity and increased input of pEF-luc, up to about 300ng.  

Beyond 300ng, the level of luciferase activity expressed from the pEF-luc reporter 

vector was slightly reduced.  Importantly, expression of Renilla luciferase was relatively 

constant, whether the firefly luciferase construct comprised exclusively pEF-luc, mostly 

pGL3-Basic, or combinations of both. 
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Figure 4.2(h) Effect of increasing pEF-luc using constant total DNA.  Cells in a 
96-well plate were co-transfected with 4ng phRL-SV40, different amounts of pEF-luc, 
as indicated, and pGL3-Basic for a total of 404ng DNA, using 0.4μl 
Lipofectamine™2000.  Luminescence values represent the absolute luminescence 
measurements, expressed as light units.  Transept indicates threshold of phRL-SV40 
DNA above which the relationship between luminescence signal and DNA becomes 
nonlinear. 
 

 

To be useful as an internal calibration control, Renilla luciferase activity should remain 

consistent under various experimental conditions so that all variation is due to changes 

in the firefly reporter.  Therefore the plasmid should be free from regulatory elements 

that might otherwise respond to experimental treatments.  In the process of developing 

commercial vectors such as phRL-SV40, considerable emphasis has been placed on 

removing regulatory elements from the sequences.  Nevertheless, some uncertainty 

remains regarding the interactions between transcription factors and repressors with 

nucleic acids.  Therefore, in order for the dual-reporter assay to be fully valid, the effect 
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assays carried out in chapters 5 and 6, the effects of the IFNs, IL-6, PMA, cobalt 
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colon cancer cell line SW480, or the liver cancer cell line HepG2 were co-transfected 
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assays were carried out, only the Renilla luciferase results are shown.   
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Figure 4.2(i) Effects of IFN-β, IFN-γ, IL-6, PMA, CoCl2 and Stattic on the internal 
control plasmid, phRL-SV40.  Cells were co-transfected with firefly luciferase 
constructs and phRL-SV40 and treated variously.  The absolute luminescence values, 
expressed as light units, represent Renilla luciferase levels following reaction step 2 of 
the dual luciferase reporter assay.  * indicates significant difference (p<0.05 by two-
tailed T-test) with respect to the untreated control. ** indicates significant difference 
(p<0.02 by two-tailed T-test) with respect to the untreated control. 
 

 

 

 

Consistent with its use in chapter 5, IFN-β (1000IU/ml, 16 h) was tested in SK-Mel-28 

cells.  Consistent with previous results (Fig. 4.2(e)), IFN-β had an inhibitory effect on 

phRL-SV40.  IFN- (1000IU/ml, 20 h), IL-6 (10ng/ml, 18 h) and PMA (various 

concentrations, 18 h) were tested in SW480 cells.  While IFN- and IL-6 had no 

apparent effect, PMA induced phRL-SV40 at 5 and 50nM and had an inhibitory effect 

at 500nM, possibly due to affecting the wellbeing of the cells.  CoCl2 and Stattic were 

tested in HepG2 cells and had no apparent effect on phRL-SV40. 
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4.3 DISCUSSION 

 

Advantages of using EGFP as an internal calibration control for luciferase assays 

include the ability to quantitatively measure emission at a wavelength distinct from 

firefly luciferase, without the need to either lyse cells or to add substrates that may 

affect luciferase activity in subsequent reactions.  Since EGFP can be visualised in 

living cells by fluorescence microscopy (Fig. 4.1(a)), it can also be used to determine 

the proportion of cells that have been successfully transfected, or in other words, the 

efficiency of transfection. 

 

In trialling EGFP as an internal calibration control, the effect of detaching cells prior to 

measuring fluorescence and luminescence was investigated.  While the detached cells 

yielded higher fluorescence measurements, this was offset by an increase in variability 

across identically transfected wells (Fig. 4.1(e)).  Given the importance of accuracy in 

dual-reporter assays, detachment of cells is therefore an unnecessary step when 

detecting EGFP fluorescence in a plate reader. 

 

One major disadvantage of using EGFP for internal calibration is the low relative 

increase in fluorescence levels above the background level of autofluorescence 

(Niswender et al., 1995), as exemplified in Fig. 4.1(b).  In addition to the high level of 

autofluorescence, the lack of sensitivity can be further attributed to EGFP functioning 

stoichiometrically, and not catalytically, so that unlike luciferase, the reporter signal is 

not amplified.  Whereas a multipurpose plate reader was used for detecting 

fluorescence, others have used flow cytometry and obtained sensitivities equal to, and in 

some cases superior to luciferase (Ducrest et al., 2002; Soboleski et al., 2005).  

However, flow cytometry is incompatible with luciferase as either a primary reporter or 

an internal calibration control, or with high throughput applications, due to the need to 

detach cells from the culture wells or dishes.   

 

In the course of carrying out the preliminary experiments presented in section 4.2.1, it 

quickly became evident that a dual-luciferase reporter assay, using luciferase from 

Renilla reniformis as the internal calibration control, offered a substantially superior 

alternative to EGFP.  Indeed, the coefficients of variation for luminescence measured 

from several luciferase reporter constructs were often higher when using EGFP as the 

calibration control compared with those obtained without using any calibration control.  
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Thus, using EGFP as a calibration control did not improve the accuracy of the luciferase 

assay.  Using luciferase from Renilla reniformis as an alternative internal calibration 

control to EGFP benefited from having no background luminescence in the absence of 

either substrate or enzyme (Fig. 4.2(b)).  Luciferase reporters also generate strong 

signals and have a large dynamic range, which can be detected and resolved over very 

low or very high levels of expression. 

 

A complication with the use of the dual-luciferase reporter assays was revealed when 

the effect of increasing the amount of transfected reporter DNA was examined in both 

the 96-well and 24-well formats.  Initially, as the amount of Renilla luciferase reporter 

DNA was increased while the amount of firefly luciferase reporter DNA was kept 

constant, the expression of Renilla luciferase increased while the expression of firefly 

luciferase remained relatively unaffected.  However, beyond a certain threshold, the 

expression of both luciferases reduced dramatically (Figs. 4.2(e-f)).  The reduction of 

luciferase expression at high DNA concentrations was due to the optimal ratio of DNA : 

transfection reagent being exceeded beyond the capacity for transfection.  This was 

definitively illustrated by using an empty, nontranscribed luciferase vector (pGL3-

Basic) as a carrier to maintain a constant amount of DNA in the transfection reactions.  

By using a carrier, the effect of increasing the amount of either the firefly or the Renilla 

vector DNA was greatly reduced (Fig. 4.2(g-h)). 

 

Two different Renilla luciferase vectors were used in this study.  In the first, pRL-TK, 

the Renilla luciferase cDNA cloned downstream of the HSV-TK promoter was used to 

provide a low to moderate level of Renilla luciferase expression.  In the second, 

phRL-SV40, the Renilla luciferase cDNA cloned downstream of the more potent early 

promoter and enhancer of the SV40 virus was used to provide a much higher level of 

Renilla luciferase expression relative to the expression from the firefly luciferase vector 

(compare Figs. 4.2(a-b) with Fig. 4.2(e) and Fig. 4.2(f)).  The advantage of using a high 

expressing internal control reporter vector such as phRL-SV40 is that very high ratios of 

experimental vector : phRL-SV40 become feasible.  Based on the data presented here, it 

is recommended that for a 96-well plate format, a suitable level of phRL-SV40 plasmid 

is 2-5ng, as this provided sufficient signal of Renilla luciferase as a reference reporter 

while clearly remaining below the level where expression of the primary reporter 

became inhibited (Fig. 4.2(f)).  For subsequent studies, 4ng of phRL-SV-40 plasmid 

was used for dual-luciferase reporter assays in 96-well plates.  When transfecting cells 
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in formats other than 96-well plates, the amount of plasmid reporter DNA was increased 

in proportion to the number of cells being targeted for transfection.  Since several 

different transfection reagents were used in the experiments described in chapters 5 and 

6, the amount of firefly luciferase plasmid that was used varied in accordance with 

manufacturers’ recommendations. 

 

Another complication of using Renilla luciferase is the sensitivity of gene expression to 

experimental treatments.  In SK-Mel-28 melanoma cells that had been co-transfected 

with the pGL3-Basic:ISG15-ISRE primary reporter, Renilla luciferase expression from 

the vector phRL-SV40 was significantly reduced by treatment of the cells with IFN-β 

(Fig. 4.2(e), upper right panel and Fig. 4.2(i)).  Renilla luciferase expression was also 

significantly reduced by treatment of cells with IFN-α or IFN-β when co-transfected 

with the pGL3-Basic primary reporter (Ghazawi et al., 2005).  Care must therefore be 

taken in interpreting results of luciferase assays pertaining to activation of a gene by 

type I IFN, being aware that observed induction of a primary reporter may be 

exaggerated by a decrease in the expression of the internal calibration control.  This is 

particularly important when studying promoters that are only weakly responsive to type 

I IFNs, in which case induction of the firefly luciferase reporter by type I IFN should be 

used merely as the basis for further study.  The problem of sensitivity of Renilla 

luciferase to type I IFN may be resolved by reducing incubation times with IFN to 8 h 

(Ghazawi et al., 2005).  Similar sensitivity to type I IFN was not observed when EGFP 

was used as the calibration control (Fig. 4.1(e), lower panels). 

 

Given the effect of type I IFN on Renilla luciferase expression, a possible explanation 

for the general inhibition of luciferase expression observed at excessive DNA : 

transfection reagent ratios could be that increased amounts of plasmid DNA cause 

autogenous expression of type I IFNs.  CaPO4-DNA precipitates have previously been 

shown to induce IFN production in transfected cells (Pine et al., 1988).  Furthermore, 

double-stranded DNA has been shown to induce IFN production both by activation of 

TLRs (Hertzog et al., 2003; Bowie and Haga, 2005) and independently of TLRs 

(Takaoka et al., 2007). 

 

In SW480 colon cancer cells co-transfected with a pGL3-Basic-derived MMP-1 

promoter construct and phRL-SV40, Renilla luciferase expression was significantly 

increased by treatment of the cells with PMA at a concentration of either 5nM or 50nM 
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(Fig. 4.2(i)).  Care must therefore be taken in interpreting the results of luciferase assays 

in chapter 6 pertaining to activation of a gene by PMA.  The observed induction of a 

primary reporter may be masked or underestimated due to the increase in the expression 

of the internal calibration control.   

 

In conclusion, dual luciferase assays incorporating cloned luciferase genes from 

Photinus pyralis and Renilla reniformis as the primary reporter and internal calibration 

controls, respectively, can provide for considerable accuracy.  However, assays must be 

designed with care regarding the ratios of total DNA : transfection reagent and of firefly 

luciferase DNA : Renilla luciferase DNA.  One must also keep in mind the induction 

and inhibitory effects of experimental treatments on both firefly and Renilla luciferase 

expression. 
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CHAPTER 5 

THE FUNCTION OF STAT1 GENE REGULATORY ELEMENTS IN 

HUMAN METASTATIC MELANOMA 

 

5.1 INTRODUCTION 

 

Several signaling pathways are initiated as a result of type I IFN binding to its receptor 

(Uddin and Platanias, 2004).  The predominant intracellular complex, ISGF3, comprises 

STAT1, STAT2 and IRF-9, is formed during JAK/STAT signaling.  In addition to their 

extreme susceptibility to bacterial and viral infections (Meraz et al., 1996), STAT1 

knock-out mice show an increased susceptibility to chemically-induced tumourigenesis, 

providing solid support for the involvement of STAT1 in mechanisms of tumour 

surveillance (Kaplan et al., 1998; Shankaran et al., 2001).  Although the protective and 

immunoediting roles of tumour surveillance are still being defined in the context of 

melanoma tumourigenesis, the survival of patients with advanced metastatic melanoma 

has been repeatedly shown to correlate with the status of their immune systems 

(Cochran et al., 1981; Lee et al., 1982; Saltz et al., 1987; Bystryn et al., 1992; Henz et 

al., 1996; Hsueh et al., 1998).  Furthermore, protein levels of the components of the 

ISGF3 complex, including STAT1, have been shown to determine the responsiveness of 

melanoma cells to type I IFNs (Wong et al., 1997; Pansky et al., 2000; Kovarik et al., 

2003).  In these studies, IFN-resistant melanoma cell lines and cultures of melanomas 

established from patient biopsies were shown to express substantially reduced STAT1 

protein levels.  Mild deficiencies in protein levels of STAT2 and IRF-9 were also 

observed in some of the melanoma cell lines (Wong et al., 1997).  Given the current use 

of IFN-α as an adjuvant in the treatment of metastatic melanoma and the low overall 

response rates associated with this form of therapy, it is of fundamental importance to 

determine the molecular basis for the reduction in levels of the ISGF3 components in 

IFN-resistant cells. 

 

The human STAT1 gene extends over a 45kb region located on the long arm of 

chromosome 2 (2q32.2), adjacent to the more telomeric STAT4 gene.  STAT1 comprises 

25 exons, separated by lengthy introns.  While STAT1α comprises the full length 91kDa 

protein, the other naturally occurring isoform, STAT1β, is produced by alternative 

splicing whereby the intron between exons 23 and 24 is not excised leaving a 
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polyadenylation site remaining at the end of exon 23 (Chapgier et al., 2009).  The 

STAT1β splice variant yields a smaller polypeptide (84kDa) that lacks the 

transactivation domain of STAT1α (Schindler et al., 2007). 

 

The first exon and start site of transcription of the human STAT1 gene were cloned and 

described by previous work from this laboratory (Wong et al., 2002).  Further analysis 

identified within the first intron (henceforth called the intronic enhancer region) a novel 

motif comprising a GAS site flanked on either side by IRF-E elements with the reverse 

complementary sequence GAAANN.  The combined IRF-E/GAS/IRF-E element was 

assigned the name IGI and shown to be regulated by an IFN-activated complex 

comprising IRF-1 and CBP/p300 (Wong et al., 2002).  Curiously, while the GAS site 

within the IGI element as an oligonucleotide was capable of low level binding of 

recombinant STAT1 protein, STAT1 did not bind to this GAS site when cell extracts, with 

or without IFN-γ treatment, were used in electrophoretic mobility shift assays (EMSA). 

 

Sequence analysis of the STAT1 gene for potential transcription factor binding sites 

identified a canonical ISRE element immediately upstream of the first exon.  Previous 

work had shown this element to be inducible by IFN-β and IFN-α2b in luciferase 

reporter assays (Ghazawi, 2003).  Therefore one of the objectives of this chapter was to 

further characterise the ISRE element.  The ISRE was shown by EMSA to directly bind 

homodimers of STAT1 as well as the ISGF3 complex.  Cloning of the ISRE-containing 

region into an existing STAT1 promoter/enhancer construct showed, through luciferase 

reporter assays, that in its native context with respect to the STAT1 gene, the ISRE 

contributes to the constitutive and type I IFN-induced expression of this gene. 

 

The ATG initiation codon in the STAT1 gene is located at the beginning of the third 

exon, which is separated from the first two untranslated exons by a long intervening 

intron (Fig. 5.0(a)).  A 716bp region encompassing most of the second exon and the 

initial segment of the second intron was shown to possess strong repressor activity 

(Wong et al., 2002).  The other objective of this chapter was to identify and characterise 

potential repressor elements within this region.  The location of a repressor site was 

mapped and localised to within a 38 bp region.  Online sequence analysis of this region 

identified potential binding sites for retinoic acid receptor/retinoid X receptor 

(RAR/RXR) heterodimers, GATA-3, cAMP response element binding 

protein/modulator (CREB/CREM), upstream stimulatory factor (USF), nuclear factor-
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kappaB (NF-κB) and Sp1/Sp3, all of which have been shown to mediate transcriptional 

repression in previous work of others (Laoide et al., 1993; Schwenger et al., 2001; 

Kaczynski et al., 2003; Campbell et al., 2004; Chang et al., 2005; Albalat, 2009).  

Further examination of the repressor region also identified a sequence resembling the 21 

bp repressor element-1 (RE-1) site used by the repressor element-1 silencing 

transcription factor (REST).  REST was ultimately shown by chromatin 

immunoprecipitation (ChIP) assay to bind to this STAT1 repressor region. 

 

 

 
Figure 5.0(a) Map of the STAT1 proximal promoter and first three exons showing 
the locations of known/putative regulatory elements.  Exon and intron lengths are 
drawn to scale. 
 

 

5.2 RESULTS 

 

5.2.1 Characterisation of an ISRE regulatory element in the human STAT1 promoter 

Initial studies outlined here were aimed at further characterising the promoter region of 

the human STAT1 gene (Fig. 5.0(a)).  Direct binding of STAT-containing complexes to 

the ISRE in the STAT1 promoter was examined by EMSA.  To determine whether 

complexes bound and whether bases outside the core ISRE sequence were required for 

binding to occur, two EMSA probes of differing length were prepared by filling in 5’ 

overhangs of annealed oligonucleotides using Klenow fragment and labelling with

α-P32-labelled dCTP (see methods, section 2.8.4).  Oligonucleotides STAT1_ISRE_fwd 

and STAT1_ISRE_rev were used to produce a short STAT1 ISRE probe containing the 

core ISRE nonamer flanked by four additional nucleotides at each end, as well as 

overhanging deoxyguanosine residues to facilitate labelling of the probe by the 

incorporation of radioactive (α-P32)-dCTP (see appendix 13 for the oligonucleotide 

sequences).  In addition, oligonucleotides STAT1_ISRE-longf and STAT1_ISRE-longr 
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were used to produce the long STAT1 ISRE probe, which contained the core ISRE 

nonamer flanked by an extra ten nucleotides at either end, as well as overhangs 

containing deoxyguanosine residues for radiolabelling the probe (Fig. 5.1(a)).  As a 

control, oligonucleotides ISG15_ISRE_fwd and ISG15_ISRE_rev, containing the 

well-characterised ISRE from the ISG15 gene, were annealed and radiolabelled. 

 

Prior to preparation of cell extracts, IFN-responsive SK-Mel-28 cells were γ-primed by 

the addition of 1000IU/ml IFN-γ to the culture medium 16 h prior to treating the cells 

with 1000IU/ml IFN-β for 30 min.  10mM sodium fluoride and 100μM sodium 

orthovanadate were added to the culture medium immediately prior to IFN-β to prevent 

nuclear localisation of STAT complexes and phosphatase activity (Levy et al., 1989; 

Haque et al., 1995).  Cytoplasmic extracts were prepared from untreated and 

γ-primed/IFN-β-treated SK-Mel-28 cells. 

 

When incubated with the ISRE probes, the SK-Mel-28 extracts produced two distinct 

bands (Fig. 5.1(a)).  The upper band was absent in the reactions containing extracts 

from the untreated control cells and did not bind to the short STAT1 ISRE probe.  

Poly(dI:dC) was included in the reaction to reduce non-specific protein binding.  

However, given that the poly(dI:dC) in the reaction was from an old stock later found to 

be degraded, the lower band is likely to be the Ku antigen, a heterodimer consisting of 

70kDa and 86kDa subunits that binds non-specifically to double-stranded DNA (Zhang 

and Yaneva, 1992). 

 

In a similar experiment, using only the long STAT1 ISRE and the ISG15 control ISRE 

probes, the larger DNA/protein complex was supershifted by an antibody to STAT1, but 

not STAT2 (Fig. 5.1(b)).  An antibody to IRF-9 (ISGF3γ, p48) appeared to block 

binding of the complex to both probes (left panel), although this result was not 

reproduced in subsequent experiments.  Thus, in a repeat of this experiment, STAT1 

antibody again supershifted the complex, whereas IRF-9 antibody from the same stock 

as the previous experiment had no effect (right panel).  The complex bound to the ISRE 

sequence under these conditions therefore contained STAT1, but was not the ISGF3 

complex that typically binds to ISRE elements upon treatment of cells with type I IFN.  

It should be noted that although appropriate controls for IRF-9 reactivity were not 

included at this point, subsequent experiments below confirmed that the IRF-9 antibody 

was active and the upper band did not contain IRF-9. 
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ISRE short

ISRE long

5’ GGGTAGTTTCGCTTTCCTGC     3’
3’ CCCATCAAAGCGAAAGGACGGGAG 5’

5’     CCTGCCGGGTAGTTTCGCTTTCCTGCGCAGAG     3’
3’ CATGGGACGGCCCATCAAAGCGAAAGGACGCGTCTCCTAG 5’

ISG15 ISRE control
5’ CATGCCTCGGGAAAGGGAAACCGAAACTGAAGCC     3’
3’ GTACGGAGCCCTTTCCCTTTGGCTTTGACTTCGGGGAG 5’  

 

 

 
 
 
 
 
Figure 5.1(a) Comparison of short and long STAT1 ISRE probes.  Upper panel. 
Sequence alignment of oligonucleotide probes.  Core ISRE sequences are shaded.  
Bottom panel. Cytoplasmic extracts from SK-Mel-28 cells were used for EMSA after  
γ-priming (1000IU/ml, 16 h) prior to treatment with IFN-β (1000IU/ml, 30 min).  
Binding reactions were prepared in the absence of intact poly(dI:dC). 
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Figure 5.1(b) Supershifts using the long STAT1 ISRE probe.  Cytoplasmic extracts 
from SK-Mel-28 cells were used for EMSA after γ-priming (1000IU/ml, 16 h) prior to 
treatment with IFN-β (1000IU/ml, 30 min).  Binding reactions were prepared in the 
absence of intact poly(dI:dC).  Left and right panels represent independent experiments.  
Lanes in the right panel have been cropped as indicated by the vertical dividing line. 
 

 

 

 

To verify the identity of the complex binding to the ISRE probes, the control ISG15 

ISRE probe, with the complex bound, was compared to the products of a reaction 

containing cytoplasmic extracts from IFN-γ-treated SK-Mel-28 cells probed with the 

sis-inducible element (SIE) from the c-Fos gene (Wagner et al., 1990), which binds 

STAT1 homodimers when incubated with extracts from IFN-γ-treated cells (Sadowski 

et al., 1993).  The results showed that the complex that bound the STAT1 ISRE long 

probe migrated at the same rate through the polyacrylamide gel as the STAT1 

homodimer that bound the SIE probe (Fig. 5.1(c)).  Thus, the complex that bound the 

STAT1 ISRE long probe in the absence of poly(dI:dC) is highly likely to consist of 

STAT1 homodimers. 
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Figure 5.1(c) Size comparison of the STAT1 ISRE-binding complex with STAT1 
homodimers.  Cytoplasmic extracts from SK-Mel-28 cells were used for EMSA after
γ-priming (1000IU/ml, 16 h) prior to treatment with either IFN-β (1000IU/ml, 30 min) 
or IFN-γ (1000IU/ml, 15 min).  Binding reactions were prepared in the absence of intact 
poly(dI:dC). 
 
 

 

 

For subsequent experiments, fresh stocks of poly(dI:dC) were prepared.  In the presence 

of 1μg fresh poly(dI:dC), a complex was detected with slower mobility than the STAT1 

homodimer that bound both the ISG15 control ISRE probe and the long STAT1 ISRE 

probe (Fig. 5.1(d)).  For further comparison of size, in Fig. 5.1(e) the c-Fos SIE control 

probe was incubated with extracts from IL-6-treated HepG2 cells.  HepG2 is a highly 

IFN-responsive liver cancer cell line commonly used for examining STAT signaling 

due to its high constitutive STAT1 and STAT3 protein levels (Kaptein et al., 1996).  

Upon binding to IL-6 receptors, IL-6 activates phosphorylation of both STAT1 and 
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STAT3, producing homodimers and heterodimers of these molecules that bind to SBEs 

and migrate as three closely spaced bands in EMSA reactions (Zhong et al., 1994).  The 

STAT1 ISRE(long)-binding complex migrated marginally slower than the STAT3 

homodimer and was blocked by the addition of antibodies to STAT2 and IRF-9

(Fig. 5.1(e)), confirming the identity of this complex to be ISGF3. 

 

 

 

 

 

 
 
 
Figure 5.1(d) Size comparison of STAT1 homodimers with a higher molecular 
weight STAT1 ISRE(long)-binding complex in the presence of freshly prepared 
poly(dI:dC).  Cytoplasmic extracts from SK-Mel-28 cells were used for EMSA after
γ-priming (1000IU/ml, 16 h) prior to treatment with either IFN-β (1000IU/ml, 30 min) 
or IFN-γ (1000IU/ml, 15 min). 
 

 

 

- - + - +
+ - - - -

ST
AT

1 
IS

R
E 

lo
ng

IS
G

15
 c

on
tr

ol
 IS

R
E

SI
E 

pr
ob

e

IFN-

STAT1
homodimer

non-specific
band

ISGF3



 169

 

 

 

 

 

 

 
 
Figure 5.1(e) Supershifts of the higher molecular weight STAT1 ISRE(long)-
binding complex.  Lane 1 contains cytoplasmic extracts from HepG2 cells treated with 
IL-6 (50ng/ml, 15 min).  All other lanes contain cytoplasmic extracts from γ-primed 
(1000IU/ml, 16 h) SK-Mel-28 cells, treated with IFN-β (1000IU/ml, 30 min) where 
indicated.  EMSA binding reactions were prepared in the presence of freshly prepared 
poly(dI:dC). 
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Figure 5.2(a) Full list of STAT1 luciferase constructs used in chapter 5.  This 
diagram shows the full complement of STAT1 luciferase constructs that are described in 
this chapter and is intended as a reference.  The location of each construct relative to the 
STAT1 gene is shown. 
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5.2.2 The role of the ISRE regulatory element in the STAT1 promoter 

The location of all of the STAT1 constructs described in this chapter is shown relative to 

the upstream region of the STAT1 gene in the reference figure, Fig. 5.2(a). 

 

A 1223bp region of the human STAT1 gene, which includes the first two exons and part 

of the second intron, was previously cloned and characterised, and referred to as 

“STAT1900prom” (Wong et al., 2002).  A STAT1900prom luciferase construct was 

previously shown to be inducible in U293T embryonic kidney cells by IFN-α and IFN-γ, 

due to the presence of the IGI element and additional unidentified sequences in the first 

STAT1 intron (Wong et al., 2002).  However, the STAT1900prom luciferase construct as 

described by Wong et al. contained the STAT1900prom insert cloned into the 

pGL3-Basic vector in such a way that the STAT1 sequence was in the 3’-5’ orientation 

with respect to the luciferase gene (Fig. 5.2(b)).  For consistency, a modified version of 

the STAT1900prom luciferase construct was used in this experiment.  In the modified 

version, hereafter denoted STAT1900prom#, the STAT1 genomic sequence was cloned in 

the 5’-3’ orientation with respect to the luciferase gene in pGL3-Basic.  The preparation 

of this modified version was previously described in (Ghazawi, 2003). 
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Figure 5.2(b) Derivation of pGL3-Basic:STAT1900prom (Wong et al., 2002) and 
pGL3-Basic:STAT1900prom# (Ghazawi, 2003). 
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A more comprehensive vector construct containing an additional 338 bases upstream from 

STAT1900prom was prepared and called pGL3-Basic:STAT1CpG (see Fig. 5.2(a), and 

appendix 3 for details of the preparation of the STAT1 vector constructs).  These 338 bases 

included the ISRE sequence, as well as the CpG island investigated in chapter 3. 

 

Two additional constructs were prepared in order to compare with STAT1900prom#, and 

thereby isolate the role of the ISRE in the context of the STAT1 gene (Fig. 5.2(c), upper 

panel).  Preparation of the pGL3-Basic:STAT1promoter/enhancer construct, which 

contains both the ISRE and IGI elements, is described in appendix 3.  In the second 

construct, pGL3-Basic:STAT1promoter/enhancer(mut_IGI), the IGI element in the 

pGL3-Basic:STAT1promoter/enhancer construct was mutated.  Site-directed 

mutagenesis was carried out using primers STAT1_mutIGIf and STAT1_mutIGIr, in 

which the IGI element 5’-GTTTTCTTCTTTTCGCAGAAAGTTTCATTTGCTG-3’ 

was mutated to 5’-GTTTGATTCTTTTAGCAGAAAGTTGGATTTGCTG-3’. 

 

pGL3-Basic:STAT1900prom#, pGL3-Basic:STAT1promoter/enhancer and pGL3-

Basic:STAT1promoter/enhancer(mut_IGI) were transiently transfected into human cell 

lines, induced with IFN-α, IFN-β or IFN-γ, and analysed for luciferase activity.  In the 

first experiment, SK-Mel-28 melanoma cells were transfected using culture medium 

with a standard serum concentration (10% v/v).  Under these conditions, the 

STAT1900prom# luciferase construct was not induced by any of the IFNs.  Rather, 

firefly luciferase expression was reduced significantly by treatment of cells with IFN-γ 

(Fig. 5.2(c), bottom left panel).  Furthermore, the constitutive (control) level of 

STAT1900prom# was dramatically reduced compared to that of the 

STAT1promoter/enhancer (Fig. 5.2(c), bottom right panel), although it was still much 

higher than the baseline (pGL3-Basic), which was undetectable (bottom left panel).  

Neither STAT1promoter/enhancer nor STAT1promoter/enhancer(mut_IGI) were 

induced by IFN-γ, although they appeared inducible by IFN-α and IFN-β.  While the 

validity of comparing the relative potencies of the IFNs in this assay is limited by the 

use of each IFN at only a single concentration, it is worth noting that the chosen 

concentrations were high, especially for this cell line (Johns et al., 1992). 

 

Mutating the IGI element resulted in a reduction of the constitutive luciferase level from 

the STAT1promoter/enhancer, although the reduction was minor compared to that 

observed by mutating the IGI element in the absence of the ISRE-containing region 
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(Wong et al., 2002) indicating a contributing role for the ISRE in mediating constitutive 

STAT1 expression.  In addition, mutating the IGI element reduced the level of induction 

by IFN-β from 2.3-fold to 1.7-fold.  While the induction of the mutant IGI construct by 

IFN-α and IFN-β remained statistically significant, it is difficult to ascertain whether 

this was due to the presence of the upstream ISRE sequence or due to the effect of the 

type I IFNs on the Renilla luciferase calibration control vector (discussed in chapter 4).  

Supporting the argument for an ISRE-mediated effect was the binding of the ISGF3 

complex to the ISRE sequence in response to IFN-β, as observed by EMSA (Fig. 

5.1(e)).  

 

 

 

 
 
Figure 5.2(c) Comparison of constitutive and IFN-induced luciferase expression 
from STAT1900prom and STAT1promoter/enhancer constructs.  Upper panel. 
Map of part of the STAT1 gene showing the locations of the constructs.  Bottom panel. 
SK-Mel-28 cells were transfected using jetPEI transfection reagent and cultured in the 
presence of 10% foetal calf serum (v/v) for 32 h.  Following IFN-induction as indicated 
(1000IU/ml,16 h), dual-luciferase assays were performed.  Firefly luciferase values 
were normalised against Renilla luciferase values and expressed as relative light units 
(RLU).  Note that the results for STAT1900prom# are shown in both panels, but 
presented on a different scale for purposes of comparison (* p<0.05; ** p<0.01 by two-
tailed T-test, with respect to control).   
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The IFN response of the STAT1promoter/enhancer construct was also tested in the liver 

cancer cell line, HepG2, due to its high constitutive expression of STAT proteins 

(Kaptein et al., 1996).  Using medium with a 10% serum concentration, the 

STAT1promoter/enhancer construct in HepG2 cells was found to be slightly inducible 

by IFN-γ (1.4-fold) and more highly inducible by IFN-β compared with SK-Mel-28 

cells (3.5-fold) (Fig. 5.2(d)).  Although it would have been of interest, the relative 

constitutive levels of expression from the STAT1promoter/enhancer construct could not 

be compared between SK-Mel-28 and HepG2 cells since a suitable control for 

transfection efficiency (eg. pEF-luc) was not included (see the STAT1promoter/ 

enhancer controls from Fig. 5.2(c), bottom right panel and Fig. 5.2(d)).  In addition, the 

level of baseline luciferase expression from the pGL3-Basic vector was below the limit 

of detection in SK-Mel-28 cells (Fig. 5.2(c), bottom left panel). 

 

  

 

 

 

Figure 5.2(d) Comparison of the levels of constitutive and IFN-induced luciferase 
expression from the STAT1promoter/enhancer construct in HepG2 cells.  HepG2 
cells were transfected using jetPEI transfection reagent and cultured in the presence of 
10% foetal calf serum (v/v) for 32 h.  Following IFN-induction (1000IU/ml, 16 h), 
dual-luciferase assays were performed (** p<0.01 by two-tailed T-test, with respect to 
control). 
 

 

 

 

0

10000

20000

40000

30000

pG
L3

-B
as

ic
ST

A
T1

pr
om

ot
er

/

en
ha

nc
er

Control

IFN-

IFN-

**

**R
L

U

0

10000

20000

40000

30000

pG
L3

-B
as

ic
ST

A
T1

pr
om

ot
er

/

en
ha

nc
er

Control

IFN-

IFN-

**

**R
L

U



 175

The previous experiments comparing the STAT1 promoter/enhancer constructs in

SK-Mel-28 cells (Fig. 5.2(c)) were repeated, but this time using reduced serum 

conditions with the expectation of lowering the control basal levels of expression from 

the STAT1promoter/enhancer construct.  To achieve this, four hours after the addition 

of the transfected DNA complexes to the cells, the transfection medium was replaced in 

all reactions with RPMI 1640 medium supplemented with 1% foetal calf serum (v/v).  

However, the results obtained in 1% serum for the STAT1900prom# construct were 

similar to those obtained using 10% serum.  Again, STAT1900prom# produced only a 

low basal level of luciferase expression compared to the STAT1promoter/enhancer.  

STAT1900prom# expression was higher than the pGL3-Basic level and was also reduced 

by treatment with IFN-β and IFN-γ (Fig. 5.2(e)).  The induction of 

STAT1promoter/enhancer by IFN-β, although statistically significant, was greatly 

reduced when 1% serum was used compared to 10% serum (1.5-fold, compared to  

2.3-fold).  The constitutive (control) levels for the mutant IGI (mut_IGI) construct were 

significantly reduced compared with the wild-type construct, more so when using 1% 

serum (53% reduction) than with 10% serum (37% reduction). 

 

 

 
Figure 5.2(e) Comparison of constitutive and IFN-induced luciferase expression 
from STAT1900prom# and STAT1promoter/enhancer constructs, under conditions 
of low (1%) serum.  SK-Mel-28 cells were transfected using jetPEI transfection 
reagent and cultured in the presence of 1% foetal calf serum (v/v) for 32 h.  Following 
IFN-induction (1000IU/ml, 16 h), dual-luciferase assays were performed (* p<0.05;
** p<0.01 by two-tailed T-test, with respect to control; # p<0.05 by two-tailed T-test, 
with respect to non-mutated IGI control). 
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5.2.3 A transcriptional repressor element identified in the STAT1 gene 

The STAT1900prom sequence cloned into pGL3-Basic as described in Wong et al. 

(2002), was originally cloned in the opposite orientation relative to the luciferase gene.  

When the insert was cloned in the forward orientation as it occurs in the STAT1 gene, 

and assayed for luciferase expression, constitutive luciferase activity was dramatically 

reduced (Ghazawi, 2003 and Fig. 5.2(c)).  Furthermore, when cloned in the forward 

orientation, the STAT1900prom region in reporter vectors was no longer inducible by 

IFN-β or IFN-γ.  A similar reduction in constitutive and IFN-induced luciferase 

expression was reported in SK-Mel-28 cells using a construct containing only the  

3’ portion of STAT1900prom (starting from the 5’ end of the second exon), denoted 

3’-luc (Wong et al., 2002 and Fig. 5.2(a)).  Thus, a strong repressor element was likely 

to exist within either the second exon or the proximal end of the second intron of the 

STAT1 gene.  When cloned in the opposite orientation of STAT1900prom, and thus 

located some distance from the luciferase gene (as in Wong et al. (2002), full length), 

the repressor element did not repress constitutive and IFN-induced luciferase 

expression. 

 

The region of the STAT1 gene containing the repressor element is hereafter referred to as 

the “repressor region”, to distinguish it from the more 5’ promoter and enhancer regions.   

To more precisely locate the repressor element, a number of 3’ truncation variants were 

then derived from the previously described STAT1CpG constructs.  In the first 

truncation construct, the 3’ end of the STAT1 sequence was truncated at the internal 

XbaI restriction enzyme site, generating the construct pGL3-Basic:STAT1XbaI (see 

appendix 3).  Smaller fragments from the 3’ end of STAT1CpG were then reinserted 

back into pGL3-Basic:STAT1XbaI at the XbaI restriction site using oligonucleotide 

primers (SC1F, SC1R, SC2F, etc) to amplify fragments by PCR from STAT1CpG and 

these were denoted SC1-4 (SC = “subclone”) (see appendix 3).   

 

Constitutive luciferase expression levels from the 3’ truncation variants were compared 

with pGL3-Basic:STAT1CpG (Fig. 5.3(a)).  HeLa S3 cells were used for the luciferase 

assay and the results further confirmed the presence of the repressor region in the 

STAT1CpG construct, but not in the STAT1XbaI construct.  The SC1-4 constructs all 

produced a reduction in constitutive luciferase expression, the most prominent reduction 

occurring with the SC4 insert. 
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The SC4 region was then further divided, into fragments ranging from 49 to 53 bp in 

length, denoted OC1-5 (OC = “oligo-length clone”) (Fig. 5.3(b), bottom panel).  These 

sequences were synthesised as oligonucleotides, annealed to produce double-stranded 

fragments with single-stranded overhangs, and incorporated immediately downstream 

of the STAT1XbaI insert cloned into pGL3-Basic.  Because an internal XbaI site existed 

in the pGL3-Basic vector sequence, the oligonucleotides could not be directly cloned by 

insertion into pGL3-Basic:STAT1XbaI cut with XbaI.  Rather, insertion of the 

oligonucleotide fragments involved a three-component ligation reaction containing 

pGL3-Basic digested with SacI and HindIII, pCRscript:STAT1CpG digested with SacI 

and XbaI to isolate the STAT1XbaI fragment, and the annealed oligonucleotides with 

XbaI- and HindIII-compatible overhangs (Fig. 5.3(b), upper panel). 

 

 

 

Figure 5.3(a) Identification of a constitutive repressor element in STAT1CpG and 
SC4.  Upper panel. Map of part of the STAT1 gene showing the locations of the 3’ 
truncation constructs.  Bottom panel. HeLa S3 cells in a 96-well plate were transfected 
with 0.25μg reporter vector DNA and 0.5 μl FuGENE® 6 transfection reagent and 
cultured in the presence of 10% foetal calf serum (v/v).  Firefly luciferase assays were 
performed after 48 h without an internal control.  The results shown are the averages of 
two independent experiments (** p<0.01 by two-tailed T-test, with respect to 
STAT1XbaI). 
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Figure 5.3(b) Derivation of the STAT1 ”OC” constructs in pGL3-Basic.  
Oligonucleotides of between 49 and 53 bp in length (with appropriate XbaI and HindIII 
overhanging ends) were prepared for each OC region as indicated.  Oligonucleotides 
were annealed and the OC regions were ligated with pGL3-Basic vector and the 
STAT1XbaI insert from the pCRscript:STAT1CpG construct, as shown in the upper 
panel. 
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Figure 5.3(c) The repressor region of the STAT1 gene is localised to the OC2-OC3 
sequences of SC4.  Upper panel. SK-Mel-28 cells were transfected using 
Lipofectamine2000 transfection reagent and cultured in the presence of 10% foetal 
calf serum (v/v).  Dual luciferase assays were performed after 48 h.  Bottom panel. 
SK-Mel-28 cells were transfected using FuGENE® HD transfection reagent and 
cultured in the presence of 10% foetal calf serum (v/v).  Dual luciferase assays were 
performed after 48 h.  The results shown are the averages of two independent 
experiments (* p<0.02; ** p<0.01 by two-tailed T-test, with respect to 
STAT1promoter/enhancer control). 
 
 
 

The basal level of luciferase expression from pGL3-Basic:STAT1CpG (the repressed 

control) was compared with pGL3-Basic:STAT1XbaI (repressor region removed) and 

constructs containing STAT1XbaI with the different OC1-5 oligonucleotides cloned 

onto the 3’ end.  The results showed particularly strong repression mediated by the OC2 

sequence (94% reduction when compared with STAT1XbaI) (Fig. 5.3(c), upper panel).  

The OC3 sequence also produced substantial repression (65% reduction compared with 

STAT1XbaI), suggesting the presence of a secondary repressor that may or may not 

interact with the repressor that binds to the OC2 sequence.  Given the high variation 

between individual samples, exemplified by the large standard errors and the resultant 

absence of statistically significant differences, a separate experiment was carried out.  In 
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the separate experiment, the pGL3-Basic:STAT1promoter/enhancer was substituted as 

the 5’ regulatory region with the repressor region removed and a different transfection 

reagent was used.  The OC2 and OC3 sequences again showed substantial repression 

(85% reduction [p<0.01] and 75% reduction [p<0.01], respectively), when compared 

with the STAT1promoter/enhancer reporter vector (Fig. 5.3(c), bottom panel). 

 

To refine the mapping of the specific repressor sequences in the STAT1 gene, a series 

of oligonucleotides spanning the OC1-OC3 region in a staggered manner was cloned into 

the pGL3-Basic:STAT1XbaI construct using a similar approach as previously described 

for the OC oligonucleotide fragments.  These staggered oligonucleotide fragments were 

designated OC1.1, OC2.1, OC2.2 and OC2.3, according to their locations relative to the 

integer OC fragments (Fig. 5.3(d), bottom panel).  Again, constitutive levels of 

luciferase expression from these constructs was determined using SK-Mel-28 cells.  The 

results showed substantial repression across a broad region spanning OC1.1 to OC3, 

with the greatest repression mediated by OC2 and OC2.1 (Fig. 5.3(d), upper panel). 

 

The 38 bp sequence corresponding to OC2.1 (5’-ATATGCAGGGCACTGTCCAAGGT 

CCATAAGATGTTAAA-3’) was further subdivided into three smaller overlapping 

fragments, each of 18 or 19 bp.  OC2.1.1 (5’-ATATGCAGGGCACTGTCCA-3’), 

OC2.1.2 (5’-CACTGTCCAAGGTCCATA-3’) and OC2.1.3 (5’-AGGTCCATAAGAT 

GTTAAA-3’) were cloned into the pGL3-Basic:STAT1XbaI construct using a similar 

approach to that used for the previous OC oligonucleotide fragments.  To further deduce 

the location of the repressor in the STAT1 gene, constitutive luciferase expression from 

these constructs was compared with the previously characterised constructs 

STAT1CpG, OC2 and OC2.1, which contained the repressor sequence.  The results 

showed some repression mediated by OC2.1.1 and OC2.1.3, but not to the same extent 

as the longer fragments OC2 and OC2.1 (Fig. 5.3(e)).  This again indicated the presence 

of multiple repressor elements whose effects combined when proximally co-located, or 

that the main repressor element extended over a longer region than that represented by 

these small inserts such that the complete repressor element was not present.  Although 

a different transfection reagent (jetPEI) was used for this experiment, similar results 

were also obtained when the same experiment was carried out using 

Lipofectamine2000 (results not shown).  jetPEI was used because it was found to 

produce greater transfection efficiencies (~10-fold increases in the firefly luciferase raw 

values and ~100-fold increases in the Renilla luciferase raw values). 
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Figure 5.3(d) Further refinement in the mapping and localising of the STAT1 gene 
repressor(s) to the OC2-OC3 region of SC4.  Upper panel. SK-Mel-28 cells were 
transfected in 96-well plates using Lipofectamine2000 transfection reagent and 
cultured in the presence of 10% foetal calf serum (v/v).  Dual luciferase assays were 
performed after 48 h.  The results shown are the averages of two independent 
experiments (** p<0.001 by two-tailed T-test, with respect to STAT1XbaI control).  
OC5 was omitted from this experiment due to OC5 having already been excluded from 
the repressor region in Fig. 5.3(c).  Bottom panel. Map of part of the STAT1 gene 
showing the locations of OC1.1 (40 bp), OC2.1 (38 bp), OC2.2 (37 bp) and OC2.3 
(32 bp).  The OC regions were ligated into the pGL3-Basic vector containing the 
STAT1XbaI insert, as previously illustrated in Fig. 5.3(b). 
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Figure 5.3(e) Use of the OC2.1.x constructs to localise repressor elements in the 
human STAT1 gene.  Upper panel. SK-Mel-28 cells were transfected using jetPEI 
transfection reagent and cultured in the presence of 10% foetal calf serum (v/v).  Dual 
luciferase assays were performed after 48 h (* p<0.05 by two-tailed T-test, with respect 
to STAT1XbaI control).  Bottom panel. Map of part of the STAT1 gene showing the 
locations of OC1.1 (40 bp), OC2.1 (38 bp), OC2.2 (37 bp) and OC2.3 (32 bp).  The OC 
regions were ligated into the pGL3-Basic vector containing the STAT1XbaI insert, as 
previously illustrated in Fig. 5.3(b). 
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Finally, progressively longer fragments, incorporating the promoter/enhancer and 

SC1-OC3 regions of the STAT1 gene without gaps, were prepared and cloned into the 

pGL3-Basic vector (Fig. 5.3(f-g)).  To achieve this, the various STAT1 gene fragments 

were amplified by PCR, using the primer sequences that were used to prepare the 

oligonucleotide (OC) constructs, but lengthening them where necessary to produce PCR 

products with ends incorporating restriction enzyme sites for cloning purposes.  These 

fragments were ligated onto the 3’ end of the STAT1XbaI insert (Fig. 5.3(f)) and cloned 

into pGL3-Basic using a similar approach as for the previously described OC 

oligonucleotide fragments.  The results of luciferase assays with these constructs 

reproducibly showed progressively increased repression as the inserts were extended 

beyond the STAT1promoter/enhancer region (Fig. 5.3(g), lower panels).  The 

progressive repression is most effectively illustrated by using a logarithmic scale (right 

panel).  Thus, the contiguous STAT1 promoter/enhancer sequence extended to include 

as far as the OC1 region resulted in a significant 26-fold repression.  Adding the OC2 

region resulted in a further 5-fold repression and the addition of the OC3 region resulted 

in a further 1.9-fold repression.  These results provide further evidence for multiple 

repressors existing in the region spanning OC1-OC3 that function together to produce 

the maximum overall repression observed when the complete STAT1CpG construct is 

used.  In the next section, the OC2 region, which on its own showed the greatest 

repression, was further characterised to identify the mechanism by which transcriptional 

repression was mediated. 
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 Figure 5.3(f) Derivation of the STAT1 SC1-OCx constructs in pGL3-Basic. 
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Figure 5.3(g) Reconstituting the STAT1 gene repressor in the context of the STAT1 
promoter/enhancer for its effects on reporter gene induction.  Upper panel. Map of 
part of the STAT1 gene showing the locations of the contiguous SC1-OCx regions.  
Bottom panel, left. SK-Mel-28 cells were transfected using FuGENE® HD transfection 
reagent and cultured in the presence of 10% foetal calf serum (v/v).  Dual luciferase 
assays were performed after 48 h.  Bottom panel, right.  The same results shown on a 
logarithmic scale (* p<0.02 by two-tailed T-test, with respect to STAT1 
promoter/enhancer control; # p<0.02 by two-tailed T-test, with respect to SC1-OC1). 
 

 

 

5.2.4 Characterisation of the STAT1 intronic repressor element and the potential 

role of DR-1, GATA, CRE and E-box sites 

Putative binding sites for transcription-regulatory DNA binding proteins were identified 

in the OC2.1 region of the STAT1 gene by using web-based transcription factor binding 

site database searches (Table 5.1).  Several of the putative DNA binding proteins that 

were identified had previously been established as transcriptional repressors.  In order to 
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Name of transcription 

factor binding site 

Transcription factor/repressor 

protein 

Consensus sequence (5’-3’) Putative binding site in 

the STAT1 gene (5’-3’) 

Mutated STAT1 

sequence(s) (5’-3’) 

DR-1 (1) 
Retinoid X receptor / retinoic 

acid receptor heterodimer 
AGGTCANAGTTCA AGGgCACtGTcCA AttgCACtGTcCA 

DR-1 (2) Retinoid X receptor homodimer AGGTCANAGGTCA ctGTCcAAGGTCc ctGTCcAAtcTCc 

GATA-3 binding element GATA-3 (A/T)GATA(A/G) AGATgt ActTgt 

cAMP response element CREB/CREM (C/T)(G/T)ACGTCA CactGTCc CatCtgCc 

E-box 
Upstream stimulatory factor 

(USF) or c-Myc 
GG(C/T)CACGTG(A/G)CC GGT(c)CAtaaGAtg 

tcT(c)CataaGAtg and 

GGT(c)Cataacttg 

RE-1/NRSE REST/NRSF 
TT(T/C)AG(A/C)(A/G)CCNN 

(A/G)G(A/C)(C/G)AGNNNC 

TTatGgACCTTGGACAG

TGCC* 

TTatGgAaaTTGGACct

TGCC 

CT-box (1) Sp1/Sp3 
(G/T)(G/A)GGAG(G/T) 

(G/A)(G/A)(C/T) 
GGGGAGGGGg* GGtGAttGGg 

GT-box (2) Sp1/Sp3/KLF 
(G/T)(G/A)GGTG(G/T) 

(G/A)(G/A)(C/T) 
TGGGTGGGGa* TGGGTGGtGa 

GC-box (3) Sp1/Sp3 
(G/T)(G/A)GGCG(G/T) 

(G/A)(G/A)(C/T) 
ccGGCGGGGg* Not mutated 

NF-κB binding element NF-κB GGG(A/G)NTTTCC GGGcA(c)TgTCC ttGcA(c)TgTCC 

 

Table 5.1 Putative repressor binding sites and list of mutations incorporated into the STAT1 OC2.1 sequence.  Consensus bases 
are red and capitalised; mutated bases are bold. * indicates sequences that are present in the non-coding strand of the STAT1 gene. 
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OC2.1:    5’ ATATGCAGGGCACTGTCCAAGGTCCATAAGATGTTAAA 3’ 

OC2.1 mut DR-1(1):  5’ ATATGCATTGCACTGTCCAAGGTCCATAAGATGTTAAA 3’ 

OC2.1 mut DR-1(2):  5’ ATATGCAGGGCACTGTCCAATCTCCATAAGATGTTAAA 3’ 
(also mutant E-box) 

OC2.1 mut DR-1(1&2):  5’ ATATGCATTGCACTGTCCAATCTCCATAAGATGTTAAA 3’ 

OC2.1 mut GATA:  5’ ATATGCAGGGCACTGTCCAAGGTCCATAACTTGTTAAA 3’ 

OC2.1 mut CRE:   5’ ATATGCAGGGCATCTGCCAAGGTCCATAAGATGTTAAA 3’ 

 
 
 

Figure 5.4(a). Mutated sequences of the OC2.1 region of the human STAT1 gene.  Mutated bases are bold and italicised.  
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transcription repressors, mutations were designed in their respective sequences to 

abolish their binding site (see Table 5.1 and Fig. 5.4(a)).  These mutations were 

introduced using the pGL3-Basic:STAT1-OC2.1 construct by modifying the requisite 

bases of the OC2.1 oligonucleotides and cloning the modified oligonucleotides 

immediately downstream of the STAT1XbaI sequence in pGL3-Basic, as described in 

section 5.2.3. 

 

Two sites that resembled DR-1 elements were present (Table 5.1), which each consisted 

of two half-sites (5’-AGGTCA-3’ or 5’-AGTTCA-3’), separated by a single base. DR-1 

half-sites bind dimers of the nuclear receptor superfamily member retinoid X receptor 

(RXR), or a heterodimer of RXR and retinoic acid receptor (RAR) (Mangelsdorf et al., 

1995).  Since the RAR/RXR heterodimer is a potent repressor when bound to a DR-1 

(Mangelsdorf and Evans, 1995), it appeared to be a likely candidate repressor of the 

STAT1 gene.  Therefore, OC2.1 constructs were generated in which the putative DR-1 

sites were individually mutated (see Table 5.1 and Fig. 5.4(a) for the mutated 

sequences).  A construct was also made in which both putative DR-1 sites were

mutated.  Luciferase assays using these constructs showed that the repression mediated 

by the OC2.1 region of the STAT1 gene was unaffected by mutating either or both of the 

putative DR-1 sites (Fig. 5.4(b), left panel).  Furthermore, luciferase expression did not 

significantly change when cells transfected with the STAT1CpG construct were treated 

with nuclear receptor ligand all-trans retinoic acid and a slight reduction was noted with 

9-cis retinoic acid (Fig. 5.4(b), right panel). 

 

Another site in the OC2.1 region resembled a binding element for the GATA family of 

transcription factors, which bind to the consensus sequence 5’-(A/T)GATA(A/G)-3’ 

(Merika and Orkin, 1993).  Among the GATA family, GATA-3 has been shown to both 

activate and repress transcription of some genes (Merika and Orkin, 1993; Schwenger et 

al., 2001).  The putative GATA-binding element in the repressor region consists of the 

sequence 5’-AGATGT-3’, in which the first four bases match the consensus sequence 

while the last two do not.  A variant OC2.1 construct was generated using OC2.1 

oligonucleotides in which the putative GATA element was mutated.  Comparison of 

luciferase expression from the OC2.1 constructs in SK-Mel-28 cells showed a 

statistically significant (p<0.05) increase when the putative GATA element was 

mutated, corresponding to a 20% decrease in repression when compared to the OC2.1 

control (Fig. 5.4(c)). 
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Figure 5.4(b). Investigating putative DR-1 sites as potential repressor-binding sites 
in the OC2.1 region.  Left panel. The putative DR-1 sites were mutated and transfected 
into SK-Mel-28 cells using Lipofectamine2000 transfection reagent and cultured in 
the presence of 10% foetal calf serum (v/v).  Dual-luciferase assays were performed 
after 48 h.  Right panel. SK-Mel-28 cells transfected with the STAT1CpG reporter 
vector were treated with ATRA or 9-cisRA (10μM) 24 h prior to luciferase assays.  
Foetal calf serum used for the retinoic acid experiment (15ml) was dialysed twice 
against 1 litre of PBS to remove any retinoic acid present. 
 
 
 
 
 

 
 
Figure 5.4(c) Mutation of the putative GATA-binding element partially reduces 
the repression mediated by the OC2.1 repressor region.  The putative GATA-
binding element was mutated in OC2.1 and the reporter vector DNA was transfected 
into SK-Mel-28 cells using jetPEI transfection reagent and cultured in the presence of 
10% foetal calf serum (v/v).  Dual-luciferase assays were performed after 48 h
(* p<0.05 by two-tailed T-test, with respect to OC2.1 control). 
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A separate construct was generated in which the GATA element was mutated within the 

context of the pGL3-Basic:STAT1CpG vector by site-directed mutagenesis. 

Comparison of pGL3-Basic:STAT1CpG with the mutant-GATA construct and

pGL3-Basic:STAT1XbaI lacking the repressor site, showed no change in luciferase 

expression when the GATA element was mutated (Fig. 5.4(d), left panel).  A repeat of 

the experiment showed a small, but statistically significant (p<0.01) increase in 

luciferase expression with the GATA-mutant (Fig. 5.4(d), right panel).  In the repeat 

experiment, induction of the GATA-mutant construct by IFN-α and IFN-γ was 

relatively unaffected, compared with non-mutated pGL3-Basic:STAT1CpG.  Although 

the induction by IFN-β was increased from 1.50-fold to 1.67-fold in the mutant 

construct, this increase was not statistically significant and was heavily influenced by a 

possible outlying value among the 5 replicate wells of pGL3-Basic: 

STAT1CpGmutGATA. 

 

 

 

 

Figure 5.4(d) Mutation of the putative GATA-binding element marginally affects 
the repression of the STAT1CpG construct.  The putative GATA-binding element in 
the pGL3-Basic:STAT1CpG construct was mutated by site-directed mutagenesis.  Left 
panel. SK-Mel-28 cells were transfected using FuGENE®-HD transfection reagent and 
cultured in the presence of 10% foetal calf serum (v/v).  Dual-luciferase assays were 
performed after 48 h.  Right panel. SK-Mel-28 cells were transfected using jetPEI 
transfection reagent and cultured in the presence of 10% foetal calf serum (v/v) for 32 h.  
Following IFN-induction (1000IU/ml, 16 h), dual-luciferase assays were performed 
(** p<0.01 by two-tailed T-test, with respect to STAT1CpG control). 
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Figure 5.4(e) EMSA analysis of the OC2.1 repressor region.  Nuclear extracts from 
Jurkat cells were incubated with radiolabelled oligonucleotide probes spanning the 
OC2.1 repressor region.  The sis-inducible element (SIE) from the c-Fos gene was 
included as a non-GATA-specific probe.  Similar results showing identical bands at a 
lower intensity were obtained using cytoplasmic extracts (results not shown). 
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element within the OC2.1 repressor region had only a slight effect on the constitutive 

repression of the STAT1 gene.  To investigate whether GATA-3 binds to the GATA 
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radiolabelled and used for EMSA analysis.  Oligonucleotides OC2.1mutGATAf and 

OC2.1mutGATAr, with the GATA element mutated, and the shorter oligonucleotides 

OC2.1.3F and OC2.1.3R, were also used for EMSA.  When incubated with nuclear 

extracts from the acute T cell leukaemia line Jurkat, two prominent DNA/protein 
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complex was unrelated to the repressor and could have been the Ku antigen as discussed 

in section 5.2.1.  The upper complex which only bound the longer probes, bound 

equally to the wild-type and mutant GATA probes.  Furthermore, the complex was not 

supershifted by the addition of an anti-GATA-3 antibody.  Thus, neither of the EMSA 

complexes appeared to contain proteins from the GATA family. 

 

The next putative binding site to be investigated was a cAMP response element (CRE) 

for binding of the factors CREB/CREM.  Regulation of eukaryotic gene expression by 

cAMP was shown to be mediated by CREs containing the sequence

5’-T(G/T)ACGTCA-3’ (Roesler et al., 1988).  A variant OC2.1 construct was generated 

in which the putative CRE was mutated.  Following transfection into 

SK-Mel-28 cells, comparison of luciferase expression from the wild-type OC2.1 

construct and the CRE-mutant construct showed a very small, but statistically 

significant (p<0.05), increase from the mutant construct, equivalent to a decrease in 

repression by 5.1%, when compared to the pGL3-Basic:STAT1promoter/enhancer 

positive control (Fig. 5.4(f)). 

 

 
 

 
Figure 5.4(f) Mutation of the putative CREB/CREM-binding element shows a very 
slight reduction in the repression mediated by the OC2.1 repressor region.  
Following mutation of the putative CREB/CREM-binding element, reporter vector 
DNA was transfected into SK-Mel-28 cells using FuGENE® HD transfection reagent.  
Transfected cells were cultured in the presence of 10% foetal calf serum (v/v).  
Dual-luciferase assays were performed after 48 h (* p<0.05 by two-tailed T-test, with 
respect to the OC2.1 control). 
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Transcription regulation by upstream stimulatory factor (USF) was shown to be 

mediated by E-boxes with the sequence 5’-GGCCACGTGACC-3’ (Sawadogo and 

Roeder, 1985).  Although a putative E-box was identified by computer sequence 

analysis in the STAT1 sequence, it showed only weak homology to a typical E-box 

(see Table 5.1).  Upon previously mutating the downstream putative DR-1 (2) site, the 

5’ bases of the putative E-box were also mutated.  These mutations were previously 

shown to have no effect on the repression as shown by luciferase assay

(Fig. 5.4(b)).  Furthermore, mutating the putative GATA element also mutated the 3’ 

bases of the putative E-box.  These mutations were shown to have only a minimal effect 

on abolishing repression by luciferase assay (Figs. 5.4(c-d)), and did not reveal a 

sequence-specific factor binding to the OC2.1 oligonucleotides by EMSA

(Fig. 5.4(e)).  Hence, from the above results, the repressor activity in the STAT1 gene 

did not appear to be based on any of the putative transcription factors identified by the 

web-based transcription factor binding site database searches. 

 

5.2.4.1 Characterisation of the STAT1 intronic repressor: RE-1 – REST protein 

binding element 

Visual inspection of the OC2.1 region showed that it contained a sequence with high 

homology to the consensus RE-1 element.  The transcriptional repressor REST binds 

RE-1 elements with the sequence 5’-NT(T/C)AG(A/C)(A/G)CCNN(A/G)G(A/C) 

(C/G)AGNNNC-3’, or a bipartite variant in which the two halves of the sequence either 

side of the two “N”s may be separated by spacings of various sizes (Bruce et al., 2004; 

Patel et al., 2007).  The sequence in the non-coding strand of the STAT1 gene 

identically matched 18 out of the 21 bases of the unspaced consensus RE-1 element 

(see Table 5.1). 

 

To test whether the putative STAT1 RE-1 element functioned as a repressor, a construct 

was made in which oligonucleotides containing the 21bp putative STAT1 RE-1 element 

(STAT1RESTVfwd and STAT1RESTVrev) were annealed and ligated onto the HindIII 

restriction site at the 3’ end of the STAT1promoter/enhancer insert in pGL3-Basic 

(Fig. 5.4(g), upper panel).  Prior to the ligation reaction, the HindIII-digested vector 

was phosphatase-treated to reduce the vector alone background by ensuring that it could 

not re-ligate with itself.  Similarly, the annealed oligonucleotides were kinase-treated to 

facilitate ligation with the phosphatase-treated vector termini.  Insertion of the 

oligonucleotides in the correct orientation was confirmed by PCR using the pGL3-Basic 
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sequencing primer GLprimer2 and either STAT1RESTVfwd or STAT1RESTVrev in 

separate reactions (Fig. 5.4(g), bottom panel).  The correct orientation was further 

confirmed by sequencing using BigDye® Terminator v1.1 chemistry. 
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Figure 5.4(g) Construction of pGL3-Basic:STAT1promoter/enhancer with the 
addition of RE-1 oligonucleotides.  Upper panel. Addition of the 21bp putative STAT1 
RE-1 element downstream of the promoter/enhancer region.  Adding the 
oligonucleotides resulted in the incorporation of an EcoRV restriction site within the 
insert and the abolition of the HindIII restriction site at the 3’ end of the 
STAT1promoter/enhancer insert.  Bottom panel. PCR validation for the orientation of 
clones.  PCR reactions were carried out using primer GLprimer2 and either 
STAT1RESTVfwd (F) or STAT1RESTVrev (R).  Clone 6 was selected for further 
validation by sequencing. 
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Since the pGL3-Basic:STAT1promoter/enhancer construct was the longest contiguous 

STAT1 construct to show no evidence of repression by luciferase assay and SC1-OC3 

was the shortest contiguous STAT1 construct to possess the maximum amount of 

repression, these two constructs were used as controls and compared with the 

STAT1promoter/enhancer + RE-1 from STAT1.  As an additional control, the 

well-characterised RE-1 element from the SCG10 gene (Schoenherr and Anderson, 

1995) was cloned in place of the STAT1 RE-1 element onto the 3’ end of the 

STAT1promoter/enhancer insert in pGL3-Basic using oligonucleotides 

SCG10RESTVfwd and SCG10RESTVrev.  The four luciferase reporter constructs were 

transfected into SK-Mel-28 cells, followed by a dual-luciferase reporter assay.  

Transfection was carried out using GenJet, a newly introduced transfection reagent 

that produced higher luminescence outputs than earlier reagents.  The results showed 

that the addition of the putative RE-1 element from the STAT1 gene significantly 

repressed the constitutive level of luciferase expression from the 

STAT1promoter/enhancer construct (p<0.001).  The putative RE-1 element accounted 

for 67% of the repression mediated by the OC1-OC3 repressor region.  Addition of the 

SCG10 RE-1 element also completely repressed the STAT1promoter/enhancer 

constitutive expression (Fig. 5.4(h)). 

 

As further validation of the repressive nature of the RE-1 element, oligonucleotides 

were designed to enable tandem copies of the putative RE-1 element from the STAT1 

gene to be cloned at the 3’ end of the STAT1promoter/enhancer insert using a similar 

approach as for the previously described constructs with only one RE-1 element.  

Oligonucleotides Tandem_RE1_fwd and Tandem_RE1_rev contained two copies of the 

putative STAT1 RE-1 element separated by five bases, consistent with the tandem copy 

strategy used in previous RE-1 studies (Millecamps et al., 1999).  Abolishing the 5’ 

HindIII restriction site upon ligation of the oligonucleotides while keeping the 3’ 

HindIII site intact (see Fig. 5.4(i)) enabled a second round of oligonucleotide cloning to 

be carried out, producing a construct with four tandem STAT1 RE-1 elements.  Using 

pGL3-Basic:STAT1promoter/enhancer and SC1-OC3 as controls, the constructs 

containing one, two and four STAT1 RE-1 elements were transfected into SK-Mel-28 

cells, followed by dual-luciferase reporter assays.  The results showed an increase in 

repressor activity when more RE-1 elements were present (Fig. 5.4(j)), although the 

combined effect of four RE-1 elements did not equal the repression exhibited by the 

SC1-OC3 construct, possibly due to additional repressor elements in this construct that 

are not present in the STAT1promoter/enhancer construct. 
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Figure 5.4(h) Addition of the 21bp putative STAT1 RE-1 element downstream of 
the promoter/enhancer region resulted in greatly reduced luciferase expression.  
Upper panel. SK-Mel-28 cells were transfected with pGL3:STAT1promoter/enhancer 
reporter constructs with oligonucleotides encoding putative (STAT1) or established 
(SCG10) RE-1 elements ligated to the 5’ end of the STAT1 sequence.  Cells were 
transfected using GenJet transfection reagent and cultured in the presence of 10% 
foetal calf serum (v/v).  Dual-luciferase assays were performed after 48 h (** p<0.001 
by two-tailed T-test, with respect to STAT1promoter/enhancer).  Bottom panel. Map of 
part of the STAT1 gene showing the locations of the STAT1promoter/enhancer + RE-1 
inserts.
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Figure 5.4(i) Derivation of the tandem RE-1 constructs in pGL3-Basic: 
STAT1promoter/enhancer.  Since the oligonucleotides have HindIII-compatible 
overhangs at the 5’ end, but not the complete HindIII site, addition of the first two 
STAT1 RE-1 elements abolished the 5’ HindIII site while leaving an intact 3’ HindIII 
site, enabling further rounds of tandem RE-1 oligonucleotide insertion. 
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Figure 5.4(j) Addition of tandem copies of the STAT1 RE-1 element downstream 
of the promoter/enhancer region resulted in a progressive increase in repression of 
luciferase expression.  SK-Mel-28 cells were transfected with pGL3:STAT1promoter 
/enhancer reporter constructs with tandem copies of the putative STAT1 RE-1 elements 
ligated to the 5’ end of the STAT1 sequence.  Cells were transfected using GenJet 
transfection reagent and cultured in the presence of 10% foetal calf serum (v/v).  
Dual-luciferase assays were performed after 48 h.  (** p<0.001 by two-tailed T-test, 
with respect to STAT1promoter/enhancer; ## p<0.001 by two-tailed T-test, with respect 
to the single RE-1 construct; # p<0.02 by two-tailed T-test, with respect to the two x 
RE-1 construct).   
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Validation of the STAT1 gene RE-1 binding REST by chromatin immunoprecipitation 

assay 

 

To determine whether REST is in fact binding in vivo to the putative RE-1 element in 

the STAT1 gene, chromatin immunoprecipitation (ChIP) assays were carried out using 

antibodies to REST and mouse whole IgG as a negative control.  Chromatin extracts 

were prepared from melanoma cell lines SK-Mel-28 and MM96, some of which were 

previously primed with IFN-γ and treated with IFN-α2b immediately prior to protein-

DNA crosslinking.  Oligonucleotide primers were designed to amplify a 211 bp region 

incorporating the putative RE-1 element.  A second set of primers (negative control) 

was designed to amplify a 167bp region 3kb downstream of the putative RE-1 element 

to ensure that the chromatin was sufficiently sheared.  A third set of primers (positive 

control) was designed to amplify a 153bp region of the SCG10 gene incorporating an 

RE-1 element to which REST has previously been shown to bind (see appendix 12 for 

the sequence of this region and appendix 13 for the ChIP primer sequences). 

 

The ChIP assay results using chromatin extracts from SK-Mel-28 cells confirmed that 

REST does indeed bind to this region of the STAT1 gene in the melanoma cell nucleus 

(Fig. 5.4(k), upper panel).  Amplification from the input DNA samples was equivalent 

from extracts of either the untreated or IFN-treated cells.  As such, a reduction in REST 

binding to the STAT1 and SCG10 RE-1 elements was evident in the IFN-treated 

SK-Mel-28 cells, although this reduction could not be precisely quantified due to the 

semi-quantitative nature of the end-point PCR analysis.  PCR products from the input 

samples of the third exon region of STAT1 were very weak, although anti-REST 

antibody did not precipitate any detectable chromatin representing this region.  This 

indicates that the RE-1 binding to the STAT1 RE-1 binding site was specific to this 

region.  Similarly, the ChIP assay results from MM96 cells showed REST binding only 

to the STAT1 RE-1 element and not to the STAT1 third exon (Fig. 5.4(k), bottom panel).  

SCG10 control results for RE-1 binding confirmed the specificity of the ChIP assay for 

REST protein. 
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Figure 5.4(k) The REST protein binds to the RE-1 element of the STAT1 gene.  
SK-Mel-28 (Upper panel) and MM96 (Bottom panel) cells were primed with IFN-γ 
(1000IU/ml, 24 h) prior to treatment with IFN-α2b (1000IU/ml, 30 min).  ChIP 
chromatin extracts were immunoprecipitated with anti-REST antibody (Upstate 
Biotechnology Inc.) or purified mouse whole IgG.  Input DNA or immunoprecipitated 
DNA was amplified as described in section 2.9.2 for ChIP assay. 
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Next, mutations to the RE-1 element (see Table 5.1) were introduced by site-directed 

mutagenesis into the SC1-OC3 luciferase construct.  Mutations were chosen based on 

the critically defining bases in the consensus RE-1 sequence (Schoenherr et al., 1996; 

Bruce et al., 2004) and mutations previously shown to disrupt REST binding (Lemonde 

et al., 2004).  SK-Mel-28 cells were transfected with either the mutant RE-1 construct, 

pGL3-Basic:STAT1promoter/enhancer or SC1-OC3, the latter two as controls, and a 

dual-luciferase assay was carried out.  Surprisingly, the results showed no difference in 

luciferase expression between the SC1-OC3 and the mutant RE-1 constructs (Fig. 5.4(l), 

both panels).  These results indicated that the repressor region was still repressing, even 

though several base changes had been made to the RE-1 element. 

 

CT/GT-box elements 

 

A putative CT-box overlaps with a near-consensus GT-box in the STAT1 gene OC3 

region, 33 bp downstream of the RE-1 element.  Both the CT-box and the GT-box share 

considerable homology to the consensus GC-box to which the factor Sp1 binds.  Since 

Sp1/Sp3-binding elements are found in most REST target genes (Plaisance et al., 2005; 

Kim et al., 2006), the combined putative CT-box/GT-box was mutated both on its own 

and in combination with the RE-1 mutations.  The putative CT-box was mutated in the 

SC1-OC3 construct by site directed mutagenesis, which also resulted in the putative 

GT-box being mutated as shown (see Table 5.1 and Fig. 5.4(l), upper panel).  A 

second round of mutagenesis was performed in order to generate a double-mutant 

construct in which the RE-1 element and the putative CT-box/GT-box were both 

mutated.  Like the mutant RE-1 construct, the mutant CT-box and double mutant 

constructs were similarly still repressed, producing low levels of luciferase comparable 

to the level of the SC1-OC3 repressor control (Fig. 5.4(l), bottom panels). 
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consensus RE-1: 5’ TTT
CAGA

C
A
GCCNNA

GGA
C

C
GAGNNNC 3’

STAT1 RE-1: 5’ TTATGGACCTTGGACAGTGCC 3’

mutated RE-1: 5’ TTATGGAAATTGGACCTTGCC 3’
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Figure 5.4(l) Mutation of the STAT1 RE-1 element and putative CT-box shows no 
reduction in the repression mediated by the OC1-OC3 repressor region.  Upper 
panel. Alignment of putative elements in the STAT1 gene with consensus RE-1 and  
CT-boxes.  The RE-1 element and putative CT-box were mutated in the 
pGL3-Basic:STAT1-SC1-OC3 construct, as shown.  Both putative elements are shown 
as they occur in the non-coding strand of STAT1.  Middle panel, left.  Luciferase 
reporter vector DNA was transfected into SK-Mel-28 cells using FuGENE® HD 
transfection reagent and cultured in the presence of 10% foetal calf serum (v/v).  
Dual-luciferase assays were performed after 48 h.  Middle panel, right. The same 
results presented on a different scale for purposes of comparison.  Bottom panel. Map 
of part of the STAT1 gene showing the locations of STAT1promoter/enhancer, 
SC1-OC3, and mutations within SC1-OC3. 
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A preliminary experiment was carried out in SK-Mel-28 cells in which various STAT1 

repressor constructs were cotransfected with an expression vector encoding a 

recombinant variant of REST called REST-VP16.  In REST-VP16, the repressor 

domains of REST were replaced with the herpes simplex virus transactivator VP16, 

while retaining the REST DNA-binding domain (a kind gift from Professor Sadhan 

Majumder, MD Anderson Cancer Centre, Houston, TX) (Immaneni et al., 2000).  When 

cotransfected with REST-VP16, repression from the SC1-OC3 construct (relative to the 

STAT1promoter/enhancer construct) was slightly reduced, although not to a statistically 

significant degree (Fig. 5.4(m), right panel).  When compared to the 

STAT1promoter/enhancer construct, it is clear that the difference in repression was very 

small (Fig. 5.4(m), left panel).  A similar reduction of repression by REST-VP16 was 

observed in the STAT1promoter/enhancer construct containing the RE-1 element from 

SCG10 cloned at the 3’ end.  In contrast, when the RE-1 element was mutated in 

SC1-OC3, as in (Fig. 5.4(l)), the repression was not affected by cotransfection with 

REST-VP16, demonstrating that REST-VP16 is only targeted to intact RE-1 elements 

where it functions as a transactivator. 

 

 

 
Figure 5.4(m) Cotransfection of SC1-OC3 with REST-VP16 slightly reduced the 
repressive activity in this region.  Left panel. pGL3-Basic:STAT1promoter/enhancer 
(no repression control) and luciferase constructs containing the STAT1 repressor were 
cotransfected with pcDNA3.1:REST-VP16 into SK-Mel-28 cells using GenJet 
transfection reagent and cultured in the presence of 10% foetal calf serum (v/v).  
Dual-luciferase assays were performed after 48 h.  Right panel. The same results 
presented on a different scale for purposes of comparison (* p<0.05 by two-tailed 
T-test, with respect to control). 
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To determine whether a potential biological link existed between REST and STAT1 

protein expression in melanomas, western blotting was carried out on a range of 

melanoma cell lines.  In the first two experiments, protein extracts were prepared from 

two well-characterised cell lines: the type I IFN-sensitive cell line SK-Mel-28 and 

the IFN-non-responsive cell line MM96.  Protein extracts were also prepared from a 

mixed culture of melanocytes from four human foreskins (a kind gift from Dr. Glen 

Boyle, QIMR, Brisbane, Australia).  The extracts were separated by SDS-PAGE and 

probed with antibodies against STAT1 and REST, in addition to α-tubulin as a loading 

control.  Consistent with previous studies (Wong et al., 1997), the relative protein levels 

of STAT1 correlated with the sensitivity of the cell lines to type I IFN.  Conversely, the 

relative protein levels of REST correlated inversely with sensitivity to IFN.  In the 

primary human melanocyte extracts, STAT1 protein levels were low while REST was 

undetectable (Fig. 5.4(n)). 

 

 

 

 
 

 

Figure 5.4(n) Western blot analysis of REST, STAT1 and α-tubulin protein levels 
in cultured melanocytes and melanoma cell lines.  Cell lysates were separated on a 
10% SDS-PAGE gel and transferred to 0.45μm PVDF membranes.  Membranes were 
probed with antibodies against REST (Upstate), STAT1 (Cell Signaling Technology) or 
α-tubulin (Sigma). 
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On a separate membrane, protein extracts were compared from seven low passage 

melanoma cell lines established using biopsies from metastases removed from regional 

lymph nodes.  The western blot membrane was probed concurrently with the 

membranes from (Fig. 5.4(n)) using antibodies against STAT1, REST and α-tubulin 

(Fig. 5.4(o)).  Although there was no apparent correlation between REST and STAT1 

protein expression among the melanoma metastases, they all expressed detectable levels 

of REST and observably lower levels of STAT1 relative to SK-Mel-28 cells. 

 

 

 

 

 
 
Figure 5.4(o) Western blot analysis of REST, STAT1 and α-tubulin protein levels 
in cell lines established from patient melanoma metastases.  Cell lysates were 
separated on a 10% SDS-PAGE gel and transferred to a 0.45μm PVDF membrane.  The 
membrane was probed with antibodies against REST (Upstate), STAT1 (Cell Signaling 
Technology) or α-tubulin (Sigma).  The α-tubulin-normalised densitometric values for 
STAT1 and REST are presented relative to SK-Mel-28 levels from (Fig. 5.4(n)). 
ND: not detectable. 
 

 

5.3 DISCUSSION 

 

A short DNA motif with the canonical ISRE sequence 5’-GAAAGCGAAACT-3’ is 

located in the non-coding strand of the STAT1 promoter, immediately upstream of the 

first exon.  This ISRE has previously been identified (Jia and Zhou, 2010), but not 

characterised.  Three different complexes were found to bind, under varying 
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circumstances, to this ISRE.  The fastest migrating complex, most likely the Ku antigen, 

bound to both shorter and longer forms of the ISRE probe, which contained four and ten 

nucleotide pairs flanking the core GAAANN repeats, respectively.  A larger complex, 

present only in extracts from IFN-γ-primed and IFN-β-treated cells, bound only to the 

longer probe (Fig. 5.1(a)).  This complex was particularly noticeable in the preparations 

most likely containing degraded poly(dI:dC), and was supershifted by an antibody to 

STAT1, but not STAT2 or IRF-9 (Fig. 5.1(b)).  The complex migrated with the same 

mobility as STAT1 homodimers bound to the sis-inducible element from the c-Fos gene 

(Fig. 5.1(c)) and most likely consists of STAT1 homodimers.  Indeed, STAT1 

homodimers, as well as STAT1/STAT2 heterodimers have been described to form in 

response to type I IFNs independently of IRF-9 (Stark et al., 1998).  Binding of the 

IFN-activated STAT1 homodimer complex to the longer ISRE probe, but not the shorter 

probe, resembles the binding properties of ISGF3, which also requires sequences 

flanking the GAAA repeats in order to bind to ISREs (Kessler et al., 1988). 

 

In addition to the STAT1 homodimer band, a complex that migrated more slowly than 

this complex was also shown to bind to the longer ISRE probe when incubated with 

extracts from IFN-γ-primed/IFN-β-treated cells, but only when 1μg of freshly prepared 

poly(dI:dC) was present in the binding reaction (Fig. 5.1(d)).  This complex was 

blocked by the addition of STAT2 and IRF-9 antibodies (Fig. 5.1(e)), confirming the 

identity of the complex to be ISGF3.  Together with luciferase reporter data showing 

inducibility by IFN-β and IFN-α2b (Ghazawi, 2003), the element in the STAT1 

promoter can be confirmed as a fully functioning ISRE. 

 

The novel findings of the binding of IFN-activated STAT1 dimers, but not ISGF3, to 

the ISRE in the absence of poly(dI:dC) is intriguing.  It is possible that IFN-activated 

STAT1 homodimers favour binding to the STAT1 and ISG15 ISREs in the absence of 

competing poly(dI:dC), and this STAT1 binding could thereby prevent ISGF3 from 

binding.  While the STAT1 component of the ISGF3 complex makes the most 

significant contact with the DNA double helix, IRF-9 also plays a minor role in binding 

the ISGF3 complex to ISREs (Stark et al., 1998).  The predominant binding of STAT1 

homodimers under conditions of lower stringency (ie. the absence of competing 

poly(dI:dC)) may be due to an oversupply of STAT1 homodimers, which itself may be 

due to IFN-γ-priming of the cells prior to treatment with IFN-β.  IRF-1 has also been 

shown to bind to ISRE sequences, but only after a significant delay from the time of 
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IFN treatment, due to the requirement for de novo protein synthesis (Kessler et al., 

1988; Pine et al., 1990).  Given the short time interval (15 min) between the addition of 

IFN-β and cell lysis, IRF-1 would be unlikely to be binding the STAT1 ISRE in the gel 

shift experiments described herein.  However, it is also possible that IRF-8 may bind to 

the STAT1 ISRE.  IRF-8 binds to composite IRF/Ets-binding elements through its 

interaction with Ets-family transcription faction PU.1 (Kanno et al., 2005).  Composite 

IRF/Ets-binding elements comprise the IRF-binding element (5’-GAAA-3’) adjacent to 

an Ets-binding element (5’-GGAA-3’) and can constitute the two half-sites of either 

GAS or ISRE elements.  Intriguingly, the ISRE in the STAT1 promoter contains both 

sequences of the IRF- and Ets-binding elements, although the IGI intronic enhancer 

element does not. 

 

In the full context of the STAT1 promoter/enhancer region, the ISRE is likely to 

collaborate with the IGI element to facilitate transcription induced by type I IFNs in the 

SK-Mel-28 melanoma cell line (Fig. 5.2(c)).  In support of this proposal, mutating the 

IGI element reduced by about 50%, but did not abolish the constitutive or 

IFN-β-induced luciferase expression.  IFN-γ slightly inhibited expression compared to 

the levels in control cells.  The promoter/enhancer construct was significantly more 

strongly induced by either type I or II IFN in the HepG2 liver cancer cell line 

(Fig. 5.2(d)).  The stronger effects of the IFNs on HepG2 cells are consistent with the 

greater abundance of STAT-containing complexes observed in this cell line following 

IFN or IL-6 treatment (Horvath et al., 1995). 

 

Lowering the serum concentration from 10% to 1% significantly reduced the relative 

magnitude of luciferase induction by IFN-β compared to the levels in non-treated 

control cells from the STAT1promoter/enhancer construct (compare Figs. 5.2(c) and 

(e)).  This result would suggest a role for serum factors in helping to promote the 

IFN-β-induced STAT1 expression.  However, the serum-mediated difference with the 

IGI mutated construct the serum-mediated difference was not as marked (Fig. 5.2(e)).  

This implies that IFN-β-induced transcription from the IGI element directly depends on 

one or more serum factors, whereas IFN-β-induced transcription from the remainder of 

the promoter/enhancer region including the ISRE is not.  Additionally, the observed 

reduction in constitutive luciferase expression upon mutating the IGI element was more 

dramatic (53% reduced) under conditions of low serum (Fig. 5.2(e)) compared to high 

serum (37% reduced) (Fig. 5.2(c)), suggesting that constitutive transcription mediated 
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by the promoter/enhancer region containing the ISRE may also be affected by one or 

more serum factors. 

 

The presence of an ISRE in the promoter of the STAT1 gene suggests that the encoded 

product, STAT1 protein, functions as part of a positive feedback loop whereby activated 

STAT1 protein comprises a vital component of complexes that can activate further 

transcription to enhance expression from the STAT1 gene (see Fig. 7.1).  An additional 

positive feedback loop, discussed briefly in chapters 1 and 3, appears to exist in which 

STAT1 and IRF-1, when activated by IFN, can bind to regulatory elements in each 

other’s gene (Fulda and Debatin, 2002; Wong et al., 2002).  A third positive feedback 

loop involves IRF-8 as well as STAT1 through its role in the IFN signaling pathways.  

While IRF-8 expression is induced in immune cells by type I and type II IFNs, IRF-8 

also appears to play a role in amplifying the expression of IFN-inducible genes by two 

separate mechanisms.  Firstly, in macrophages, IRF-8 generates a second wave of ISG 

transcription by binding to composite IRF/Ets-binding elements (Kanno et al., 2005).  

Secondly, in dendritic cells, IRF-8 binds to the IRF-E sites in the type I IFN gene 

promoters in response to TLR signaling, generating a second wave of IFN gene 

transcription following the first wave initiated by IRF-3 and IRF-7 (Tailor et al., 2007).  

Such positive feedback loops, or amplifier circuits, have the potential to do great 

damage to cells if they are activated in the wrong circumstances. 

 

A region of the STAT1 gene further downstream of the promoter and enhancer regions 

was shown to mediate robust transcriptional repression activity.  All levels of luciferase 

expression (constitutive and IFN-induced) were severely reduced by the inclusion of the 

downstream intronic repressor (which is present in the STAT1900prom and STAT1CpG 

constructs, but not in the STAT1promoter/enhancer construct) in a manner that 

overrides the effects of the ISRE and IGI elements (Figs. 5.2(c), 5.4(c)).  This 

repression was shown to be independent of serum factors. 

 

The effects of the STAT1 gene intronic repressor were particularly evident in the 

STAT1900prom# construct, which could not be induced by any of the IFNs (Fig. 5.2(c), 

left panel).  Rather, firefly luciferase expression was reduced significantly by IFN-γ 

treatment, a finding which contrasted with the results of similar experiments in U293T 

cells (Wong et al., 2002) and SK-Mel-28 cells (Ghazawi, 2003).  In relation to these 

other studies, it was subsequently shown that IFN-γ activated luciferase expression, but 
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only when the STAT1900prom fragment had been cloned into pGL3-Basic in the reverse 

orientation with respect to transcription of the gene, thereby markedly increasing the 

distance separating the intronic repressor from the start site of transcription for the 

luciferase gene. When cloned in the opposite orientation, and therefore located some 

distance from the luciferase gene (as in Wong et al. (2002), full length), the repressor 

element did not repress constitutive and IFN-induced luciferase expression.  Although 

traditionally repressor (and enhancer) elements are considered to be orientation and 

distance-independent, some orientation and distance-dependent enhancer and repressor 

elements have been described (Krauskopf and Aloni, 1994; Wei and Brennan, 2000; 

Cheng et al., 2002).  It is important to consider, however, that the orientation and 

spacing of the repressor element and the STAT1 promoter in pGL3-

Basic:STAT1900prom and pGL3-Basic:STAT1900prom# are the same with respect to 

each other but different with respect to the pGL3-Basic sequence.  Additionally, it was 

unusual that pGL3-Basic:STAT1900prom and pGL3-Basic:STAT1promoter/enhancer 

were both transcriptionally active given that the STAT1 promoter sequence was in the 

reverse orientation in the former construct and substantially separated from the 

luciferase gene in the latter.  A possible explanation is the involvement of a repressor 

protein whose activity may depend on the proximity of the repressor element to 

elements in the pGL3-Basic vector, or factors that bind to pGL3-Basic.  Clearly, further 

studies are required to fully explain the orientation-dependent effects on transcription 

from the STAT1 promoter and how transcription of this gene is regulated in its 

chromosomal context. 

 

By a series of sequential refinements in mapping constructs, the STAT1 repressor region 

was localised to within a 133 bp sequence in the second intron of the STAT1 gene, 

spanning three “oligo-clone” fragments denoted OC1, OC2 and OC3 (Figs. 5.3(a-g)).  

Within this region, a 38 bp sequence, denoted OC2.1, was shown to possess a large 

proportion of the repressor activity (Fig. 5.3(d)).  Several potential transcriptional 

repressor binding sites were identified in the OC2.1 region.  Among these were two 

potential binding sites for retinoic acid/retinoid X receptor, as well as potential binding 

sites for GATA-3, CREB/CREM, upstream stimulatory factor, REST, Sp1 and Sp3. 

 

The putative retinoic acid binding sites were initially of interest due to the growth 

inhibitory effects of all-trans retinoic acid when used in combination with IFN-β on 

IFN-resistant breast cancer cell lines and in vivo growth inhibition of an IFN-resistant 
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melanoma cell line (Lindner et al., 1997).  Pre-treatment of the breast cancer cell line, 

MCF-7, with all-trans retinoic acid has previously been shown to increase cellular 

levels of STAT1, thereby restoring IFN-responsiveness through the JAK-STAT 

pathway (Kolla et al., 1996).  However, by mutating the putative DR-1 sites within the 

STAT1 repressor region and treating luciferase-transfected cells with either 9-cis retinoic 

acid or all-trans retinoic acid, the repression observed in the SK-Mel-28 cell line was 

shown not to be mediated by RAR/RXR (Fig. 5.4(b)).  The same mutations also 

resulted in the modification of the putative E-box element, excluding possible roles for 

USF or c-Myc as repressors operating via this site.  Similarly, mutating the CRE site 

increased luciferase expression from the OC2.1 construct only minimally (Fig. 5.4(f)), 

excluding a major regulatory role for CREB/CREM in the repressor region of STAT1. 

 

The effects of mutating the OC2.1 GATA-like site in either the context of the repressed 

OC2.1 luciferase construct or in the full-length STAT1CpG construct, were either small, 

inconsistently observed, or statistically insignificant (Figs. 5.4(b-d)).  In addition, 

GATA-3, which is known to both activate and repress transcription, was not observed to 

bind this element by EMSA (Fig. 5.4(e)).  This is despite the use of extracts from the 

acute T cell leukaemia line, Jurkat, which was chosen due to its high expression of 

GATA-3 protein (Gregoire and Romeo, 1999).  Accordingly, the role of GATA-3 in 

mediating repression through the STAT1 repressor region is small, if any at all. 

 

Notwithstanding these results, there also exists a site in the SC3 (enhancer) region of the 

STAT1 gene with the consensus GATA-binding sequence 5’-AGATAA-3’, as well as 

several other non-consensus GATA-like elements.  The combination of the consensus 

and non-consensus GATA sequences is similar to that seen in the promoters of the 

IL-13 and IL-5 genes (Lavenu-Bombled et al., 2002).  In the IL-13 promoter, for which 

GATA-3 functions as an activator of transcription, two GATA motifs that are identical 

in sequence to those present in the STAT1 gene (5’-AGATGT-3’ and 5’-AGATAA-3’), 

are accompanied by an additional non-canonical GATA sequence, 5’-AGATGA-3’.  

Unlike the IL-13 promoter, in which the three GATA sites are more or less contiguous, 

210 bases separate the consensus GATA site and the repressor region GATA-like 

element in the STAT1 gene.  The three GATA motifs in the IL-13 gene each individually 

bind both GATA-3 and a recombinant GATA-2 peptide with low affinity, and function 

cooperatively to generate a motif with much higher affinity. 
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In the IL-5 promoter, two canonical GATA-binding elements, separated by 71 bases, 

function as transcriptional activators while an additional non-canonical GATA-binding 

element functions as a repressor (Schwenger et al., 2001).  The repressor element in the 

IL-5 gene is located 245 bases upstream of the other GATA-binding elements, a spacing 

comparable to the GATA-like elements in the STAT1 gene.  Thus, although the 

non-consensus GATA-like site in the STAT1 repressor region did not by itself bind 

GATA-3, and although the consensus GATA element is located outside of the STAT1 

repressor region, these two sites may cooperate to regulate the expression of STAT1 in 

a more complex manner.  The possible regulation of STAT1 expression by GATA-3 

could serve to reinforce the function of GATA-3 as a regulator of IFN-γ and IL-12Rβ2 

functions (Ferber et al., 1999; Zhou and Ouyang, 2003).  Furthermore, GATA-3 serves 

as both a structural and functional antagonist of T-bet (Hwang et al., 2005), a molecule 

that induces the expression of IFN-γ and STAT1 in Th1 cells as part of an apparent 

positive feedback mechanism (Lovett-Racke et al., 2004).  Further studies will be 

required to address the possible roles of GATA factors and T-bet in STAT1 gene 

regulation. 

 

Ligation of a 21bp putative RE-1 sequence from the STAT1 repressor region onto the 3’ 

end of the pGL3-Basic:STAT1promoter/enhancer construct resulted in a highly 

significant 67% reduction of constitutive luciferase expression from this construct 

(Fig. 5.4(h)).  Ligation of multiple copies of the putative RE-1 sequence in tandem 

resulted in further reduction of constitutive luciferase expression levels (Fig. 5.4(j)).  

REST was shown to bind this sequence in both IFN-sensitive (SK-Mel-28) and  

IFN-resistant (MM96) melanoma cell lines by ChIP assays (Figs. 5.4(k)).  Thus, it 

appears highly likely that the putative RE-1 site functions as an RE-1 element that binds 

the REST protein as a repressor. 

 

Cotransfection of the strongly repressed SC1-OC3 luciferase construct with the 

expression vector encoding REST-VP16, resulted in a slight reduction of the repression 

(Fig. 5.4(m)), further confirming the functionality of the STAT1 RE-1 element.  Though 

the observed reduction in repression of the SC1-OC3 construct by REST-VP16 was not 

statistically significant and was minimal when compared to the constitutively active 

STAT1promoter/enhancer luciferase construct (left panel), the observation was 

supported by the absence of an effect by REST-VP16 when the STAT1 RE-1 element 

was mutated (right panel).  Unfortunately, the levels of expressed REST-VP16 protein 
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in these transfection studies was not determined, and may have been very low.  

Overcoming this STAT1 gene repression by cotransfection with REST-VP16 may prove 

to be more effective with further optimisation of these experiments.  A greater effect by 

REST-VP16 may also be observed in a cell line that also expresses a lower amount of 

wild type REST, increasing the ratio of REST-VP16 : REST.  Even stronger effects of 

REST-VP16 may result by stably transfecting the REST-VP16 expression vector for 

high level expression and maximising the proportion of REST-VP16-expressing cells 

by selecting a high expressing stable clonal line. 

 

Mutating up to four bases of the RE-1 element in the SC1-OC3 luciferase construct did 

not abolish the repression that was observed from this construct (Fig. 5.4(l)), suggesting 

that either REST protein can still recognise and bind to highly mutated RE-1 sequences, 

or the presence of additional repressor elements in the OC1-OC3 region.  Further 

analysis of the repressor region identified three GC-rich elements: a CT-box, which 

overlaps with a GT-box, and a GC-box.  All three boxes lie within 60 bases of the RE-1 

element.  Since such Sp1/Sp3-binding elements are found in most REST target genes 

(Plaisance et al., 2005; Kim et al., 2006), the combined CT-box/GT-box, which 

possesses strong homology to the consensus CT-box/GT-box sequences (see Table 5.1), 

was mutated both on its own and in combination with the RE-1 mutations.  Neither 

mutating the CT-box/GT-box alone, nor mutating both the CT-box/GT-box and the  

RE-1 element abolished the repression observed in the SC1-OC3 luciferase construct 

(Fig. 5.4(l)).  These results do not exclude the possible involvement of still further 

repressor elements, including the GC-box, a putative NF-κB-binding element, or 

unconventional repression activity of REST and other histone-modifying factors due to 

structural features that might be absent in plasmid DNA but present in the chromatin 

context of the STAT1 gene. 

 

The existence of multiple GC-rich Sp1-binding elements is a common feature in many 

housekeeping genes, where they can function as both activators or repressors, and may 

exhibit additive, synergistic, or redundant effects (Anderson and Freytag, 1991; Toyoda 

et al., 1995; Song et al., 2001).  Multiple Sp1/Sp3-binding elements are also found in 

some non-housekeeping genes that contain RE-1 elements such as p21 and SCG10 

(Kivinen et al., 1999; Plaisance et al., 2005).  Indeed, two additional GT-boxes are 

present in the STAT1 promoter/enhancer region (Bai and Merchant, 2003).  However, 

these elements are located considerably upstream of the repressor region and showed no 
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repression activity by their presence in the STAT1promoter/enhancer luciferase 

construct.  It remains possible that the combined downstream CT-, GT- and GC-boxes 

function redundantly as binding sites for repressors, in cooperation with the RE-1 

element, to regulate expression of the STAT1 gene. 

 

Further visual inspection since the completion of these studies has revealed a putative 

NF-κB-binding site overlapping almost entirely with the RE-1 element.  This 

arrangement closely resembles that of TAC1, a neurotransmitter gene that is 

synergistically repressed by both REST and NF-κB as a complex (Greco et al., 2007).  

The putative NF-κB site in the STAT1 repressor region contains eight out of the ten 

bases that comprise the consensus NF-κB-binding site (Zabel et al., 1991), with a single 

extra base inserted.  Upon mutating the DR-1 (1) site, the putative NF-κB-binding site 

was also mutated, with only a minor alteration to the RE-1 site.  As shown in  

Fig. 5.4(b), mutating the putative DR-1 (1) site did not abolish repression in the OC2.1 

construct.  The STAT1 repressor region therefore functions differently from the 

repressor region in TAC1, in which mutations to either the RE-1 or NF-κB-binding sites 

resulted in increased luciferase activities from gene reporter vectors.  Further studies are 

required to determine whether REST and NF-κB carry out redundant repressor 

functions in the STAT1 gene.  Mutating both sites, with the possible additional 

requirement of mutating one or more GC-rich elements, may be required for increased 

luciferase expression from luciferase reporter constructs containing the repressor region 

(either the STAT1CpG, SC1-OC3, or OC2.1 inserts). 

 

The constitutive protein levels of REST and STAT1 in the melanoma cell lines 

SK-Mel-28 and MM96 showed an inverse relationship (Fig. 5.4(n)), further supporting 

the notion that REST regulates the expression of STAT1.  Furthermore, the IFN 

responsiveness of these cell lines inversely correlated with the relative expression of 

REST.  The cell lines derived from melanoma metastases all expressed mid-to-high 

levels of REST (Fig. 5.4(o)).  While the protein expression levels of STAT1 and REST 

did not strictly show an inverse correlation among these samples, the levels of STAT1 

expression across all of these cell lines was low relative to IFN-sensitive melanoma cell 

lines and cultured melanocytes, confirming previous findings (Wong et al., 1997).  The 

level of STAT1 protein in the mixed culture of primary melanocytes appeared lower 

than that of a previously analysed melanocyte culture (Wong et al., 1997).  It is not 

known whether the low level in the melanocytes studied here is a product of sampling 
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variation or whether indeed protein levels of STAT1 tend to increase early in the 

progression of melanocytes to melanoma as a result of IFN-mediated evasion of tumour 

immunosurveillance mechanisms.  This topic is discussed in more detail in section 7.4. 

 

In accordance with its function as a repressor of neuronal differentiation, REST is 

expressed in embryonic stem cells, neural stem cells and non-neural cells, but is rarely 

expressed in terminally differentiated neurons (Gopalakrishnan, 2009).  In this study, 

REST protein was undetectable in primary melanocytes (Fig. 5.4(n)), in agreement with 

a possible neuronal derivation.  Originally, melanocytes were thought to be derived 

from neural crest cells that migrated dorsolaterally from the neural tube to the basal 

layer of the epidermis and hair follicles (Erickson, 1993).  Recently, a second source of 

skin melanocytes was identified as Schwann cell precursors from nerves innervating the 

skin (Adameyko et al., 2009).  Based on the present study, the western blot analyses, 

together with the observation of reduced REST binding to the STAT1 gene following 

IFN-treatment of SK-Mel-28 cells but not in IFN-resistant MM96 cells (Fig. 5.4(k)) 

provide justification for a larger scale investigation of a possible oncogenic role for 

REST in melanoma, similar to its oncogenic role observed in medulloblastoma (Fuller 

et al., 2005). 

 

A further level of complexity is introduced when considering the role of splice variants 

of REST in mediating transcriptional repression of the STAT1 gene.  The predominant 

REST splice variant, REST4, functions as a dominant-negative regulator of REST 

(Shimojo et al., 1999).  REST4 is a C-terminal truncation variant that lacks four of the 

nine zinc finger domains.  Crucially, REST4 contains the fifth zinc finger, enabling it to 

localise to the cell nucleus where it competes with full-length REST for binding to the 

LIM-domain protein and nuclear transporter RILP (Shimojo and Hersh, 2003; Shimojo, 

2006).  REST4 also lacks the DNA binding domain and the C-terminal repressor 

domain of REST, although it does bind weakly to some RE-1 elements without the 

ability to regulate gene expression (Lee et al., 2000; Shimojo and Hersh, 2004).  Thus, 

the transcription regulatory effect of REST on the STAT1 gene may also be dependent 

on the presence of low levels of REST4 and other splice variants in the cell nucleus. 

 

In this study, REST bound to the STAT1 RE-1 element in both SK-Mel-28 cells and 

MM96 cells, both prior to and following gamma-priming and IFN-treating cells 

(Figs. 5.4(k)).  In addition, the constitutive and IFN-induced STAT1 protein levels 
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varied substantially between these cell lines, consistent with their previously described 

responsiveness to the IFNs (Wong et al., 1997).  It is therefore apparent that inhibition 

of STAT1 expression involves more than just the binding of REST to the RE-1 element 

in the STAT1 gene.  It is also apparent that REST4 was not acting to prevent DNA-

binding of REST in these cell lines, under the described conditions, given the readily 

detected REST protein bound in ChIP assays.  Furthermore, the antibody used in the 

ChIP assays recognised a C-terminal epitope of REST, thereby distinguishing REST4 

from the full length REST.  Clearly another factor must be operating in conjunction 

with REST to regulate the expression of STAT1.  As previously discussed, candidates 

for this factor include Sp1, Sp3 and NF-κB.  Other possible candidates include c-Myc 

and the zinc finger protein and transcription regulator ZBP-89.  ZBP-89 binds the same 

GT-box in the STAT1 promoter/enhancer region to which Sp1 and Sp3 were proposed to 

bind and has been previously shown to be required for constitutive STAT1 expression 

(Bai and Merchant, 2003). 

 

REST and c-Myc have been shown to be co-expressed in human cerebellar tumours 

(Su et al., 2006).  Furthermore, mouse cerebellum-derived neural progenitor cells 

(NSCs) transfected to stably express v-Myc, the activated form of c-Myc, were only 

able to produce tumours upon intracerebellar-injection when co-transfected to express 

human REST.  In this animal model, overexpression of activated Myc is proposed to 

increase overall proliferation, whereas REST expression prevents neural differentiation 

of the NSCs.  The recently reported finding by several groups that both c-Myc and 

REST regulate distinct subsets of microRNAs (O'Donnell et al., 2005; Conaco et al., 

2006; Wu and Xie, 2006; Visvanathan et al., 2007; Chang et al., 2008; Johnson et al., 

2008) further suggests complementary roles for c-Myc and REST in tumourigenesis. 

 

In conclusion, while the positive regulatory function of the ISRE in the STAT1 promoter 

is clearly apparent, the underlying functions of the intronic transcription repressor 

elements are unclear at this stage, but may be involved in maintaining tight regulation of 

the STAT1/IRF-1 and STAT1/ISGF3 positive feedback circuits.  It is hypothesised that 

increased repressor activity may be the cause of the loss of STAT1 expression 

frequently observed in advanced stage melanomas.  In this study, REST was shown to 

bind the STAT1 repressor region.  REST typically functions by recruiting co-repressor 

molecules.  However, mutation of the RE-1 binding site suggested a role for additional 

repressor molecules, likely candidates being NF-κB or Sp/KLF factors binding in the 
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local vicinity of REST, and the possibility of c-Myc or USF binding to more distant 

E-boxes in the STAT1 promoter. 
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CHAPTER 6 

CONSTITUTIVE AND INTERLEUKIN-6/PMA-INDUCIBLE 

EXPRESSION OF MMP-1 AND MMP-3 IS REGULATED BY STAT1 

BINDING TO THE PROXIMAL PROMOTER, AND NOT STAT3 

 

6.1 INTRODUCTION 

 

Historically, the understanding of colorectal carcinogenesis focused on defining the 

roles of DNA instability (reviewed in Pino and Chung, 2010), cell cycle regulators 

(reviewed in de la Chapelle, 2004), oncogenes such as ras, raf and src (Zhang et al., 

1998; Irby et al., 1999; Rajagopalan et al., 2002), and tumour suppressors such as APC 

and TP53 (Powell et al., 1992; Kressner et al., 1999).  More recently, it has been 

established that tumours have a stromal component contributing to their growth.  

Stromal fibroblasts and tumour-associated macrophages are implicated in 

carcinogenesis by alterations in their expression of growth factors, angiogenesis-

promoting factors, cell adhesion molecules and inflammatory cytokines, including IL-6 

(Matsuo et al., 2003; Nakagawa et al., 2004; Bailey et al., 2007).  While an increasing 

number of studies have investigated the role of the inflammatory cytokines in cancer 

(Shao et al., 1999; Sheng et al., 2001; Kwon et al., 2010), the molecular links between 

inflammation and colorectal malignancies remain unclear.  Several studies have shown 

that high serum levels of IL-6 correlate with poor prognosis of colorectal cancer patients 

(reviewed in Knüpfer and Preiss, 2010).  It is likely that through mechanisms involving 

the stroma, a favourable microenvironment is created, generating optimal conditions for 

the development, growth and progression of tumour cells. 

 

Members of the matrix metalloproteinase (MMP) family are among the matrix-

associated factors whose changes in expression levels have been used as early 

diagnostic markers of colorectal tumour progression and metastatic potential (Mook et 

al., 2004; Zucker and Vacirca, 2004; Kurokawa et al., 2005).  MMPs have roles in 

tumour cell invasion and migration by degrading components of the extracellular 

matrix, as well as roles in neovascularisation by increasing the bioavailability of

pro-angiogenic growth factors such as VEGF (Itoh and Nagase, 2002).  Among the 

substrates of MMP-1 (also called interstitial collagenase), are the collagens as well as 

adhesion proteins gelatin, fibronectin, vitronectin, and others.  MMP-1 can also cleave 
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pro-TNF-α into the proinflammatory cytokine TNF-α (Gearing et al., 1995).  MMP-3 

(alternatively referred to as stromelysin-1), is a key tumour initiating factor and 

degrades the major components of extracellular matrix including type IV collagen and 

laminin-5, both of which are present in basement membranes (Pirila et al., 2003).  

MMP-3 also plays a role in the activation of MMP-1 and the pro-angiogenic factor, 

MMP-9 (Itoh and Nagase, 2002). 

 

Promoter polymorphisms known to modulate transcriptional activity have been 

identified in both the MMP-1 and MMP-3 genes (Ye et al., 1995; Rutter et al., 1998) 

and were analysed in numerous studies for their association with an increased risk of 

colorectal cancer (see Table 6.1).  While the frequencies of these variants were high in 

most of the populations analysed, including healthy control populations, the evidence 

for associations with the risk of colorectal cancer differed between studies.  Ghilardi et 

al. (2001) observed a higher proportion of colorectal cancer patients (from a total of 60 

patients) homozygous for a single guanosine insertion at position –1607 of MMP-1

(-1607insG, or 2G) compared with 164 age- and sex-matched healthy control patients 

(odds ratio, 2.21) as well as an overrepresentation of patients with metastases among the 

MMP-1 2G homozygotes compared to those without metastases (odds ratio, 4.73).  A 

similar association between the MMP-1 2G allele and colorectal cancer risk was 

observed in a separate study of 127 colorectal cancer patients and 208 control patients 

(Elander et al., 2006).  No associations between colorectal cancer and the adenosine 

insertion at position –1612 of MMP-3 (-1612ins/delA, or 6A) were observed in either of 

these two studies.  In contrast, in a large Australian study of 503 colorectal cancer 

patients and 471 healthy control patients, no associations were observed between the 

MMP-1 and MMP-3 polymorphisms and colorectal cancer risk (Hettiaratchi et al., 

2007).  Furthermore, colorectal cancer patients homozygous for the 2G allele showed a 

higher five-year survival rate than those with the 1G allele.  In a large study of patients 

with colorectal adenomas (302 small adenoma, 295 large adenoma and 568 polyp-free 

control patients), no associations were observed between the MMP-1 2G polymorphism 

and risk of adenomas (Lievre et al., 2006).  However, individuals homozygous for the 

MMP-3 6A allele showed an increased risk for small adenomas and an even greater risk 

in individuals homozygous for both MMP-3 6A and MMP-1 2G.  Similar conflicting 

results have been obtained from investigations of promoter polymorphisms in other 

MMP genes and their respective associations with increased risk for colorectal cancer,
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Reference Polymorphisms Sample size Outcome 

Ghilardi et al., 
2001. 

MMP-1 -1607 insG (2G); 
MMP-3 -1612ins/delA (6A) 

60 CRC, 164 healthy 
controls 

Higher frequency of MMP-1 2G/2G in colorectal cancer patients (OR 2.21; p = 0.018);  
2G/2G correlated with metastasis (OR 4.73; p = 0.0082).  MMP-3 6A shows no association with 
colorectal cancer risk or metastasis. 

Ghilardi et al., 
2003. 

MMP-7 -181 AG;  
MMP-7 -153 CT 

58 CRC, 111 healthy 
controls 

Higher frequency of homozygous MMP-7 -181G (OR 2.41; p = 0.03) and -153T (OR 2.20; p = 0.05) 
among colorectal cancer patients; homozygous MMP-7 -181G correlated with lymph node 
metastasis (OR 2.49; p = 0.02) and distal metastasis (OR 7.5; p = 0.0013). 

Elander et al., 
2006. 

MMP-1 (2G); MMP-2 -1306 
CT; MMP-3 (6A); 
MMP-9 -1562 CT 

127 CRC, 208 healthy 
controls 

Higher frequency of MMP-1 2G/2G in colorectal cancer patients (p = 0.037).  No associations 
between the MMP-2, -3 or -9 polymorphisms and colorectal cancer risk. 

Lievre et al., 
2006. 

MMP-1 (2G); MMP-3 (6A); 
MMP-3 –709 AG;  
MMP-7 -181 AG 

295 large adenoma, 
302 small adenoma, 
568 polyp free 

No associations between any of the polymorphisms and large adenoma.  MMP-3 6A/6A was 
associated with increased risk of small adenoma (OR 1.67; p = 0.011).  Combined MMP-1 2G/2G 
and MMP-3 6A/6A associated with increased risk of small adenoma (OR 1.88; p = 0.002). 

Hettiaratchi et al., 
2007. 

MMP-1 (2G); MMP-2 -1306 
CT; MMP-3 (6A) 

490 CRC, 470 healthy 
controls 

No associations between any of the polymorphisms and colorectal cancer risk.  MMP-1 2G/2G 
associated with favourable prognosis (OR [CRC-associated death] 0.43; p = 0.04). 

Woo et al., 2007. 

MMP-1 (2G); MMP-3 (6A);  
MMP-7 -181 AG;  
MMP-9 -1562 CT;  
MMP-12 -82 AG 

185 CRC, 304 healthy 
controls 

Higher frequency of MMP-1 2G/2G (OR 1.8; p = 0.002) and homozygous MMP-9 -1562C (OR 1.7, 
p = 0.033) in colorectal cancer patients; MMP-1 2G/2G correlated with lymph node metastasis  
(p = 0.029).  No associations between the MMP-3, -7 or -12 polymorphisms and colorectal cancer 
risk. 

Xing et al., 2007. MMP-9 -1562 CT 
137 CRC, 199 healthy 
controls 

No association between the MMP-9 polymorphism and colorectal cancer risk; MMP-9 -1562T allele 
(CT+TT) correlated with lymph node metastasis (p = 0.022). 

Xu et al., 2007. 

MMP-2 -790 TG;  
MMP-2 -955 AC; 
MMP-2 -1575 GA;  
MMP-9 -1562 CT 

126 CRC, 126 
healthy controls 

Higher frequency of homozygous MMP-2 -1575G in colorectal cancer patients (OR 1.96; p < 0.05).  
No associations between the other MMP-2 polymorphisms and the MMP-9 polymorphism and 
colorectal cancer risk. 

Langers et al., 
2008. 

MMP-2 -1306 CT;  
MMP-9 -1562 CT 

215 CRC, no healthy 
controls 

Homozygous MMP-2 -1306T significantly associated with worse survival (p = 0.01). 
No association between the MMP-9 polymorphism and colorectal cancer prognosis. 

Peng et al., 2010. 
MMP-2 -1306 CT;  
MMP-7 -181 AG;  
MMP-9 -1562 CT 

>1066 CRC, >1160 
healthy controls 
(meta-analysis) 

No associations between any of the polymorphisms and colorectal cancer risk by meta-regression 
analysis. 

 

Table 6.1 Summary of previous studies of MMP promoter polymorphisms and their associations with colorectal cancer risk. CRC: colorectal 

cancer; OR: odds ratio. 
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prognosis and metastasis (Ghilardi et al., 2003; Elander et al., 2006; Lievre et al., 2006; 

Woo et al., 2007; Xing et al., 2007; Xu et al., 2007; Langers et al., 2008), although 

meta-analysis concluded no associations between colorectal cancer risk and promoter 

polymorphisms in the MMP-2, -7 and -9 genes (Peng et al., 2010). 

 

In accordance with the lack of strong and consistent associations between MMP 

promoter polymorphisms and colorectal cancer risk, other mechanisms for mediating 

the early steps of tumourigenesis through overexpression of MMPs have been proposed, 

including inflammation-induced changes in cell signaling pathways (Wang et al., 2009; 

Terzic et al., 2010).  One study suggested a cytokine/STAT-mediated mechanism for 

regulating MMP-1 expression via a GAS-like STAT-binding element (SBE) in the 

MMP-1 proximal promoter (Catterall et al., 2001).  More specifically, STAT3 

activation has been reported to promote invasive growth of colon carcinomas through 

MMP-1 induction (Tsareva et al., 2007).  Similar regulation of the MMP-3, -7 and -9 

genes was also proposed.  STAT3 activation was also purported to regulate the 

expression of MMP-2 in melanoma cells (Xie et al., 2004).  Given the conflicting data 

in Table 6.1 and the discrepancies reported in the research literature, studies were 

undertaken aimed at identifying potential STAT-mediated mechanisms employed by 

inflammatory cytokines for the induction of MMP expression in human colorectal cancer. 

 

A quantitative RT-PCR (qRT-PCR) study was carried out on 26 human colorectal 

cancer biopsies as well as patient matched normal mucosa.  Close relationships were 

observed between transcription levels of the IL-6 and MMP-1 genes, and between the 

IL-6 and MMP-3 genes in the tumour samples (Albert Mellick, personal 

communication).  Interestingly, the levels of MMP-3 mRNA were significantly reduced 

in later stage (Dukes’ C) tumours compared to the Dukes’ B tumours, consistent with 

the findings of others that showed a transient reduction in MMP-3 protein levels in 

Dukes’ C colorectal cancers compared to both earlier Dukes’ B tumours and later 

Dukes’ D tumours (Baker et al., 2000).  In further preliminary work, qRT-PCR was 

carried out in colon cancer cell lines.  MMP-1 mRNA expression was increased 

approximately 250-fold upon treatment of SW480 and LS174T cells with interleukin-6 

(IL-6) when cultured in the presence of serum.  In the absence of serum, MMP-1 and 

MMP-3 mRNA levels were increased to a lesser degree (approximately 5-8-fold) 

(Albert Mellick, personal communication). 
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In light of these results, the objective of this chapter was to investigate the proximal 

promoter regions of the human MMP-1 and MMP-3 genes with the goal of identifying 

elements within these promoters that would explain the relationships between IL-6, 

MMP-1 and MMP-3 in the colorectal tumours and colon cancer cell lines.  The 

aforementioned SBE in the MMP-1 proximal promoter, as well as five SBE-like motifs 

in the MMP-3 proximal promoter, were characterised for their ability to bind STAT 

factors and their inducibility by IL-6.  Using EMSA and ChIP assays, STAT1 was 

shown to bind to the proximal promoters of MMP-1 and MMP-3 in a complex with 

AP-1/Fos.  Binding was enhanced by treating colon cancer cells with IL-6, and with 

phorbol-12-myristate-13-acetate (PMA) which mimics serum activation (Wion et al., 

1990; Maldonado et al., 1996).  Enhanced binding of the STAT1/AP-1/Fos complex 

was associated with increased promoter activation, as determined by gene reporter 

assays.  Surprisingly, a requirement for STAT3 was excluded using a STAT3-specific 

inhibitor, Stattic.  Finally, MMP-3 promoter activation was increased by simulating 

conditions of hypoxia. 

 

Several times throughout this chapter, IL-6 was shown to have consistent and 

statistically significant effects in a colon cancer cell line, although the observed effects 

were sometimes small.  To further validate these effects, a liver cancer cell line, HepG2, 

was employed.  This cell line has previously been characterised as highly responsive to 

IL-6 due to its high constitutive expression of STAT1 and STAT3 proteins (Horvath et 

al., 1995; Kaptein et al., 1996).  The purpose for using this cell line was to observe 

whether the effects identified in colon cancer cells could be enhanced in cells that not 

only constitutively express abundant STAT factors, but also produce abundant STAT 

transcriptional complexes in response to IL-6. 
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6.2 RESULTS 

 

6.2.1 Induction of the human MMP-1 and MMP-3 proximal promoters by IL-6 and 

phorbol-12-myristate-13-acetate 

 

6.2.1.1 MMP-1 

 

Alignment of the MMP-1 proximal promoter sequences from human, chimpanzee, 

canine, mouse and rat revealed that the previously identified GAS-like SBE present in 

the human sequence was highly conserved across all these mammalian species

(Fig. 6.1(a)).  In addition, the nearby AP-1-binding motif was highly conserved across 

all species in both sequence and position relative to the SBE. 

 

 

 
 
 
Figure 6.1(a) Genomic alignment of the MMP-1 proximal promoter between 
mammalian species reveals highly conserved SBE and AP-1-binding sequences. 
 

 

 

To determine the contribution of the proximal promoter region to the induction of 

MMP-1 mRNA expression in response to IL-6 in colon cancer cells, a luciferase vector 

construct with a 549bp insert containing the proximal region of the MMP-1 promoter 

(Fig. 6.1(b)) was prepared (see appendix 8 for details of the preparation of the MMP-1 

vector construct and appendix 9 for the full sequence of the insert).  This vector was 

transiently transfected into the SW480 cell line.  Four hours after the addition of the 

transfection mix, growth medium was replaced by medium containing various 

concentrations of foetal calf serum.  The cells were then treated with IL-6 (10ng/ml), 

and analysed for luciferase activity.  The results showed that the addition of IL-6 

induced a 61% increase in luciferase reporter expression in the presence of 1% serum 

(Fig. 6.1(c)).  At higher serum concentrations, the effects of IL-6 were masked by 

SBE TATA
Human   AGGATGTT ATAAAGCA
Chimp AGGATGTT ATAAAACA
Mouse AGGATGTT GTCAACCA
Rat     AGGATGTT GTCAACCA
Canine  AGGATGTT ATGAAACG

TGAGTCA
TGAGTCA
TGAGTCA
TGAGTCA
TGAGTCA

GACAG CCTCTGGCTTTCTGGAA
GACAG CCTCTGGCTTTCTAGAA
CATAG CCTCTGGCTTTCTAGAA
CGTAG CCTCTGGTTTTGTAGAA
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GTA ---GAAATCTC
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increased basal luciferase activity in the untreated cells.  Therefore, 1% serum was used 

routinely for luciferase assays when MMP-1 and MMP-3 promoter constructs were 

tested. 

 

SW480 cells were then transfected with the MMP-1 prom 549bp construct and induced 

with IL-6 (10ng/ml) and PMA at various concentrations.  The results of the subsequent 

luciferase assay showed a low (18%) induction with IL-6 alone (Fig. 6.1(d)), a level of 

induction that was consistently obtained hereafter (in contrast to the 61% induction 

observed in Fig. 6.1(c)).  PMA induced luciferase expression strongly and in a dose-

dependent manner (minimum 2.8-fold).  Notably, the effect of IL-6 was increased in the 

presence of 5nM PMA (81% induction), but this enhanced responsiveness was less 

apparent at higher PMA concentrations such that in the presence of 500nM PMA no 

increase was obtained with IL-6 on the MMP-1 proximal promoter. 

 

 

 

 

 

Figure 6.1(b) Amplification of the MMP-1 proximal promoter.  Map of the MMP-1 
gene insert showing the locations of the TATA box, the SBE, the AP-1-binding element 
and PCR primers. 
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Figure 6.1(c) Comparison of the constitutive and IL-6-induced levels of luciferase 
expression produced from the MMP-1 prom 549bp construct under different 
serum concentrations.  SW480 cells in a 24-well plate were transfected with 1.5μg 
reporter vector DNA and 1.5 μl Lipofectamine2000 transfection reagent.  Cells were 
cultured in the presence of foetal calf serum (%v/v) as shown for 26 h.  Following IL-6 
induction (10ng/ml, 18 h), dual-luciferase assays were performed.  Firefly luciferase 
values were normalised against Renilla luciferase values and expressed as relative light 
units (RLU) (* p<0.02 by two-tailed T-test, with respect to control). 
 
 

 
 
Figure 6.1(d) Comparing the IL-6-induced luciferase expression from MMP-1 
prom 549bp with various concentrations of added PMA.  SW480 cells in a 24-well 
plate were transfected with 1.5μg reporter vector DNA and 1.5 μl Lipofectamine2000 
transfection reagent.  Cells were cultured in the presence of 1% foetal calf serum (v/v) 
for 26 h.  Following IL-6 (10ng/ml, 18 h) and PMA induction as indicated (18 h),  
dual-luciferase assays were performed (* p<0.05 by two-tailed T-test, with respect to 
non-IL-6-treated control; # p<0.01, ## p<0.001 by two-tailed T-test, with respect to 
non-PMA-treated control). 
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To further validate the IL-6 inducibility of the MMP-1 proximal promoter, repeat 

experiments were carried out with the HepG2 human liver cancer cell line.  Compared 

with the SW480 cells, luciferase expression in the HepG2 cells was induced to a greater 

extent with IL-6 and PMA (3.2-fold and 9-fold, respectively, (Fig. 6.1(e)), and the 

combination of IL-6 plus PMA was much greater (18-fold above the levels in control, 

untreated cells). 

 

 
 
 
 

 
 
 
Figure 6.1(e) Comparing IL-6- and PMA-induced luciferase expression from 
MMP-1 prom 549bp in HepG2 cells.  HepG2 cells in a 24-well plate were transfected 
with 1μg reporter vector DNA and 1.5 μl jetPEI transfection reagent.  jetPEI was 
used as the transfection reagent due to its improved transfection efficiencies over 
Lipofectamine2000.  Cells were cultured in the presence of 1% foetal calf serum (v/v) 
for 26 h.  Following IL-6 (10ng/ml, 18 h) and PMA-induction (5nM, 18 h) as indicated, 
dual-luciferase assays were performed (* p<0.05; ** p<0.01 by two-tailed T-test, with 
respect to non-IL-6-treated controls; # p<0.01 by two-tailed T-test, with respect to  
non-PMA-treated control). 
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6.2.1.2 MMP-3 

 

Preliminary results had shown a close correlation detected by RT-PCR gene expression 

analysis between the mRNA levels of IL-6, MMP-1 and MMP-3 from colon cancer 

tissues as well as the induction of MMP-1 and MMP-3 mRNA expression by treating 

colon cancer cell lines with IL-6 (Albert Mellick, personal communication).  Therefore, 

the DNA sequence of the MMP-3 proximal promoter was examined for the presence of 

potential SBEs.  Alignment of the proximal promoter from human, mouse, canine, 

chimpanzee and rat revealed five highly conserved motifs with sequences similar to 

SBEs (SBE I-V) upstream of a conserved AP-1-binding element (Fig. 6.1(f)).  The 

spatial arrangement of the SBEs and AP-1-binding element in the MMP-3 proximal 

promoter also showed a high degree of conservation across mammalian species, 

although some short deletions or insertions were evident. 

 

 

 
 
Figure 6.1(f) Genomic alignment of the MMP-3 proximal promoter between 
mammalian species reveals highly conserved SBE and AP-1-binding sequences.  
Sequences are continuous, except where indicated. 
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Figure 6.1(g) Amplification of the MMP-3 proximal promoter.  Map of the MMP-3 
gene insert showing the locations of the TATA box, the SBEs, the AP-1-binding 
element and PCR primers. 
 
 
 

 

A luciferase vector construct with a 607bp insert containing the proximal region of the 

MMP-3 promoter was prepared (Fig. 6.1(g), see appendix 10 for details of the preparation 

of the MMP-3 vector constructs and appendix 11 for the full sequence of the insert).  To 

determine whether the five SBEs in the MMP-3 proximal promoter were responsive to 

IL-6 in a colon cancer cell line, the cloned 607bp fragment was transfected into SW480 

cells.  In the presence of 1% serum, the 607bp region was induced, weakly, by 10ng/ml 

IL-6 (Fig. 6.1(h), left panel).  Although low, the 1.3-fold induction was reproducible in 

several repeated experiments.  To ensure that the cells were responding maximally to 

IL-6 and not limited by the abundance of membrane-bound IL-6R, cells were also 

treated with sIL-6R concurrently with IL-6, however this made no difference to the 

induction by IL-6.  Given the possibility that the response to IL-6 was due to the 

binding of STAT molecules to several of the SBEs, the experiment was then carried out 

in HepG2 cells.  In HepG2 cells, the 607bp region was induced 2.3-fold by IL-6 (Fig. 

6.1(h), right panel).  Similarly to the results of the MMP-1 proximal promoter, PMA 

(5mM) alone had a large effect on the MMP-3 promoter (5.8-fold induction) but also 

enhanced the effect of IL-6 (2.5-fold induction above PMA alone). 
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Figure 6.1(h) Comparing IL-6- and PMA-induced luciferase expression from 
MMP-3 prom 607bp.  Left panel. SW480 cells in a 24-well plate were transfected with 
1μg reporter vector DNA and 1.5 μl jetPEI transfection reagent.  Cells were cultured 
in the presence of 1% foetal calf serum (v/v) for 26 h.  Following IL-6-induction 
(10ng/ml, 18 h), as indicated, dual-luciferase assays were performed (* p<0.05 by 
two-tailed T-test, with respect to non-IL-6-treated control).  Right panel. HepG2 cells in 
a 24-well plate were transfected and cultured as described for the left panel.  Following 
IL-6 (10ng/ml, 18 h) and PMA-induction (5nM, 18 h), as indicated,  
dual-luciferase assays were performed (* p<0.05; ** p<0.01 by two-tailed T-test, with 
respect to non-IL-6-treated controls; # p<0.05 by two-tailed T-test, with respect to non-
PMA-treated control). 
 
 
 
 
 
 
IFN-γ treatment for 18 h slightly reduced the level of the MMP-3 promoter activity in 

SW480 cells (Fig. 6.1(i), left panel), further validating the observation that IFN-γ 

reduced MMP-1 mRNA expression in colon cancer cell lines as detected by quantitative 

reverse transcriptase-PCR (qRT-PCR) (Albert Mellick, personal communication).  

Furthermore, IFN-γ alone had no significant effect on the MMP-3 prom reporter in 

HepG2 cells (Fig. 6.1(i), right panel).  However, pre-treating cells for 2 h with IFN-γ 

prior to the addition of IL-6 significantly inhibited the subsequent levels of IL-6-

induced promoter activation in both SW480 and HepG2 cells (Fig. 6.1(i), both panels). 

 
 



 

 227

HepG2 cells

0

4000

8000

12000

16000

20000

R
L

U

*

*

MMP-3 prom 607bp-

IFN-
IL-6 ++- -

+ +--

SW480 cells

MMP-3 prom 607bp-

R
L

U
1000 *

400

600

800

**

200

0

IFN-
IL-6

+
+

+
+-

- -
-

 
 
 
 
Figure 6.1(i) IFN-γ pre-treatment inhibits IL-6-induced luciferase expression from 
MMP-3 prom 607bp.  Left panel. SW480 cells in a 24-well plate were transfected with 
1μg reporter vector DNA and 1.5 μl jetPEI transfection reagent.  Cells were cultured 
in the presence of 1% foetal calf serum (v/v) for 24 h.  Cells were pre-treated with 
IFN-γ (1000IU/ml) for 2 h before adding IL-6 (10ng/ml) for a further 18 h, as indicated, 
and dual-luciferase assays were performed (* p<0.05; ** p<0.01 by two-tailed T-test, 
with respect to untreated controls).  Right panel. HepG2 cells in a 24-well plate were 
transfected and cultured as described for the left panel.  Cells were pre-treated with 
IFN-γ (1000IU/ml) for 2 h before adding IL-6 (10ng/ml) for a further 18 h, as indicated, 
and dual-luciferase assays were performed (* p<0.05 by two-tailed T-test, with respect to 
untreated controls). 
 

 

 

 

Given the number of SBE-like sequences present in the MMP-3 promoter region, it was 

decided to measure the effect of reducing these from five to only the two closest to the 

AP-1/TATA box.  Hence, a shorter, 96bp MMP-3 promoter fragment encompassing the 

TATA box, the AP-1-binding element and the two SBEs most proximal to the TATA 

box (Fig. 6.1(j)) was cloned into pGL3-Basic (see appendix 10 for details of the 

preparation of this construct).  The fragment was shown by luciferase assay of 

transfected HepG2 cells to be moderately responsive to IL-6 (1.5-fold induction), PMA 

(1.9-fold) and showed greater responsiveness to a combination of both with additive 

effects (2.7-fold) (Fig. 6.1(k)). 
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Figure 6.1(j) Amplification of the MMP-3 SBE I/II/AP-1 region.  Map of the MMP-3 
gene insert showing the locations of the TATA box, the SBEs, the AP-1-binding 
element and PCR primers. 
 

 

 

 

 

Figure 6.1(k) Comparing IL-6- and PMA-induced luciferase expression from 
MMP-3 SBE I/II/AP-1.  HepG2 cells cultured in a 24-well plate were transfected with 
1μg reporter vector DNA and 1.5 μl jetPEI transfection reagent before further 
incubation in the presence of 1% foetal calf serum (v/v) for 26 h.  Following IL-6 
(10ng/ml, 18 h) and PMA-induction (5nM, 18 h), as indicated, dual-luciferase assays 
were performed (* p<0.05 by two-tailed T-test, with respect to non-IL-6-treated controls). 
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6.2.2 Characterisation of novel SBEs in the human MMP-1 and MMP-3 proximal 

promoters 

One of the central themes in this chapter concerns the different abilities of the various 

STAT factors to bind to SBEs identified in the promoters of type II IFN- and IL-6-

inducible genes.  Previous studies have defined the palindromic consensus sequence 

5’-TT(N)4-6AA-3’ to be the basic framework for an SBE.  The various STAT homo- and 

heterodimers have been shown to bind specifically, and with different affinities, to 

variations of this general sequence.  Thus, a sequence with 5’-TT(N)5AA-3’ displays 

general STAT binding whereas those with only a 4 bp spacing selectively bind 

complexes containing STAT3 (Seidel et al., 1995).  Mutational analysis of the murine 

Ly6E/A promoter identified a more restricted sequence 5’-TTC(N)2-4GAA-3’ to which 

STATs bind with higher affinity (Lamb et al., 1995).  STAT1 homodimers were shown 

to bind most strongly to GAS nonamers with the sequences 5’-TTCCCGTAA-3’ and 

5’-TTCCTGGAA-3’.  Similarly, STAT3 homodimers were shown to bind equally 

strongly to these two nonamers, plus the sequence 5’-TTCCGGTAA-3’.  Additional 

SBEs that have been previously characterised for STAT binding are listed in Table 6.2.  

Notably, those containing the sequences 5’-TT(N)4AA-3’ and 5’-TT(N)5CA-3’ 

favoured the binding of STAT3 (Cantwell et al., 1998; Ichiba et al., 1998; Yang et al., 

2003).  Replacement of “CA” with “AA” in such elements facilitated increased binding 

of both STAT1 and STAT3, and increased the responsiveness to IFN-γ in luciferase 

assays (Cantwell et al., 1998; Yang et al., 2003).  Furthermore, a luciferase construct 

containing two copies of the STAT1-specific binding sequence 5’-TTCCGGGAA-3’ 

from the human ICAM-1 gene promoter was shown to be inducible in SK-Mel-28 

melanoma cells by IFN-γ, but not by IL-6 (Ghazawi, 2011).  STAT5 also has distinct 

DNA binding activities to elements based on the 5’-TT(N)5AA-3’ core sequence.  

STAT5a and STAT5b often bind the same DNA sequences but with different kinetics of 

binding (Nelson et al., 2004). 

 

The promoter of the JunB gene serves as a useful model and provides additional support 

for STAT3-specific and selective binding.  The JunB promoter contains an SBE  

(5’-TTCCTGACA-3’) that is conserved across mammalian species and is responsive to 

IL-6, but not IFN-γ (Coffer et al., 1995).  IL-6 induces the binding of a complex 

containing STAT3 and CRE-binding protein, but not STAT1 (Kojima et al., 1996).  

Binding of this complex is facilitated by a cAMP-response element (CRE) located 

adjacent to the SBE.  A luciferase construct containing two copies of the SBE with the 
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adjoining CRE and a TATA box was responsive to IL-6 in the HepG2 cell line.  

However, full activation of this construct required concurrent treatment of cells with 

IL-6 and cAMP (Ghazawi, 2011). 

 

The six SBE-like sequences in the human MMP-1 and MMP-3 proximal promoters each 

deviate from the consensus SBE sequence (Table 6.3).  Therefore, it was of interest to 

determine whether STAT factors bind to these SBE-like sequences and, if so, which 

STAT factors bind.  In contrast, the AP-1-binding elements in the human MMP-1 and 

MMP-3 proximal promoters (Table 6.4) exactly match to the heptamer sequence of the 

consensus AP-1-binding element, 5’-TGAGTCA-3’ (Lee et al., 1987). 

 

 

 

Gene SBE sequence 
Relative binding to: 

Reference(s) 
STAT1 STAT3 

murine C/EBPδ TCG TT CCCAG CA GCA - + Cantwell et al., 1998. 

rat C/EBPβ TGT TT CCCAG AA GTT + + Cantwell et al., 1998. 

IRF-1 GAT TT CCCCG AA TGA ++ + Yang et al., 2003. 

c-myc GGC TTGGCGGGAA AAA + ++ Kiuchi et al., 1999. 

STAT3 GAG TT CCTGG CA GTG - + Ichiba et al., 1998. 

JunB CGC TT CCTGA CA GTG - + Kojima et al., 1996. 

c-fos CAG TT CCCGT CA ATC + ++ Yang et al., 2003. 

ICAM-1 GGT TT CCGGG AA AGC ++ + 

Look et al., 1994;  

Look et al., 1995; 

Caldenhoven et al., 1995. 

murine SAA3 AAT TT CTGGA AA TGC + + 
Hattori et al., 1990;  

Seidel et al., 1995 

murine Ly6E/A    TA TT CCTGT AA GT ++ ++ Lamb et al., 1995 

artificial SBE          TT  CCGG  AA - + Seidel et al., 1995 

 
 
 
Table 6.2 Previously characterised STAT1- and STAT3-binding elements. 
(-) indicates lack of binding, (+) indicates binding and (++) indicates strong binding.  
(adapted from Ghazawi, 2011). 
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Consensus GAS 5’ TT(C/A)CNN(G/T)AA 3’ 

Optimal GAS 5’ TTCGTCGAA 3’ 

Optimal GAS 5’ TTCCCGTAA 3’ 

Optimal STAT3-binding element 5’ TTCCGGTAA 3’ 

MMP-1 SBE 5’ TTTCTGGAA 3’ 

MMP-3 SBE I 5’ TTGGATGAA 3’ 

MMP-3 SBE I mutated 5’ TTGGATCAC 3’ 

MMP-3 SBE II 5’ TGTTTGGAA 3’ * 

MMP-3 SBE II mutated 5’ TGTTTGCAC 3’ 

MMP-3 SBE III 5’ TACTTTGAA 3’ 

MMP-3 SBE IV 5’ TTCCTGGAG 3’ 

MMP-3 SBE V 5’ TTTCCAGAA 3’ 
 

 
Table 6.3 Comparison of MMP gene SBE-like sequences to consensus SBE 
sequences.  Non-consensus bases are bold and italicised.  * MMP-3 SBE II more 
closely resembles the consensus sequence in the reverse orientation. 
 

 

 

Consensus AP-1-binding element 5’ TGA(C/G)TCA 3’ 

MMP-1 AP-1-binding element 5’ TGAGTCA 3’ 

MMP-3 AP-1-binding element 5’ TGAGTCA 3’ 
 

 
Table 6.4 Comparison of MMP gene AP-1-binding elements to the consensus 
sequence. 
 
 
 
To determine the relative effects of the five novel SBEs in the MMP-3 proximal 

promoter, successively shorter segments of the proximal promoter were amplified 

(Fig. 6.2(a)) and cloned into pGL3-Basic (see appendix 10 for details of the construct 

preparation).  In addition, the two SBEs in the MMP-3 SBE I/II/AP-1 insert were 

mutated (see Table 6.3) by incorporating mutations into the PCR primer, 

MMP3-2SBEs_mutf (see appendix 13 for the primer sequence). 
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Figure 6.2(a) Amplification of the 5’-truncated SBE region inserts of the MMP-3 
proximal promoter and the AP-1/mutSBE I/II insert.  Map of the MMP-3 gene 
inserts showing the locations of the TATA box, the SBEs and AP-1-binding element.  
The blue regions represent inserts that were previously described in section 6.2.1. 
 

 

 

The MMP-3 constructs were compared using the highly IL-6-responsive HepG2 cells.  

Significantly greater responses to IL-6 treatment were observed with the full length 

607bp region containing SBE(I-V)/AP-1 compared to the response with the shortest 

fragment containing only SBE(I-II)/AP-1 (Fig. 6.2(b)).  Mutation of both SBE I/II sites 

in the shortest fragment did not change the level of induction by IL-6 whereas extending 

more 5’ to include additional SBE sites (particularly SBE IV) showed a significant 

cumulative effect on IL-6-induced luciferase activity from the MMP-3 promoter. 
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Figure 6.2(b) Comparing the relative effects of IL-6 on activation of the MMP-3 
proximal promoter constructs.  Upper panel. HepG2 cells in a 24-well plate were 
transfected with 1μg reporter vector DNA and 1.5 μl jetPEI transfection reagent.  
Cells were cultured in the presence of 1% foetal calf serum (v/v) for 26 h.  Following 
IL-6-induction (10ng/ml, 18 h), dual-luciferase assays were performed. (* p<0.05 by 
two-tailed T-test, with respect to the untreated controls)  Bottom panel. The same data 
presented as ratios of the RLUs between IL-6-treated and untreated controls (* p<0.05 
by two-tailed T-test, with respect to the next shorter construct). 
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To more closely examine the mechanism for IL-6 activation of the MMP genes in colon 

cancer, oligonucleotides containing the SBEs from the MMP-1 and MMP-3 proximal 

promoters were used in EMSA.  Consistent with the luciferase assay analysis, and in 

order to obtain significant induction above control cells, cells were cultured under 

conditions of low serum (1% v/v) for 24 h prior to the addition of cytokines.  Sodium 

fluoride (10mM) and sodium orthovanadate (100μM) were also added to the culture 

medium to prevent nuclear localisation of STAT complexes and protein tyrosine 

phosphatase activity, respectively (Levy et al., 1989; Heffetz et al., 1990; Haque et al., 

1995). 

 

As positive controls for STAT-binding, oligonucleotides containing the sis-inducible 

element (SIE) from the c-Fos gene including six nucleotides flanking either end of the 

core SIE sequence were prepared, annealed together and the 5’ overhangs of the double 

stranded oligonucleotide were filled in using Klenow fragment and labelled by the 

incorporation of radioactive (α-P32)-dCTP (see methods, section 2.8.4).  When 

cytoplasmic extracts from IFN-- and IL-6-treated HepG2 cells were incubated with the 

SIE probe, one and three bands were produced, respectively (Fig. 6.2(c)), characteristic 

of the STAT1 homodimer (single band) and the three bands representing the STAT3 

homodimer (top), STAT1/3 heterodimer (middle) and STAT1 homodimer (bottom) 

(Wagner et al., 1990).  Similar bands were produced by incubating nuclear extracts 

from SW480 cells with the SIE probe (see Fig. 6.4(c)). 

 

When the MMP-1 SBE/AP-1 probe was incubated with HepG2 cytoplasmic extracts, a 

single complex with a similar mobility to the SIE binding STAT1 homodimer was 

detected (Fig. 6.2(c)).  This complex is hereafter referred to as the STAT1 homodimer- 

like complex (HDLC).  The STAT1 HDLC differed substantially in intensity between 

control and IL-6-treated cells and between control and PMA-treated cells (Fig. 6.2(c)).   

 

Despite the previous use of soluble IL-6 receptor (sIL-6R) in bioassays to enhance 

IL-6-mediated signaling (Mackiewicz et al., 1992; Catterall et al., 2001), the difference 

between control and IL-6-treated cells was not observed when cells were treated 

concurrently with IL-6 and sIL-6R, possibly due to the predominant activation of 

STAT3 by IL-6, and not STAT1.  Due to this, sIL-6R was not further used. 
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Figure 6.2(c) STAT dimer-like complexes bind to MMP-1 SBE/AP-1.  Cytoplasmic 
extracts from HepG2 cells grown in low serum conditions (1% v/v, 24 h) and then 
treated with IL-6 (50ng/ml, 15 min), sIL-6R (50ng/ml, 15 min) or PMA (10nM, 15 min) 
as shown, were incubated with the MMP-1 SBE/AP-1 probe.  NaF (10mM) was added 
immediately prior to IL-6, sIL-6R and PMA.  Na3VO4 was added concurrently with
IL-6.  1μg poly(dI:dC) was included in all reactions. 
 
 
 
 

 

 

 
Figure 6.2(d) A STAT1 homodimer-like complex (HDLC) binds directly to the 
SBE/AP-1 regions of the MMP-1 and MMP-3 proximal promoters.  Nuclear extracts 
from SW480 or HepG2 cells treated with IL-6 (50ng/ml, 5 min) or IFN-γ (1000IU ml,
1 h), as shown, were incubated with the SIE, the MMP-1 SBE/AP-1 or the MMP-3 
SBE I/AP-1 probe.  Arrows indicate the STAT3 homodimer, the STAT1/STAT3 
heterodimer and the STAT1 homodimer, respectively.  Also indicated is the novel 
STAT1 HDLC binding to the MMP-1 SBE/AP-1 and MMP-3 SBE I/AP-1 probes. 
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In a second experiment, when nuclear extracts from IL-6-treated SW480 colon cancer 

and HepG2 liver cancer cells were probed with MMP-1 (SBE/AP-1) and MMP-3

(SBE I/AP-1) oligonucleotides, a similar STAT1 HDLC was produced (Fig. 6.2(d)). 

 

A complex of similar size to the STAT1 HDLC was also identified binding to three of 

the other SBEs examined from the human MMP-3 promoter (SBE II/III and SBE IV)

(Fig. 6.2(e)).  After growing cells in low serum (1% v/v) for 24 hours, IL-6 was 

observed to increase the binding of the STAT1 HDLCs to two out of the three probes 

(not SBE IV) and IFN-γ reduced binding to less than 30% of the constitutive levels in 

two out of the three probes (not SBE II/III).  PMA also increased the binding of the 

STAT1 HDLC to the SBE I/AP-1 probe (Fig. 6.2(e)).  Notably, the complex binding to 

the SBE II/III probe was unable to bind to a probe containing only SBE II (Fig. 6.2(f), 

left panel).  However, a complex of larger molecular weight (equivalent to the mobility 

of the STAT3 homodimer complex) bound to the SBE II probe in the absence of 

poly(dI:dC).  A STAT1 HDLC also bound to a probe containing only SBE V and this 

could also be abolished by the presence of poly(dI:dC) (Fig. 6.2(f), right panel).  Of the 

MMP-3 probes, only SBE IV and the combined SBE I/AP-1 maintained binding of the 

STAT1 HDLC in the presence of poly(dI:dC) (Fig. 6.2(e)), indicating more specific 

binding to these sites. 

 

 

 
Figure 6.2(e) The STAT1 homodimer-like complexes binding to the SBE I/AP-1, 
SBE II/III and SBE IV regions of the MMP-3 proximal promoter are inducible by 
IL-6 and PMA.  Nuclear extracts from HepG2 cells grown in low serum conditions 
(1% v/v, 24 h) and then treated with IL-6 (50ng/ml, 5 min), IFN-γ (1000IU ml, 1 h) or 
PMA (100nM, 1.5 h), as shown, were incubated with the SIE probe, or various MMP-3 
proximal promoter probes.  The relative binding of the STAT1 HDLCs was quantified 
by densitometry.  1μg poly(dI:dC) was included in all reactions. 
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Figure 6.2(f) STAT dimer-like complexes bind to MMP-3 SBEs II and V with low 
affinity.  Nuclear extracts from HepG2 cells grown in low serum conditions (1% v/v, 
24 h) and then treated with IL-6 (50ng/ml, 5 min), as shown, were incubated with the 
SIE probe, or MMP-3 proximal promoter probes SBE II and SBE V.  poly(dI:dC) was 
included in reactions, as indicated.  The STAT3 HDLC binding to the SBE II probe and 
the STAT1 HDLC binding to the SBE V probe are indicated with arrows. 
 

 

 

 

The composition of the complexes binding to the SBE/AP-1-binding elements was 

investigated by EMSA supershift experiments using appropriate protein-specific 

polyclonal antibodies.  Binding of STAT1 dimers to the SIE probe was validated by 

supershifting with an anti-STAT1 specific antibody (Fig. 6.2(g), upper panel).  

Similarly, binding of STAT3 homodimers and STAT1/STAT3 heterodimers to the SIE 

probe was validated by supershifting with an anti-STAT3 specific antibody.  Binding of 

the STAT1 HDLC to SBE/AP-1 from either MMP-1 or MMP-3 as well as SBE II/III 

from MMP-3 was substantially blocked by co-incubation in the presence of a polyclonal 

antibody against STAT1 (Fig. 6.2(g), upper panel).  However, binding of the STAT1 

HDLC to MMP-3 SBE I/AP-1 was neither blocked nor supershifted when an antibody 

against STAT3 was included (Fig. 6.2(g), bottom panel). 

 

Binding of the STAT1 HDLC to the MMP-1 SBE/AP-1 was also partially blocked by a 

polyclonal antibody against c-Jun, but not by a polyclonal antibody specific for c-Fos 

and its functional homologs (pan-Fos) (Fig. 6.2(g), upper panel).  Binding of the 

STAT1 HDLC to the MMP-3 SBE I/AP-1 was neither blocked nor supershifted by the

anti-c-Jun antibody, but was distinctly supershifted by the anti-pan-Fos antibody.  While 

neither anti-c-Jun nor anti-pan-Fos antibodies had a strong effect on binding of the 
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STAT1 HDLC to the MMP-3 SBE II/III probe, the anti-c-Jun antibody may have had a 

weak inhibitory effect on complex formation. 

 

 

 

 

 

 
 

 
 
 
 
Figure 6.2(g) The STAT1 HDLC is composed of STAT1 and AP-1 factors.  Upper 
panel. Nuclear extracts from HepG2 cells grown in low serum conditions (1% v/v, 24 h) 
and then treated with IFN-γ (1000IU ml, 1 h) or IL-6 (50ng/ml, 5 min) were incubated 
with the SIE probe, MMP-1 or MMP-3 proximal promoter probes and antibodies, as 
shown.  Antibodies were added to the reaction following incubation of extracts with the 
probes.  1μg poly(dI:dC) was included in all reactions.  Bottom panel.  As above, using 
nuclear extracts from HepG2 or SW480 cells. 
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Next, the importance of the AP-1-binding sites in the adjacent SBE/AP-1 elements from 

both the MMP-1 and MMP-3 genes was investigated by comparing binding to the SBE 

oligonucleotides either with or without the AP-1-binding motif.  Constitutive binding of 

the STAT1 HDLC to either SBE without the AP-1-binding motif was dependent on the 

absence of poly(dI:dC) (1μg) (Fig. 6.2(h)), which functions in EMSA reactions to 

compete for non-specific binding of protein to DNA.  The lower-affinity binding of the 

STAT1 HDLC in the absence of the AP-1 binding motif was unsurprising given the 

presence of AP-1 (Fos/Jun) protein components in the STAT1 HDLC (Fig. 6.2(g)).  

Thus, the STAT1 HDLC, identified as constitutively binding to the SBE/AP-1 motif 

from both the MMP-1 and MMP-3 promoters most probably contained both STAT1 and 

AP-1 components. 

 

 

 

 

  

 

Figure 6.2(h) High affinity binding of the STAT1 HDLC is AP-1 binding 
motif-dependent.  Nuclear extracts from HepG2 cells grown in low serum conditions 
(1% v/v, 24 h) and then treated with IFN-γ (1000IU ml, 1 h) or IL-6 (50ng/ml, 5 min) 
were incubated with the SIE probe, MMP-1 or MMP-3 proximal promoter SBE probes 
with or without the AP-1 binding motif, as shown.  1μg poly(dI:dC) was included in 
reactions as shown. 
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The low-affinity binding of the STAT1 HDLC to the MMP-3 SBE I probe without the 

AP-1-binding motif was almost completely blocked by an antibody against STAT1 

(Fig. 6.2(i)).  However, binding of the same complex was not blocked (or supershifted) 

by a polyclonal antibody against STAT5, which targets both STAT5 isoforms (STAT5α 

and STAT5β).  Similar results were obtained when the antibodies were incubated with 

the nuclear extracts both after or one hour prior to the addition of the radiolabelled 

probe (Fig. 6.2(i), compare the last three lanes with the three preceding lanes). 

 

 

 

 

Figure 6.2(i) The STAT1 HDLC contains STAT1 but not STAT5.  Nuclear extracts 
from HepG2 cells grown in low serum conditions (1% v/v, 24 h) and then treated with 
IFN-γ (1000IU ml, 1 h) or IL-6 (50ng/ml, 5 min) were incubated with the SIE probe, or 
the MMP-3 SBE I proximal promoter probe and antibodies, as shown.  Antibodies were 
added to the reaction either following incubation of extracts with the probes (post-
incubation) or prior to adding the probe (pre-incubation).  1μg poly(dI:dC) was included 
in only the SIE reactions. 
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6.2.3 Activation of the MMP-3 proximal promoter by IL-6 is STAT1-, but not 

STAT3-dependent 

To further examine the binding of STAT1 to the MMP-3 proximal promoter and to 

investigate this interaction in the context of binding to chromatin in colon cancer cells, 

quantitative chromatin immunoprecipitation (ChIP) analysis was carried out using the 

human colon cancer cell line, SW480.  PCR primers, MMP3promChIPfwd and 

MMP3promChIPrev were designed to amplify a 188bp region of the STAT1 proximal 

promoter encompassing four of the five SBEs as well as the AP-1-binding motif as 

discussed in section 6.2.2.  Using SW480 genomic DNA as a template, PCR was carried 

out with this primer set over a range of annealing temperatures (Fig. 6.3(a), upper 

panel).  Amplification was found to be most efficient at annealing temperatures above 

59°C. 
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Figure 6.3(a) Annealing temperature optimisation for ChIP PCR primer sets.  
Upper panel. The STAT-binding region in the proximal promoter of the MMP-3 gene 
was amplified from SW480 genomic DNA by PCR using Platinum® Taq DNA 
polymerase and annealing temperatures as shown.  Bottom panel. As above, using the 
primer set for the GBP-1 promoter. 
 

 

 

 

As a negative control for a region to which STAT1 does not bind, primers 

MMP3_exon10_fwd and MMP3_exon10_rev were designed to amplify a 159bp region 

from the tenth exon of STAT1 located 7.6kb downstream of the SBE regions.  As a 

positive control for STAT-binding, ChIP analysis was also carried out on a 227bp 
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region of the human GBP-1 promoter containing a STAT1-inducible ISRE site, using 

primers previously validated in ChIP assays (Sun et al., 2005) (see appendix 12 for the 

sequence of this region and appendix 13 for the ChIP primer sequences).  Annealing 

temperatures above 56°C were shown to be the most efficient for PCR using these 

primers (Fig. 6.3(a), bottom panel).  Accordingly, 61°C was chosen as the annealing 

temperature for all subsequent ChIP PCR reactions. 

 

Results from the ChIP assays using chromatin extracts from SW480 cells cultured in 

conditions of low serum (1% v/v) confirmed that STAT1 was bound constitutively to 

the proximal region of the MMP-3 promoter containing the SBEs (Fig. 6.3(b)).  

Notwithstanding some binding of the non-specific mouse IgG control, STAT1 was 

clearly shown to selectively bind to the SBE region of the MMP-3 promoter, but not to 

the adjacent downstream genomic region.  Furthermore, quantitative ChIP assay by 

real-time PCR showed that binding of STAT1 to the MMP-3 SBE region of chromatin 

was increased four-fold following treatment of the cells with IL-6 and PMA

(Fig. 6.3(c)). 
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Figure 6.3(b) STAT1 and Fos bind to the MMP-3 proximal promoter in chromatin 
from colon cancer cells, as demonstrated by ChIP assay.  Chromatin extracts from 
SW480 cells were immunoprecipitated using antibodies, as shown, and amplified by 
PCR using Platinum® Taq DNA polymerase.  Prior to preparing the chromatin extracts, 
cells were cultured in conditions of low serum (1% v/v, 24 h) and then treated with 
either IL-6 (50ng/ml, 20 min), PMA (100nM, 90 min) or IFN-γ (1000IU/ml, 30 min). 
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Figure 6.3(c) STAT1 binding to the MMP-3 promoter is inducible by IL-6/PMA.  
Real-time, quantitative PCR was carried out on the chromatin immunoprecipitates 
described in Fig. 6.3(b).  The relative level of ChIP product was determined by 
normalising against input DNA and is expressed as a percentage of the input (* p<0.01 
by two-tailed T-test). 
 

 

 

Further validating the EMSA data, the SBE region of the MMP-3 promoter, which also 

contains a consensus AP-1 binding motif, was immunoprecipitated by the pan-Fos 

antibody in SW480 cells (Fig. 6.3(b)).  The GBP-1 promoter was also 

immunoprecipitated by the pan-Fos antibody, possibly due to the presence of two 

overlapping non-consensus AP-1-binding elements within the amplified region.  

Interestingly, the equivalent sequence in the orthologous mouse GBP-1 promoter 

contains a consensus AP-1-binding element at this location (Nicolet and Paulnock, 

1994). 

 

To test for the involvement of STAT3 in activating the MMP-1 and MMP-3 promoters, 

the STAT3-specific small molecule inhibitor, 6-nitro-benzo[b]thiophene-1,1-dioxide, or 

Stattic, was used.  Stattic functions by competing with phosphopeptides for binding to 

the SH2 domain of STAT3 (McMurray, 2006), and shows specificity towards the SH2 

domain of STAT3 over those of STAT1, STAT5b and Lck (Schust et al., 2006).  

Luciferase assays were carried out in cells pre-treated with Stattic, prior to the addition 

of IL-6.  For these experiments, HepG2 cells were used because they had shown much 

greater responsiveness in the gene reporter assays to IL-6 than did the SW480 colon 

cancer cells (Figs. 6.1(c,d,g)).  Firstly, the optimal time course for IL-6 induction was 
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determined for the 607bp MMP-3 proximal promoter construct, as well as a construct 

containing the IL-6/cAMP-inducible SBE from the JunB promoter as a control 

previously established by others to be induced through binding of the STAT3 

homodimer (Coffer et al., 1995) (Fig. 6.3(d)).  Interestingly, while the JunB construct

was rapidly induced within 5 h of adding IL-6/cAMP, the MMP-3 promoter was not 

optimally induced by IL-6 treatment until after 11 h.  Given that induction of the JunB 

construct was reasonably sustained through 11 h, this time point was chosen for 

observing the effects of Stattic.  Whereas the IL-6/cAMP-mediated induction of the

JunB construct was inhibited by Stattic in a dose-dependent manner (Fig. 6.3(e), upper 

left panel), confirming the involvement of STAT3, the MMP-3 proximal promoter 

construct showed no effect of Stattic, even at 2μM (Fig. 6.3(e), upper right panel).  The 

MMP-1 proximal promoter construct also demonstrated no effect of Stattic on IL-6 

induction (Fig. 6.3(e), lower panel), negating a role for STAT3 in gene activation from 

either the MMP-1 or MMP-3 proximal promoter regions. 

 

 

 

 
 
 
Figure 6.3(d) Time course of induction by IL-6 from luciferase reporter vectors 
containing the JunB SBE and MMP-3 prom 607bp.  HepG2 cells cultured in the 
presence of 1% foetal calf serum (v/v) were transfected with 0.4μg reporter vector DNA 
using FuGENE® HD transfection reagent.  Cells were treated with IL-6 (50ng/ml) for 
the time periods shown.  For optimal induction of the JunB construct, cells were 
concurrently treated with IL-6 and cpt-cAMP (300μM).  Following IL-6 treatment, 
dual-luciferase assays were performed.  Luciferase activity is shown as fold induction, 
relative to the non-IL-6-induced control. 
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Figure 6.3(e) The STAT3-specific inhibitor Stattic does not affect IL-6-mediated 
induction of the MMP-1 or MMP-3 proximal promoters.  HepG2 cells cultured in 
the presence of 1% foetal calf serum (v/v) were transfected with 0.4μg reporter vector 
DNA using FuGENE® HD transfection reagent.  Cells were treated with Stattic for 1 h 
before adding IL-6 (50ng/ml) and cpt-cAMP (300μM) for a further 11 h.  Following 
IL-6 treatment, dual-luciferase assays were performed (* p<0.025; ** p<0.01 by 
one-tailed T-test, with respect to luciferase activity at the previous dilution of Stattic). 
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6.2.4 The role of hypoxia in activation of human MMP-1 and MMP-3 gene 

expression 

The hypoxic microenvironments located within solid tumours can be simulated in 

several ways in cancer cell culture.  One method is to culture the cells inside an airtight 

chamber from which the air has been evacuated and replaced with a mixture of 95% 

nitrogen and 5% CO2.  The absence of oxygen results in an increase in protein levels of 

HIF-1α (Mazure et al., 2002).  Alternatively, cobalt chloride (CoCl2) has been widely 

used to mimic hypoxia by stabilising HIF-1α, thereby regulating the expression of other 

hypoxia-induced genes (Vengellur et al., 2003; Ji et al., 2006). 

 

HepG2 cells were initially cultured using the evacuation chamber method for simulating 

hypoxia.  Fresh culture medium was aerated with nitrogen gas before being added onto 

the cells in order to purge residual oxygen from within the culture medium.  Serum-

deprived cells were cultured in the evacuation chamber for eight hours before adding 

IL-6 and preparing nuclear extracts from the cells.  EMSA followed by densitometric 

analysis showed a small decrease in the amount of STAT1 HDLC binding the MMP-3 

SBE I/AP-1 probe (Fig. 6.4(a)).  This result, however, needs to be interpreted with a 

degree of caution for two reasons.  Firstly, nitrogen gas was used inside the evacuation 

chamber in the place of a mixture of 95% nitrogen and 5% CO2.  As a consequence, the 

culture medium assumed a pink colour, indicating a rise in pH (due to the presence of 

sodium bicarbonate and phenol red indicator in the culture medium).  The rise in pH 

may have had a detrimental effect on the cells, possibly being the reason for the lower

amount of STAT1 HDLC and lack of IL-6 inducibility (Fig. 6.4(a), compare with 

Fig. 6.2(e)).  During the eight-hour incubation, the evacuation chamber was placed in a 

37°C incubator in which 5% CO2 was present.  At the conclusion of the incubation, the 

culture medium had reverted back to its original colour, indicative of CO2-containing air 

(and therefore also oxygen-containing air) leaking into the evacuation chamber, thus 

exposing the cells once again to normoxic conditions. 

 

 
 
 

 

 

 

 



 

 247

 

 
Figure 6.4(a) The nuclear presence of STAT1 HDLC is slightly reduced under 
conditions of hypoxia.  HepG2 cells were grown in low serum conditions (1% v/v, 
24 h) and then cultured for 8 h in an evacuation chamber purged of oxygen.  Following 
the addition of IL-6 (50ng/ml, 5 min), nuclear extracts were prepared and incubated 
with the SIE or MMP-3 SBE I/AP-1 probes, as shown, and analysed by EMSA.  For 
comparison, nuclear extracts were also prepared from cells cultured in normoxic 
conditions.  1μg poly(dI:dC) was included in all reactions.  The relative binding of the 
STAT1 HDLCs was quantified by densitometry and the values are shown beneath the 
phosphor-image. 
 

 

 

 

As an alternative to the evacuation chamber, hypoxia was simulated in HepG2 cells by 

culturing them in the presence of CoCl2.  EMSA followed by densitometric analysis 

showed an apparent increase in the binding of the STAT1 HDLC to the

MMP-3 SBE I/AP-1 probe by nuclear extracts from CoCl2-treated cells (Fig. 6.4(b)).  

Furthermore, the increased binding following PMA-treatment and the decreased binding 

following IFN-γ-treatment remained consistent in the CoCl2-treated cells (part of this 

figure is also shown in Fig. 6.2(e)).  A similar effect was also observed using nuclear 

extracts from SW480 colon cancer cells treated with CoCl2 (Fig. 6.4(c)), although 

cumulative effects of IL-6 and CoCl2 were not observed in this cell line. 
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Figure 6.4(b) STAT1 HDLC binding activity in the cell nucleus is significantly 
increased upon treatment of HepG2 cells with CoCl2.  Cells were grown in low 
serum conditions (1% v/v, 24 h) and then cultured for 8 h in the presence of CoCl2 
(150μM).  Following the addition of PMA (100nM, 1.5 h) or IFN-γ (1000IU/ml, 1 h), 
nuclear extracts were prepared, incubated with the SIE or MMP-3 SBE I/AP-1 probes 
and analysed by EMSA, as shown.  For comparison, nuclear extracts were also prepared 
from cells that were not treated with CoCl2.  1μg poly(dI:dC) was included in all 
reactions.  The relative binding of the STAT1 HDLCs was quantified by densitometry 
(% relative density). 
 

 

 
Figure 6.4(c) STAT1 HDLC binding activity in the cell nucleus is increased upon 
treatment of SW480 cells with CoCl2.  SW480 cells were grown in low serum 
conditions (1% v/v, 24 h) and then cultured for 8 h in the presence of CoCl2 (150μM).  
Following the addition of IL-6 (50ng/ml, 5 min), nuclear extracts were prepared, 
incubated with the SIE or MMP-3 SBE I/AP-1 probes, and analysed by EMSA.  For 
comparison, nuclear extracts were also prepared from cells that were not treated with 
CoCl2.  1μg poly(dI:dC) was included in all reactions.  The relative binding of the 
STAT1 HDLCs was quantified by densitometry (% relative density). 

+I
FN

-γHepG2

+I
L-

6
co

nt
ro

l

+I
FN

-γ

+P
M

A

co
nt

ro
l

+I
FN-γ

+P
M

A

CoCl2-treated

STAT3/STAT3
STAT1/STAT3

STAT1/STAT1

SIE MMP-3
(SBE I/AP-1)

% Rel Density 100 155 16 348 166815

STAT1 HDLC

 

SW480 IL-6
CoCl2

+
-

+
+
-+

--
-

+

STAT1/STAT1
STAT1/STAT3
STAT3/STAT3

STAT1 HDLC

non-specific

SIE MMP-3
(SBE I/AP-1)

-
-

% Rel Density 100 151157102



 

 249

To further validate the increase in the STAT1 HDLC obtained after treating cells with 

CoCl2, the MMP-3 SBE I/II/AP-1 luciferase construct was transfected into HepG2 cells 

that were then treated with CoCl2 either alone or in combination with IL-6 and PMA.  

Cells were treated with 150μM CoCl2, a concentration consistent with previous 

experiments using HepG2 cells (Piret et al., 2004).  In each treatment group, CoCl2 

resulted in an increase in luciferase activity compared with non-CoCl2-treated controls 

(Fig. 6.4(d)).  IL-6, PMA and CoCl2 in combination showed cumulative effects in 

inducing luciferase activity. 

 

 

 

 

 

Figure 6.4(d) CoCl2 enhances the IL-6- and PMA-induced luciferase expression 
from the MMP-3 SBE I/II/AP-1 reporter construct.  HepG2 cells in a 24-well plate 
were transfected with 1μg reporter vector DNA and 1.5 μl jetPEI transfection reagent.  
Cells were cultured in the presence of 1% foetal calf serum (v/v) for 26 h.  Following 
CoCl2 (150μM, 18 h), IL-6 (10ng/ml, 18 h) and PMA-induction (5nM, 18 h), as 
indicated, dual-luciferase assays were performed (* p<0.05 by two-tailed T-test, with 
respect to non-CoCl2-treated controls). 
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6.3 DISCUSSION 

 

Evidence has accumulated over many years supporting a role for inflammation in 

promoting colon cancer pathology.  To date, several studies have shown a correlation 

between inflammatory cytokine signaling, and poor patient prognosis (Belluco et al., 

2000; Sheng et al., 2001; Knupfer and Preiss, 2010; Kwon et al., 2010).  However, the 

molecular links between inflammation and colorectal malignancies have remained 

unclear, particularly given that inflammatory mediators are largely produced in a 

paracrine manner by tumour-associated macrophages and stromal cells (Matsuo et al., 

2003; Nakagawa et al., 2004; Bailey et al., 2007).  Studies have also shown 

relationships between the expression levels of matrix metalloproteinases (MMPs), a 

family of protein factors that facilitate invasion and migration through tissues, and colon 

cancer prognosis (Shiozawa et al., 2000; Zucker and Vacirca, 2004).  From a sample of 

26 human colorectal cancer biopsies and patient matched normal mucosa, a strong 

statistical correlation by Spearman’s rho (ρ) was observed between IL-6 and MMP-1 

mRNA levels (p<0.01) as well as those of IL-6 and MMP-3 (p=0.02) (Albert Mellick, 

personal communication). 

 

Conserved SBE DNA binding sites in MMP gene promoters 

Several previous studies have investigated the direct regulation of MMP expression by 

cytokines (Korzus et al., 1997; Catterall et al., 2001; Chen et al., 2006; Itoh et al., 2006; 

Tsareva et al., 2007).  Consistent with these reports, qRT-PCR showed significant 

increases in MMP-1 and MMP-3 mRNA expression in colon cancer cell lines upon 

treatment with IL-6 (Albert Mellick, personal communication).  Alignment of the 

MMP-1 and MMP-3 proximal promoter sequences revealed short motifs resembling 

STAT-binding elements (SBEs) and AP-1-binding elements that were highly conserved 

across mammalian species (Figs. 6.1(a), 6.1(f), Table 6.3, Table 6.4).  The unusually 

high level of sequence conservation within non-coding DNA and the common spatial 

arrangement of motifs suggests that the mechanisms of regulation across mammalian 

species may have been conserved and the mechanisms for regulating the expression of 

several genes within the MMP family may also be related.  Thus, the molecular 

mechanisms by which IL-6 regulates expression of the MMP-1 and MMP-3 genes were 

examined with the aim to determine whether these mechanisms are involved in 

regulating MMP levels in colorectal cancer. 
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MMP gene regulation and the role of IL-6 

Initial luciferase reporter experiments were carried out for the purpose of optimising 

assay conditions for observing the effects of IL-6 in the colon cancer cell line SW480.  

These experiments confirmed previous findings that PMA and serum factors, possibly 

themselves proinflammatory cytokines, have important functions in regulating the 

expression of MMP-1 (Figs. 6.1(c-d)) and MMP-3 (Figs. 6.1(h), 6.1(k)) (McDonnell et 

al., 1994; Benbow and Brinckerhoff, 1997).  While the 96bp MMP-3 promoter fragment 

(SBE I/II/AP-1) was inducible by PMA (1.9-fold) in HepG2 cells (Fig. 6.1(k)), the 

MMP-3 prom 607bp construct was inducible by a much greater magnitude (5.8-fold) 

(Fig. 6.1(h)), indicating that some PMA-mediated effects were functioning through 

promoter elements outside of the SBE I/II/AP-1 region. 

 

Under conditions of low serum, IL-6 was shown to induce the proximal promoters of 

MMP-1 and MMP-3 in both SW480 cells (Figs. 6.1(d), 6.1(h)) and HepG2 cells 

(Figs. 6.1(e), 6.1(h)).  The shorter MMP-3 promoter fragment containing only the SBE 

I/II/AP-1 region was also inducible by IL-6 (Fig. 6.1(k)).  While the SBE I/II/AP-1 

construct was inducible by IL-6, the addition of adjoining regions, especially the region 

containing SBE IV, greatly increased the IL-6 responsiveness (Fig. 6.2(b)), suggesting 

the possibility that tandem SBEs function co-operatively, as shown previously for 

STAT1-binding elements (Vinkemeier et al., 1996), STAT5-binding elements (Verdier 

et al., 1998), and similarly for tandem RE-1 sites (Fig. 5.4(j) and Johnson et al., 2006).  

Thus, when STAT1 binds at tandem sites on DNA, protein-protein interactions may act 

to stabilise the DNA-protein complexes, generating greater avidity for binding when 

only low levels of DNA-binding proteins are present.   

 

The luciferase results were consistent with results from qRT-PCR analysis showing 

significant increases in MMP-1 and MMP-3 mRNA levels following IL-6 treatment of 

colon cancer cell lines (Albert Mellick, personal communication; Tsareva et al., 2007), 

and similar results were obtained in chondrocytes (Catterall et al., 2001; Legendre et al., 

2005).  IL-6 and PMA in combination functioned in an additive manner to promote 

transcription from all of the constructs containing MMP promoter regions 

(Figs. 6.1(d-e), 6.1(h), 6.1(k)).  Typically HepG2 cells showed greater IL-6 induction 

than SW480 cells, reflecting the high levels of IL-6-mediated gene activation occurring 

during the acute phase response in liver-derived cells (Wegenka et al., 1993).  Even 

though they are liver-derived, HepG2 cells were chosen for subsequent experiments 
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given their greater sensitivity and likelihood of providing larger effects that could be 

more accurately discriminated. 

 

Evidence for roles of STAT1 and AP-1 in regulating the MMP-1 and MMP-3 genes 

through their proximal promoters 

Given the close proximity of the SBE and AP-1-binding elements in the promoters of 

the MMP genes, EMSA analysis was carried out to determine whether DNA-binding 

factors bound to individual sequence motifs.  The SIE probe from the c-Fos gene was 

used as a positive control for STAT-binding, which produced three shifted bands when 

incubated with extracts from IL-6-treated cells (Fig. 6.2(c)).  Supershifting of these 

bands with antibodies against STAT1 and STAT3 validated these bands as STAT 

homodimers and heterodimers as well as validating the specificity of the antibodies 

(Fig. 6.2(g)).  The stoichiometric ratio of anti-STAT1 specific antibody to STAT1 

dimers used in these experiments may have been suboptimal given that not all of the 

STAT1 bands were supershifted. 

 

By EMSA analysis, a complex was shown to bind to the SBEs derived from the 

promoters of the MMP-1 and MMP-3 genes (Fig. 6.2(c-d)).  This complex shifted with 

the same mobility as the classical IFN-γ-activated STAT1 homodimer that bound to the 

classical SIE probe from the c-Fos gene, and was consequently referred to as the 

STAT1 homodimer-like complex (STAT1 HDLC).  While abundant constitutive 

binding was observed using extracts from serum-deprived cells, binding of these 

complexes was further increased by using extracts from cells treated with IL-6 or PMA

(Figs. 6.2(c), 6.1(e)), corroborating the results from the promoter reporter studies.  An 

exception was the complex bound to MMP-3 SBE IV that bound equally well using 

extracts from either the untreated or IL-6-treated cells (Fig. 6.2(e)). 

 

STAT1, not STAT3 is involved in the activation of the MMP-1 and MMP-3 

proximal promoters 

Surprisingly, the STAT1 HDLC was found to contain STAT1 and either c-Jun (MMP-1) 

or a Fos family member (MMP-3), while no STAT3 involvement was detected

(Figs. 6.2(g), 6.2(i)).  A STAT3 homodimer-like complex was in fact shown to bind to 

the MMP-3 SBE II (Fig. 6.2(f)), whose sequence matches other 5’-TT(N)5CA-3’ motifs 

that have previously been shown to favour binding of STAT3 (Cantwell et al., 1998; 

Ichiba et al., 1998; Yang et al., 2003).  However, the binding of this complex was weak 
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as it was competed out upon inclusion of the non-specific competitor poly(dI:dC) in the 

reaction and was therefore not investigated further. 

 

Both the direct binding (EMSA) studies and the promoter reporter studies with the 

MMP-3 proximal promoter region showed a reduction in complex binding and 

luciferase activity upon pre-treatment of cells with IFN-γ (Figs. 6.1(i), 6.2(e)).  The 

effects of IFN-γ in HepG2 and SW480 cells varied from practically no effect to an 

almost complete abolition of binding of the STAT1 HDLC, as was the case for MMP-3

SBE I/AP-1.  These results were further supported by qRT-PCR data showing a 

significant reduction in the mRNA levels of several MMPs upon IFN-γ treatment of 

colorectal cancer cell lines (Albert Mellick, personal communication).  Other studies 

have reported similar IFN-γ-mediated repression of MMP expression in fibroblasts 

(Lewis et al., 1999), keratinocytes (Ala-aho et al., 2000) astrocytes, adenocarcinomas 

and monocytes (Ma et al., 2001; Ma et al., 2005; Nguyen et al., 2005). 

 

Based on these observations, the loss of MMP-3 promoter activation following IFN-γ 

treatment in colon cancer cells was likely to relate to changes in the phosphorylation 

status of STAT1.  IFN-γ-mediated suppression of the human MMP-9 gene was 

previously shown to depend on the ability of STAT1 to be phosphorylated on Y701, 

although phosphorylation at S727 was not essential (Ma et al., 2005).  Tyrosine 

phosphorylation of STAT1 caused it to associate with the transcriptional coactivator 

CBP/p300.  Given that STAT1 bound constitutively to the MMP-3 proximal promoter, 

as demonstrated by ChIP assay (Figs. 6.3(b-c)), it is distinctly possible that the STAT1 

HDLC contains non-tyrosine-phosphorylated STAT1.  IFN-γ may then suppress the 

transcription of MMP-3 by rapidly replacing the non-tyrosine-phosphorylated STAT1 in 

the cell nucleus with tyrosine-phosphorylated STAT1 and in doing so sequester both 

STAT1 and CBP/p300 away from their requisite constitutive binding sites on the 

MMP-3 promoter.  This proposed mechanism is summarised schematically in

Fig. 6.5(a). 

 

Evidence for the involvement of unphosphorylated STAT1 in regulating constitutive as 

well as IFN-induced gene expression has been reported (Chatterjee-Kishore et al., 2000; 

Meyer et al., 2002a).  Exogenous expression of unphosphorylated STAT1 in the 

absence of IFN-treatment has been reported to increase the expression of many immune 

regulatory genes (Cheon and Stark, 2009). 
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Figure 6.5(a) Proposed model for the regulation of MMP genes by IL-6/PMA and 
IFN-γ.  Fos/Jun and unphosphorylated STAT1 bind constitutively to AP-1-binding 
elements and SBE in the proximal promoters of the MMP-1 and MMP-3 genes 
respectively, maintaining a basal level of gene expression (grey arrow).  In the presence 
of IL-6 or PMA, MMP expression is enhanced (green arrow).  In response to IFN-γ, 
STAT1 is phosphorylated, increasing its affinity for binding to GAS elements in the 
promoters of IFN-γ responsive genes.  In doing so, STAT1 is displaced from the MMP 
gene promoters, resulting in a significant reduction in expression from these genes. 
 

  

 

The sensitivity to the presence of poly(dI:dC) displayed by the STAT1 HDLC binding 

to the MMP-1 SBE and the MMP-3 SBE I without the AP-1-binding elements 

(Fig. 6.2(h)) suggests that complex formation is not robust and requires AP-1 

components to strengthen STAT1 DNA-binding interactions.  In contrast, the STAT1 

HDLC binding to the MMP-3 SBE IV, which had no adjacent AP-1-binding element, 

was not displaced by poly(dI:dC) (Fig. 6.2(e)), indicative of more robust binding.  

Interestingly, the binding of this complex was not enhanced by pre-treating the cells 

with IL-6, but was sensitive to IFN-γ.  Similarly, the STAT1 HDLC binding to the 

MMP-3 SBE II/III probe (also with no AP-1-binding element) showed robust binding 

(Fig. 6.2(e)) while binding to SBE II alone was effectively displaced by poly(dI:dC) 

(Fig. 6.2(f)).  These observations may help to explain the enhanced binding of the 

 



 

 255

STAT1 HDLC to the SBE/AP-1-binding elements, as well as the enhanced transcription 

activity in response to IL-6, PMA and serum, as shown by both EMSA, ChIP and 

luciferase assays, respectively.  While IL-6 and IFN-γ both induce the phosphorylation 

of Y701 in STAT1, the downstream effects of IL-6 may differ from those of IFN-γ due to 

enhanced association with AP-1 components, which are activated by PMA (Arts et al., 

1996), and the association of those AP-1 components with the AP-1-response elements.  

It is possible that activation of pathways involving serine kinases (introduced in section 

1.1.5) induce AP-1 function and may even promote serine phosphorylation of STAT1.  

Alternatively, the different effects of IL-6 and IFN-γ may relate to a predominance of 

STAT3 activation over STAT1 activation by IL-6 (Stahl et al., 1995). 

 

Several reports have claimed that STAT3 is required for MMP-1 and MMP-3 promoter 

activation in response to inflammatory cytokines and growth factors (Korzus et al., 

1997; Itoh et al., 2006; Tsareva et al., 2007).  Indeed, STAT3 has been shown to bind to 

sites in the distal promoters of MMP-1 and MMP-3 (Tsareva et al., 2007), although no 

binding was shown within 4.2kb and 1.9kb of the transcriptional start sites of MMP-1 

and MMP-3, respectively.  We studied the proximal promoters of MMP-1 and MMP-3 

and did not observe any robust STAT3 dimeric bands in gel shift assays, nor did we 

observe shifting or blocking of the STAT1 HDLC with an antibody demonstrated to be 

specific against STAT3 in either HepG2 or SW480 colon cancer cells (Fig. 6.2(g)).  To 

confirm the lack of STAT3 involvement, luciferase assays using the IL-6-induced 

MMP-1 prom 549bp and MMP-3 prom 607bp reporter constructs were repeated using 

Stattic, the specific inhibitor of STAT3 activation.  Using the JunB promoter as a 

positive control to which STAT3 has been previously shown to bind (Coffer et al., 

1995), the addition of Stattic prior to adding IL-6 had negligible effects on the MMP-1 

and MMP-3 proximal promoters at concentrations that inhibited up to 76% of the 

IL-6-mediated activation of the JunB promoter (Fig. 6.3(e)). 

 

In addition to the experiments described, two further experiments have been performed 

which confirmed the complete lack of STAT3 involvement in the IL-6-mediated 

activation of MMP-1 and MMP-3.  Given the importance of the findings from these 

other studies to the present thesis, they will be discussed here.  In the first experiment, 

IL-6 was directly injected into the livers of wild-type mice (129/Sv  C57BL/6) and 

gp130Y757F/Y757F (FF) “knock-in” mice in which IL-6-mediated activation of STAT3 and 

STAT1 was potent and prolonged due to the inability of SOCS3 to bind to and suppress 
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gp130 receptor signaling (Jenkins et al., 2005).  While the STAT3 mRNA level in the 

liver of wild-type mice peaked 180 minutes after the injection of IL-6, the levels of 

MMP-1 and MMP-3 peaked after only 90 minutes (Fig. 6.5(b), from A. Mellick, 

publication in preparation).  After 90 minutes, STAT3 mRNA levels were induced by 

IL-6 to a much greater magnitude in the FF mice compared to the wild-type.  However, 

the peak expression of IL-6-induced MMP-1 mRNA was no different in the FF mice 

compared to the wild-type, while the peak expression of MMP-3 mRNA was 

significantly lower in the FF mice, supporting a lack of involvement of activated 

STAT3, as well as activated (phosphorylated) STAT1, in the regulation of the MMP-1 

and MMP-3 promoters in vivo. 
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Figure 6.5(b) Quantitative PCR analysis of mRNA levels induced in livers of IL-6 
treated wild-type (WT) and gp130Y757F/Y757F (FF) “knock-in” mice.  Left panel. 
Time course for changes in STAT3, MMP-1 and MMP-3 mRNA levels in WT mice.  
Right panel. Comparison of mRNA levels 90 min after the administration of IL-6. 
(* p<0.05; ** p<0.01 by two-tailed T-test, with respect to wild-type controls). 
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In the second experiment, whose results are shown in Fig. 6.5(c) (from J. Yang, 

publication in preparation), Northern blotting showed that IL-6-induced MMP-1 and 

MMP-3 mRNA expression was no different in A4 cells (a sub-line of the human colon 

cancer cell line DLD1 in which the STAT3 gene was knocked-out) compared to A4 cells 

reconstituted with wild-type STAT3.  Thus, all of the data we have presented is 

consistent with the notion that STAT1, but not STAT3, regulates 

IL-6-mediated MMP-1 and MMP-3 promoter activation.  The reasons for conflicting 

conclusions in the literature regarding the involvement of STAT3 may relate to specific 

cytokine-mediated preferences for either STAT1 or STAT3 recognition of SBEs, or 

crossreactivity of STAT antibodies.  Our position is supported by recent studies 

showing the involvement of the JAK1/STAT1 pathway in UV- and ceramide-induced 

MMP-1 expression in human dermal fibroblasts (Kim et al., 2008).  Similarly, the 

induced expression of the closely related factor MMP-9 by EGF was decreased when 

human breast cancer cells were transfected to overexpress STAT3 (Kim et al., 2009b). 

 

 

 

 

 
Figure 6.5(c) Northern blot analysis of mRNA levels in A4 cells compared with A4 
cells reconstituted with wild-type STAT3.  Cells were treated concurrently with IL-6 
(200ng/ml) and sIL-6R (250ng/ml) for the time intervals indicated. 
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The role of hypoxia in MMP gene regulation 

The overexpression of HIF-1α has been observed in the hypoxic microenvironments of 

colorectal tumours, where it activates the expression of pro-angiogenic factors 

(Krishnamachary et al., 2003; Rasheed et al., 2008; Rasheed et al., 2009).  Among these 

factors may be several of the MMPs that have themselves been implicated in promoting 

angiogenesis by enabling the growth of new tumour vasculature (Nelson et al., 2000; Ii 

et al., 2006).  A preliminary investigation was therefore undertaken into the role of 

hypoxia in the activation of the MMP-3 gene through the SBE/AP-1 region.  As 

previously described, hypoxia was simulated by treating colon cancer cells with CoCl2, 

thereby stabilising HIF-1α and inducing the expression of hypoxia-induced genes 

(Karovic et al., 2007).  Treating SW480 cells with CoCl2 resulted in an increase in the 

amount of STAT1 HDLC in the nucleus (Figs. 6.4(b-c)) and activated the MMP-3 

proximal promoter (Fig. 6.4(d)).  Both of these effects may be related to the 

HIF-1α-dependent induction of c-Jun expression in response to prolonged hypoxia 

(Laderoute et al., 2002), the induction of c-Fos gene expression in response to hypoxia 

(Mishra et al., 1998) or the increase in AP-1 DNA binding activity in response to 

hypoxia (Yao et al., 1994; Zou et al., 2001).  Hypoxia has also been previously shown 

to activate STAT1, STAT3 and STAT5 proteins (Joung et al., 2003; Lee et al., 2006), 

providing another possible mechanism for hypoxia-mediated induction of MMP-3 

expression by enhancing the STAT1/AP-1/MMP-3 promoter interactions previously 

described in this chapter. 

 

The extracellular glycoprotein EMMPRIN (also known as basigin or CD147) has been 

shown to induce MMP expression in target cells.  While cell surface expression of 

EMMPRIN increases the expression of many MMPs, including MMP-1, -2, -3 and -9, 

the mechanisms by which it exerts these effects are not well characterised.  The specific 

ligands expressed by target cells to which EMMPRIN binds include cyclophilins A and 

B, and EMMPRIN itself (Yurchenko et al., 2006; Seizer et al., 2010).  MMP expression 

is upregulated particularly in stromal fibroblasts and endothelial cells when EMMPRIN 

is overexpressed on the surface of tumour cells (Sun and Hemler, 2001; Caudroy et al., 

2002).  Determining the regulation of EMMPRIN expression by inflammatory 

cytokines is an important future research objective and may help to resolve some of the 

seemingly contradictory findings from the last decade of MMP research, including 

those outlined in this chapter. 
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In summary, an intricate network of matrix degrading enzymes, cytokines and other 

regulatory molecules that regulate MMPs at various levels, function to maintain the 

extracellular matrix in a state of homeostasis.  Through changes in inflammatory 

cytokine expression patterns in various malignancies, and changes in tumour 

microenvironment conditions, the expression and activities of MMPs and MMP 

inhibitors are modified to facilitate further growth, invasiveness and metastasis of 

tumours.  Although MMP expression (with the exception of MMP-7) is usually 

confined to stromal cells, we have shown that IL-6, PMA and hypoxia induce the 

expression of MMP-1 and MMP-3 in colon cancer cell lines through enhanced binding 

of DNA-binding complexes containing STAT1 and AP-1 components to the proximal 

promoters of MMP-1 and MMP-3.  We have also shown that binding of these 

complexes is negatively regulated by IFN-.  While this study has focussed mainly on 

MMP-1 and MMP-3, the expression levels of several other MMPs in colorectal cancer 

follow similar patterns.  Notably, the MMP-9 promoter contains AP-1 sites and putative 

SBEs, similarly to the MMP-1 and MMP-3 genes.  Additional studies will be required to 

determine the full extent of MMP regulation by the novel STAT1/AP-1 complex and 

the role of inflammatory cytokines in tumour development.  Further data may also help 

to identify why some apparently benign inflammatory bowel complaints can progress to 

colorectal cancer and whether this is related to cytokine-mediated activation of MMP 

expression.  Finally, further studies may identify novel targets for inhibiting MMP 

activity, and thus reduce the invasiveness of primary and metastatic tumors for the 

therapeutic benefit of cancer patients. 
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CHAPTER 7 

GENERAL DISCUSSION AND CONCLUSIONS 

 

7.1 EPIGENETICS AND HUMAN MALIGNANCIES 

 

In chapter 3, several techniques were applied in order to identify epigenetic mechanisms 

involved in the regulation of genes involved in IFN expression and signaling and 

included: 

 

 Gene sequence analysis to identify putative CpG islands 

 Differential restriction endonuclease digestion 

 Bisulphite modification of DNA, and subsequent methylation-specific 

PCR (MSP) 

 DNA sequencing following MSP 

 Addition of 5-aza-CR, 5-aza-CdR and TSA to cell cultures 

 

Each of these techniques has its own set of limitations.  While gene sequence analysis 

by bioinformatics provides only limited information, restriction endonuclease digestion 

using MspI and HpaII is also limited in that every CpG between the PCR primers that 

occurs in the context of the HpaII recognition sequence (5’-CCGG-3’) needs to be 

methylated in order to prevent digestion by HpaII.  Differential silencing of gene 

transcription by methylation of some, but not all CpGs has been reported in tumour-

derived cell lines and in cancers, including melanoma (Cameron et al., 1999b; Sigalotti 

et al., 2004).  The lack of methylation that was observed in the HT-29 cell line at the 

CDKN1A and STAT1 promoters (Figs. 3.5(f), 3.6(e)) does not rule out the presence of 

partial methylation of the two and five respective 5’-CCGG-3’ sequences in each of 

these promoters that lie between the PCR primers used in the present study. 

 

MSP faces a similar limitation in that amplification is dependent on methylation or 

non-methylation at specific CpGs in order for the 3’ end of the primer sequences to 

match the DNA template after it has been modified by sodium bisulphite.  Thus, 

methylation of only a few CpGs at, for example, the location of the sense primer would 

yield modified DNA that is perfectly complementary to the sense primer from the 

methylation-specific set and also perfectly complementary to the antisense primer from 
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the “unmethylation”-specific set.  PCR from such a template may yield ambiguous 

results since one primer from each set would perfectly match the template while the 

other primer from the same set would differ by one or two bases at its 3’ end, 

potentially providing a close enough match to allow DNA amplification to still occur.  

A further problem with incomplete CpG methylation would occur in situations whereby 

some of the CpGs between the primer sets are methylated, but not those targeted by the 

primers.  Amplification in this situation would occur with the “unmethylation”-specific 

primers and yield a false negative result.  An arduous solution to this problem would be 

to sequence each individual PCR product.  Single strand conformation polymorphism 

analysis (SSCP) is a method that has been adapted to analyse bisulphite-modified DNA 

and is capable of detecting a single methylated CpG dinucleotide within a CpG island 

(Dobrovic et al., 2002).  SSCP may be a practical alternative when DNA methylation is 

suspected but is undetectable by MSP. 

 

The limitation inherent in treating cell cultures with 5-aza-CR, 5-aza-CdR or TSA is 

that this approach is indirect insofar as it does not necessarily identify specific genes 

that are methylated.  For example, in (Karpf et al., 1999), treatment of HT-29 colon 

cancer cells with 5-aza-CdR was shown to result in increased protein expression of 

STAT1, STAT2, and STAT3.  This finding was confirmed in this thesis with regard to 

STAT1 (Fig. 3.2(b)) and extended to also include IRF-1 (Fig. 3.2(c)) and IRF-7 

(Fig. 3.2(b)).  Analysis of the CpG islands in the STAT1 and IRF-7 promoters found no 

evidence for methylation at either of these CpG islands in HT-29 cells (Figs. 3.3(c), 

3.4(c-d), 3.6(e)).  Furthermore, there is no CpG island in the promoter of the STAT2 

gene (appendix 1).  Therefore, the effect of 5-aza-CdR is indirectly mediated with 

regard to STAT1, STAT2 and IRF-7 and the precise mechanism for their expression in 

response to 5-aza-CdR remains to be determined.  Several genes have already been 

confirmed to be methylated in HT-29 cells and could serve as candidates for further 

analysis of the 5-aza-CdR-mediated expression of the IFN-signaling factors.  These 

genes include RNF113B, MAGEA3, CD01 and ZFP3 (Mossman et al., 2010). 

 

MSP showed no evidence for methylation of the STAT1 gene amongst a range of 

melanoma cell lines (Figs. 3.4(c-d)).  With the exception of MM96, MSP also showed 

no evidence for methylation of the IRF-7 gene in all the melanoma cell lines tested 

(Figs. 3.3(c-e)).  Bisulphite sequencing of MM96 cells showed that every CpG 

dinucleotide in the IRF-7 promoter CpG island was methylated except for one located 
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within an IFN-inducible ISRE sequence (Fig. 3.3(d)). The MM96 cell line, which has 

previously been characterised as IFN-resistant and deficient in ISGF3 factors (Wong et 

al., 1997), became partially responsive to IFN-β by way of an increase in STAT1 

protein expression in cells previously treated with the DNA demethylating agent

5-aza-CdR (Fig. 3.2(e)).  This was accompanied by a delayed constitutive increase in 

IRF-7 expression following 5-aza-CdR treatment (Fig. 3.2(e)).  While demethylation of 

the IRF-7 gene in MM96 cells may have a long-term effect on IFN-responsiveness, 

IRF-7 would be unlikely to have produced the effect that was observed 24 hours after 

the addition of 5-aza-CdR, given the role of IRF-7 downstream of the ISGF3 complex 

in the autocrine/paracrine feedback loop mediating type I IFN expression (Marie et al., 

1998).  Possible candidate target genes of 5-aza-CdR that may have conferred 

IFN-responsiveness to MM96 cells include IRF-1, IRF-8, and one of the multiple genes 

that encode p38/MAPK and subunits of PI3K.  Further work is required to elucidate the 

identity of this gene.  Alternatively, 5-aza-CdR target genes could interact with REST or 

one of the co-repressing factors discussed in chapter 5 to indirectly increase the 

expression of STAT1, and hence IRF-7. 

 

The clinical use of DNA demethylating agents has the potential disadvantage of side 

effects resulting from demethylating every gene that is silenced by methylation.  

Nevertheless, such agents have been successfully used to treat haematologic 

malignancies.  5-aza-CdR (decitabine) recently showed sufficient effectiveness against 

myelodysplastic syndrome in phase III clinical trials for it to be approved by the United 

States FDA for the treatment of intermediate- and high-risk patients (Kantarjian et al., 

2006; Santos et al., 2010).  However, the effectiveness of 5-aza-CdR against solid 

malignancies has been disappointing (Aparicio and Weber, 2002).  The use of DNA 

demethylating agents against malignant melanoma is still in its infancy (Gollob et al., 

2006; Tawbi and Buch, 2010).  Additionally, the use of such agents for the treatment of 

colorectal cancer patients may be complicated by the frequency of genome-wide 

aberrant hypomethylation in these cancers (Matsuzaki et al., 2005).  Genome-wide 

hypomethylation, as opposed to hypermethylation localised to CpG islands, is thought 

to contribute to colorectal carcinogenesis by causing chromosomal instability (Mossman 

et al., 2010). 

 

While no effect of TSA on STAT1 or IRF-7 expression in SK-Mel-28 cells was evident 

from the results of western blotting (Fig. 3.2(h)), moderate and strong effects 
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respectively, were observed on IRF-7 expression in MM96 and HT-29 cells 

(Fig. 3.2(f)).  Positive effects were also observed in the melanoma cell lines when TSA 

was added to cells that had previously been treated with 5-aza-CdR (Figs. 3.2(g-h)).  

These results indicate that histone deacetylation may potentially have a role in 

repressing genes that mediate IFN-sensitivity and tumour suppressors in many cancers.  

While the number of clinical trials involving TSA is low, other HDAC inhibitors have 

been more comprehensively investigated.  Vorinostat (SAHA, ZolinzaTM) was approved 

by the United States FDA for the treatment of cutaneous T cell lymphoma as a result of 

outcomes from a phase IIB clinical trial (Olsen et al., 2007).  Romidepsin, MS-275, 

LBH589, belinostat and MGCD0103 are all currently in clinical trials, mostly against 

haematological malignancies and several in combination with 5-aza-CR or 5-aza-CdR 

(reviewed in Glaser, 2007).  Phase I and II trials using HDAC inhibitors have only 

recently been undertaken in melanoma and colorectal cancer patients (Hauschild et al., 

2008; Vansteenkiste et al., 2008; Daud et al., 2009; Rocca et al., 2009; Ree et al., 2010; 

Wilson et al., 2010).  To date, no trials have shown any improvements in overall 

survival. 

 

7.2 DUAL LUCIFERASE ASSAY CONSIDERATIONS 

 

Luciferase assays constituted a major component of the promoter/enhancer analysis of 

the STAT1, MMP-1 and MMP-3 genes presented in chapters 5 and 6.  Before 

commencing these analyses, it was important to eliminate several variables that 

commonly give rise to unnecessary variation between replicate reactions in luciferase 

assays.  Variation can be associated with unequal transfection efficiencies, 

unpredictable toxicity of transfection reagents and unequal cell numbers, especially 

when lysed cells are transferred from a culture vessel into an assay plate.  The 

mandatory requirement of an internal calibration control to achieve consistent results is 

well established. 

 

In chapter 4, two different internal calibration control methods for luciferase reporter 

assays were compared.  Cotransfecting cells with the pBOS-H3-N-GFP expression 

vector encoding histone protein H3 tagged with EGFP enabled the calibration control to 

be measured free of chemical substrates, without lysis of the cells and at very little 

financial cost.  An additional advantage of this method was the ability to visually assess 

the efficiency of cell transfection based on the expression of EGFP in cell nuclei 
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(Fig. 4.1(a)).  The major disadvantages of this method were the high amount of

pBOS-H3-N-GFP DNA required to be transfected into cells for optimal EGFP 

expression (Fig. 4.1(c)), and the high levels of background autofluorescence produced 

by EGFP (Fig. 4.1(b)).  The high autofluorescence was the major contributing factor to 

the variation observed when normalising luciferase measurements across triplicate wells 

of transfected cells.  In some cases, the variation obtained using EGFP to normalise 

luciferase measurements was greater than that obtained using the raw luciferase 

measurements without an internal calibration control (Fig. 4.1(f)). 

 

As an alternative internal calibration control, cells were cotransfected with the pRL-TK 

vector containing the Renilla luciferase cDNA cloned downstream of the herpes 

simplex virus thymidine kinase.  The use of Renilla luciferase required cells to be lysed 

prior to the sequential detection of firefly luciferase followed by Renilla luciferase in 

the same reaction well.  It was necessary to modify the standard firefly luciferase assay 

buffer so that both the firefly luciferase signal could be quenched upon addition of the 

Renilla luciferase assay buffer and that the Renilla luciferase signal would not be 

adversely affected by the continued presence of the firefly luciferase assay buffer.  

Figs. 4.2(b-d) demonstrated that a dual-luciferase assay was largely achievable by 

either freeze/thawing the cells in a small volume of PBS or by using tergitol™ NP-9 

detergent in the modified firefly luciferase assay buffer to lyse the cells. 

 

The pRL-TK vector was then replaced with the phRL-SV40 vector in which the Renilla 

luciferase cDNA is under the control of the more potent early promoter and enhancer of 

the SV40 virus.  Much smaller amounts of phRL-SV40 DNA were required to be 

cotransfected in order to produce a strong Renilla luciferase signal (Fig. 4.2(e)).  When 

transfecting cells in wells of a 24-well plate with 2μg of firefly luciferase vector DNA, 

the Renilla luciferase signal increased as more phRL-SV40 DNA was cotransfected up 

to a maximum of 100ng, while the firefly luciferase signal was not affected.  Above 

100ng, both the firefly and Renilla luciferase signals decreased dramatically.  An 

equivalent maximum of 40ng was determined for cotransfecting cells in a 96-well plate 

format (Fig. 4.2(f)).  By using carrier DNA to maintain a constant amount of DNA in 

the transfection reactions it was shown that the inhibition observed when excess Renilla 

luciferase vector was transfected was due to the optimal DNA : transfection reagent 

ratio being exceeded and not due to the efficient phRL-SV40 vector competing with the 

firefly luciferase vector for available transcription factors (Fig. 4.2(g-h)). 
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Renilla luciferase vectors provided a convenient internal calibration control for which 

minimal amounts of vector DNA could be cotransfected to produce acceptably low 

variation between replicate reactions.  However, one important consideration concerned 

the reduction of Renilla luciferase expression upon treating cells with type I IFN 

((Ghazawi et al., 2005) and Fig. 4.2(i)), an effect that had important implications for the 

interpretation of results in chapter 5.  It should always be considered that the perceived 

induction of a primary reporter by type I IFN may be overestimated due to a decrease in 

the expression of the internal calibration control.  This is particularly important when 

studying promoters that are only weakly responsive to type I IFNs, in which case the 

induction of a firefly luciferase reporter by type I IFN should also be confirmed using 

alternative methodologies.  Similarly, Renilla luciferase expression from phRL-SV40 

increased when cells were treated with PMA at concentrations between 5nM and 50nM 

(Fig. 4.2(i)).  By the same logic applied above, the perceived induction of a primary 

reporter by PMA may actually be underestimated due to an increase in the expression of 

the internal calibration control. 

 

7.3 REGULATION OF STAT1 EXPRESSION IN MALIGNANT 

MELANOMA 

 

An ISRE in the promoter of the STAT1 gene was shown to bind both STAT1 

homodimers (Fig. 5.1(b)) and the ISGF3 complex (Figs. 5.1(d-e)).  The presence of 

poly(dI:dC) was necessary to observe binding of the ISGF3 complex, suggesting that 

STAT1 homodimers bind preferentially under conditions of lower stringency due to an 

oversupply of STAT1 homodimers in IFN-γ-primed cells.  In addition to the ISRE, a 

novel IRF-E/GAS/IRF-E (IGI) element, located at an intronic enhancer region of the 

STAT1 gene was previously characterised and shown to be regulated by an IFN-

activated complex comprising IRF-1 and CBP/p300 (Wong et al., 2002).  STAT1, in 

turn, binds to and regulates a GAS site in the IRF-1 gene promoter (Pine et al., 1994).  

The regulatory elements in the STAT1 gene function in an additive manner to confer 

transcriptional activation of the STAT1 gene in response to IFN-β (Fig. 5.2(c)), and infer 

the existence of IFN-inducible positive feedback circuits, as proposed in Fig. 7.1. 

 

The presence of the ISRE and IGI elements and their associated positive feedback 

circuits, as well as the potent intronic repressor element described in chapter 5, suggest 

that cellular STAT1 protein levels are tightly regulated but can be highly expressed.  
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Thus, basal STAT1 levels may be restrained by REST and its associated co-repressors, 

while maintaining the capacity to be amplified rapidly in an IFN-dependent manner.  

The identification of a putative NF-κB binding site that overlaps the RE-1 site in the 

 

 
 
Figure 7.1 IFN-inducible positive feedback loops involving the ISRE and IGI 
elements in the STAT1 gene.  STAT1 homodimers and the ISGF3 complex bind to the 
ISRE element, inducing transcription of the STAT1 gene.  IRF-1, in a complex with 
CBP/p300 (not shown), binds to the IGI element, also inducing transcription of the 
STAT1 gene from a different start site.  STAT1 dimers in turn could bind to a GAS 
element in the IRF-1 gene, inducing transcription and establishing an amplifier circuit. 
 

 

 

 

STAT1 repressor region (Table 5.1) suggests a further regulatory mechanism that itself 

could be IFN-dependent.  Indeed, NF-κB has also been shown to regulate the type I IFN 

response by binding directly to the promoters of ISGs (Wei et al., 2006; Wei et al., 

2008). 

 

It would follow that a reduction in the basal STAT1 level by overexpression or 

overactivity of the repressor mechanisms could facilitate the establishment of tumours 

by preventing the IFN-induced increase of STAT1 that is required for several 

immunosurveillance processes.  For instance, STAT1-deficient cells may lose their 

ability to respond to IFN-γ from NK and NKT cells, or they may lose their ability to 

express cell surface MHC/tumour-specific peptide complexes recognised by CD4+ or 
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CD8+ T cells.  Similar effects were described in mouse fibroblasts in which IFN-α/β 

signaling was shown to prevent cellular transformation (Chen et al., 2009). 

 

7.4 THE ROLE OF ISGF3 COMPONENTS IN TYPE I IFN-RESISTANT 

MELANOMAS 

 

Protein levels of the ISGF3 complex components were previously shown to correlate 

with the responsiveness of melanoma cells to type I IFN (Wong et al., 1997).  This has 

important implications given the approved clinical use of IFN-α2 for the treatment of 

high-risk melanoma patients and the low response rates associated with this therapy.  

The identification of STAT1 protein levels, as well as those of other ISGF3 

components, as determining factors for the sensitivity of melanoma cells to type I IFN 

raises the prospect that future patients could be stratified according to the intratumoural 

expression levels of these proteins.  In doing so, it may be possible to identify those 

patients who will benefit greatly from IFN therapy or biochemotherapy, while sparing 

the associated side effects from those patients for whom IFN therapy will be futile.  

Stratification of patients may also provide greater clarity and increased statistical power 

in future clinical trials involving IFN therapy or biochemotherapy. 

 

The precise role that STAT1, STAT2 and IRF-9 protein levels have in determining the 

responsiveness of melanomas to the IFNs remains controversial.  Several groups have 

obtained results similar to those of Wong et al..  In particular, Pansky et al. observed 

three IFN-α-resistant cell lines amongst a panel of melanoma cell lines (Pansky et al., 

2000).  In the Pansky study, of the nine human melanoma cell lines studied, D10 cells 

appeared to have no deficiencies in any of the molecules of the classical type I IFN 

signaling pathway while S7 cells were deficient in STAT2 and IRF-9, as well as TYK2, 

one of the JAK kinases responsible for recruiting STATs to the type I IFN receptor (see 

Fig. 1.1).  The cell line A375-6, which was initially responsive to IFN-α, became 

resistant after several months of continuous culture.  While previously expressed at a 

high level, STAT1 protein could no longer be detected in the IFN-α-resistant cells.  The 

importance of STAT1 in mediating the antiproliferative effects of IFN-α in melanoma 

cells in vitro was further confirmed by others (Lesinski et al., 2003; Badgwell et al., 

2004).  However, this issue is complicated because of the role of STAT1 in immune cell 

signaling and greater responses to IFN-α in vivo, as determined by mouse survival 

times, were also shown to depend on STAT1 signaling in host immune effector cells, 
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especially in NK cells, and not in the tumour cells themselves (Lesinski et al., 2003; 

Badgwell et al., 2004; Lesinski et al., 2005). 

 

The ability of STAT1 to be activated by phosphorylation, and not the STAT1 protein 

level per se, has been suggested as a determining factor for the responsiveness of 

melanoma cells to type I IFN.  Cultured cells derived from melanoma patient lymph 

node metastases showed low rates of STAT1 phosphorylation following treatment with 

IFN-α (Boudny et al., 2003; Kovarik et al., 2003).  Although in these studies, 

phosphorylation at Y701 and S727 occurred in only 37% and 26% of the IFN-α-treated 

cell cultures, respectively, STAT1 phosphorylation in vitro did not correlate with 

improved clinical outcomes following treatment of the patients with IFN-α2 (Boudny et 

al., 2003).  STAT1 protein levels also varied in the patient melanoma samples (Kovarik 

et al., 2003).  However, the correlation between STAT1 expression levels and patient 

responses to IFN-α treatment was not determined in this study.  Interestingly, a follow up 

study of these patients showed that the absence of IFN-γ inducibility of phospho-STAT1 

(p-Y701) in vitro correlated positively with disease outcome (Boudny et al., 2005). 

 

Lesinski et al. observed significant variation among human melanoma cell lines in the 

induction of phospho-STAT1 (p-Y701) in response to IFN-α (Lesinski et al., 2007).  

However, it was also acknowledged in the Lesinski study that the level of induction of 

phospho-STAT1 (p-Y701) in these cell lines by high concentrations of IFN-α (105IU/ml) 

correlated with basal protein levels of STAT1, and that the level of induction by lower 

concentrations of IFN-α (103-104 IU/ml) correlated with protein levels of STAT2.  An 

equivalent correlation of baseline STAT1 levels observed in patient biopsies was much 

weaker.  However, the analysis was complicated by the prior treatment of some of the 

patients with IFN-α.  Interestingly, the level of constitutively phosphorylated STAT3 

was also shown to inversely correlate with IFN-α-induced phospho-STAT1 (p-Y701) in 

melanoma cell lines, but not in patient tumour-derived lines.  The contribution of 

STAT3 to melanoma pathology is discussed further in section 7.6. 

 

Some groups have observed no significant differences in protein levels of ISGF3 factors 

between IFN-sensitive and IFN-resistant melanoma cells (Chawla-Sarkar et al., 2002; 

Jackson et al., 2003; Lesinski et al., 2005).  Whilst from these reports, the JAK/STAT 

pathway was deemed necessary, it was not sufficient for the antiproliferative response 

of the IFNs.  Defective IFN-activated but JAK/STAT-independent pathways leading to 
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defective activation of downstream ISGs have also been suggested, but not proven, to 

be mechanisms resulting in resistance of melanoma cells to IFN (Chawla-Sarkar et al., 

2002; Jackson et al., 2003).  However, the validity of the methods of analysis used to 

quantify levels of STAT1 and its phosphorylation are questionable. 

 

Together the above results would suggest that responsiveness of advanced stage 

melanomas to IFN-α requires not only sufficient levels of ISGF3 components in tumour 

cells in order for IFN-α to mediate direct antiproliferative effects on the tumour, but also 

intact signal transduction pathways in host immune effector cells in order to activate the 

anti-tumour actions of immune cells.  A further factor that may determine the response 

of melanomas to the IFNs in vivo is the expression of the MHC class I antigens that 

constitute a crucial component of the interface between tumour and immune effector 

cells.  Down-regulation of cell surface expression of HLA class I has been observed in 

human melanomas as a result of decreased expression of genes coding for HLA class I 

heavy chain, β2-macroglobulin and antigen processing machinery (Rodriguez et al., 

2007).  In this regard, the IFNs and JAK/STAT signaling pathway are major regulators 

of the MHC class I expression (Rosa et al., 1982; Wallach et al., 1982; Meraz et al., 

1996).  Such down-regulation at the transcriptional level would provide tumour cells 

with a mechanism for escaping immunosurveillance while remaining responsive to 

IFN-mediated up-regulation of HLA class I expression.  Down-regulation of HLA class 

I expression was also observed in melanoma cell lines as a result of defective 

IFN-γ-mediated HLA class I gene expression (Rodriguez et al., 2007).  In addition, total 

loss of cell surface expression of HLA class I is observed in 15% of human melanomas 

and has been shown to be caused by frameshift mutations in the TAP1 transporter gene 

(Seliger et al., 2001), hypermethylation of HLA class I genes (Serrano et al., 2001) and 

defects in HLA class I heavy chain transport to the cell surface (Rodriguez et al., 2007).  

In addition to escaping immune detection, such structural defects may render tumour 

cells resistant to IFN-mediated up-regulation of MHC class I expression on the cell 

surface. 

 

Given their roles in regulating IFN signaling pathways, the role of SOCS proteins in the 

IFN-resistance of melanomas has recently been investigated.  While normally expressed 

for a limited time period in response to cytokines and in a highly regulated manner, 

constitutive SOCS1 and SOCS3 protein expression has been reported in some 

melanoma cell lines and in melanoma biopsy samples at levels higher than in normal 
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melanocytes (Li et al., 2004b; Fojtova et al., 2007).  However, curiously the basal 

expression levels of SOCS1 protein and mRNA in melanocytes varied in different 

reports from barely detectable (Fojtova et al., 2007) to levels similar to melanoma cell 

lines (Lesinski et al., 2010).  In a further example, basal SOCS1 protein was barely 

detectable in melanocytes while basal mRNA expression was readily detectable (Li et 

al., 2004b). 

  

The IFN-α- and IFN-γ-induced up-regulation of SOCS1 and SOCS3 expression was 

reported to vary considerably between different melanoma cell lines (Lesinski et al., 

2010).  Higher constitutive levels of SOCS1 and SOCS3 mRNA expression were 

associated with a loss of up-regulation by IFN-α and IFN-γ, respectively (Li et al., 

2004b; Fojtova et al., 2007).  Analysis of SOCS1 protein levels in tumours in situ 

recognized correlations between SOCS1 expression and melanoma Breslow thickness, 

tumour invasiveness and stage of the disease (Li et al., 2004b).  Interestingly, 

overexpression of exogenous SOCS1 and SOCS3 in melanoma cell lines reduced the 

IFN-α- and IFN-γ-induced tyrosine phosphorylation of STAT1 and expression of ISGs 

while siRNA-mediated knock-down of SOCS1 and SOCS3 increased the IFN-α-induced 

expression of ISGs (Lesinski et al., 2010).  However, the fact that the IFNs regulate 

SOCS expression makes these proteins unlikely to play any major role in the IFN 

reistance of melanomas. 

 

In stark contrast to the antiproliferative and proapoptotic roles of STAT1 in the context 

of malignant melanoma, recent reports have suggested an association between STAT1 

expression and more aggressive tumour phenotypes.  In one study, clones of B16F1 

melanoma cells that constitutively expressed high levels of STAT1 produced a greater 

number of lung metastases in mice compared with parental B16F1 cells, and were 

resistant to IFN-γ (Khodarev et al., 2009).  In another study, enhanced expression of 

STAT1 was observed at the invasive front of melanoma metastases compared with 

central tumour areas (Schultz et al., 2010).  Stable knock-down of STAT1 was shown to 

reverse the aggressive phenotype in both of these studies.  In an interesting case study, 

from a larger cohort of 28 patients with malignant melanomas undergoing IFN-α 

therapy, one patient experienced recurrent disease during the course of therapy in which 

STAT1 levels were greater in the recurrent tumour compared to the original lesion 

(Lesinski et al., 2005).  All of these observations are consistent with the observed 

involvement of non-tyrosine-phosphorylated STAT1 in the regulation of MMP 
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expression and the resultant role in the progression of colorectal cancers, as discussed in 

chapter 6 and the section 7.5. 

 

Signaling through the IFN-γ receptor on the surface of melanocytes has recently been 

shown to facilitate melanoma progression in neonatal mice irradiated with UVB (Zaidi 

et al., 2011).  UV-irradiated melanocytes elicited an inflammatory response, attracting 

macrophages.  In response to IFN-γ secreted by these macrophages, melanocytes with 

enhanced survival properties were observed to proliferate and migrate.  The enhanced 

survival of the activated melanocytes was hypothesised to occur as a result of the 

expression of a pro-survival “signature” of genes that includes non-classical MHC class 

Ib antigens, complement components C4a and C4b, and CTLA4, all of which suppress 

specific immune mechanisms.  Thus, a model appears to be emerging whereby STAT1 

signaling is involved at the earliest stages of melanomagenesis through IFN-mediated 

evasion of immunosurveillance, and again at much later stages of melanoma 

development, where it associates with aggressive tumour phenotypes.  Low levels of 

STAT1 are frequently observed at intermediate tumour stages which likely function in 

escaping more traditional IFN-dependent immunosurveillance mechanisms (Kaplan et 

al., 1998).  The nature of the transition from IFN-mediated evasion of 

immunosurveillance to IFN-dependent immunosurveillance will be an important subject 

for future research. 

 

The apparent functional dichotomy of STAT1 in tumour cells may also depend on the 

relative intracellular levels of other STAT factors, the relative levels of STAT-induced 

factors such as MMPs, as well as additional parameters that affect the tumour 

microenvironment such as the extensiveness of tumour vascularisation.  These topics 

are discussed further in the next two sections. 

 

7.5 MMP EXPRESSION IN INFLAMMATION-MEDIATED 

COLORECTAL CARCINOGENESIS 

 

The MMP-1 and MMP-3 proximal promoters were shown to be inducible by IL-6 and 

PMA in colorectal cancer cells (Figs. 6.1(c-d), 6.1(h)).  While induction by PMA was 

very strong for both promoters, induction by IL-6 was weaker and was more 

definitively observed in the presence of low serum.  STAT1 was shown to bind to an 

SBE in the MMP-1 promoter and to five SBEs in the MMP-3 promoter, in a complex 



 

 273

containing either c-Jun (eg. MMP-1) or a Fos family member (eg. MMP-3) 

(Figs. 6.2(g), 6.2(i)).  The binding of Jun and Fos is most likely facilitated by the 

presence of consensus AP-1-binding elements in close proximity to the SBEs in both 

the MMP-1 and MMP-3 promoters.  Contrary to the prevailing view, the closely 

scrutinised analysis in this thesis shows that STAT3 was not observed to bind to either 

one of these promoters.  On the contrary, constitutive and IL-6/PMA-induced binding of 

STAT1 was confirmed by ChIP assay (Figs. 6.3(b-c)) and the lack of STAT3 

involvement was confirmed using the STAT3-specific inhibitor, Stattic (Fig. 6.3(e)).  

Furthermore in work by others, a STAT3-null colon cancer cell line was shown to have 

no defects in the inducibility of MMP mRNA expression by IL-6 (Fig. 6.5(c)). 

 

Intriguingly, the treatment of colon cancer cells with IFN-γ almost completely abolished 

binding of the STAT1-containing complex from some of the MMP-3 promoter SBEs 

(Fig. 6.2(e)) and reduced luciferase activity of the MMP-3 prom 607bp construct 

(Fig. 6.1(i)).  When considered in their entirety, the results from EMSA, reporter assays 

and ChIP analysis suggest that STAT1 binds to the MMP promoters in its 

unphosphorylated form.  IFN-γ may function by replacing the non-tyrosine-

phosphorylated STAT1 in the cell nucleus with tyrosine-phosphorylated STAT1 and in 

doing so sequester both STAT1 and CBP/p300 away from their requisite constitutive 

binding sites on the MMP-3 promoter, as illustrated in (Fig. 6.5(a)).  Tyrosine 

phosphorylated STAT1 was shown to repress HIF-1-dependent transcription in such a 

way (Hiroi et al., 2009).   

 

Given that IL-6 also causes the phosphorylation and dimerisation of STAT1, the 

opposite effect of IL-6 on transcription from the MMP-3 promoter compared to that of 

IFN-γ appears to be paradoxical.  However, these opposite effects may be explained by 

a number of possible factors including the predominance of STAT3 activation over 

STAT1 activation by IL-6 (Stahl et al., 1995).  Another contributing factor may be the 

varying binding affinities of STAT1 for different SBEs (see Table 6.2).  It is also 

possible that serine kinases activated by IL-6 signaling pathways induce Fos bound to 

the AP-1 binding site on the MMP-3 promoter to facilitate further binding of STAT1 to 

the SBEs.  The results described in this thesis also do not rule out the possibility of 

STAT1 becoming serine phosphorylated by IL-6-induced serine kinases, which may 

have an impact on STAT1 binding affinities for SBEs.  The role of STAT1 

phosphorylation in MMP1 and MMP3 expression could be elucidated in future studies 
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by overexpressing mutant forms of STAT1 such as Y701F-STAT1, which cannot be 

tyrosine phosphorylated, Y727A-STAT1, which lacks serine phosphorylation 

(Bromberg, et al., 1996) and the constitutively active form, STAT1-C (Sironi and 

Ouchi, 2004). 

 

The inflammation-mediated pathway of colorectal cancer progression provides another 

context for the recent association of STAT1 with more aggressive tumour phenotypes.  

The role of STAT1 in tumours may depend largely on the microenvironment, in 

particular the availability of oxygen via tumour vasculature.  In this study, CoCl2 was 

used to simulate hypoxic conditions by stabilising HIF-1α.  Simulating hypoxic 

conditions in this way increased the amount of STAT1/Fos complex in the nucleus 

(Figs. 6.4(b-c)) and activated the MMP-3 proximal promoter (Fig. 6.4(d)).  However, 

the role of STAT1 in conditions of hypoxia is currently controversial.  While several 

groups have shown STAT1 expression to be increased in response to hypoxia in various 

tissue types (Wang et al., 2003; Terui et al., 2004; Wang et al., 2005; Lee et al., 2006), 

hypoxia was more recently shown to decrease STAT1 transcription in a range of tumour 

cell lines, including cells of non-colorectal epithelial origin (Ivanov et al., 2007).  To 

date, no published studies have investigated the effects of hypoxia on STAT1 

expression in colorectal epithelial cells.  Hypoxia has also been shown to induce the 

expression and DNA-binding activity of AP-1 components (Mishra et al., 1998; Zou et 

al., 2001; Laderoute et al., 2002).  Thus, the observed effects of hypoxia on the MMP-3 

promoter may be driven by increases in the expression of STAT1 and Fos, or 

alternatively on mechanisms that target these molecules to the cell nucleus. 

 

7.6 THE RELATIVE ABUNDANCE OF STAT MOLECULES AFFECTS 

THE PROPERTIES OF CANCER CELLS AND THEIR RESPONSES TO 

CYTOKINES 

 

Another parameter that may determine whether STAT1 assumes its well characterised 

pro-apoptotic, antiproliferative functions or the more recently described tumour 

progressive functions is the relative abundance of STAT1 to other members of the 

STAT family of molecules.  STAT3, activated primarily by the IL-6 family of cytokines 

through the JAK/STAT pathway, has been shown to have pro-survival functions in 

tumour cells through increasing the expression of anti-apoptotic factors Bcl-XL and 

Mcl-1 as well as pro-angiogenic functions through upregulating VEGF (Kortylewski et 
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al., 2005).  STAT3 also has cell proliferative functions through the up-regulation of cell 

cycle transition mediators including cyclins A, D1, D2 and D3, cdc25A, and possibly 

c-Myc (Fukada et al., 1998; Bromberg et al., 1999; Bowman et al., 2001).  

STAT3-mediated cell proliferation also functions through downregulating p53 (Niu et 

al., 2005).  Several transforming Src-family kinases have been shown to constitutively 

activate STAT3, as well as STAT5 (Homsi et al., 2007).  Constitutively active STAT3 

is frequently observed in a broad range of cancers, in particular melanomas (Bowman et 

al., 2000; Calo et al., 2003; Homsi et al., 2007; Lesinski et al., 2007). 

 

As previously discussed in chapter 6, STAT1 and STAT3 compete for binding to 

similar DNA binding elements with each binding preferentially to subtly different 

sequences.  The relative abundance of STAT1 and STAT3 has profound effects on 

cellular responses to cytokines.  Thus, in the absence of STAT1, IFN-γ is capable of 

producing strong and prolonged activation of STAT3 (Qing and Stark, 2004).  

Moreover, excess STAT3 has been observed in myeloid cells to sequester STAT1 in 

response to IFN-α by forming STAT1:STAT3 heterodimers, thus suppressing the 

formation of STAT1 homodimers (Ho and Ivashkiv, 2006).  Conversely, in the absence 

of STAT3, IL-6 is capable of mediating an IFN-γ-like response involving prolonged 

STAT1 activation (Costa-Pereira et al., 2002).  These observations have similarly 

profound implications in tumours where STAT levels may be abnormal, 

autocrine/paracrine expression of cytokines and growth factors may also be abnormal, 

and tumour-infiltrating leukocytes that produce and secrete cytokines may be present.  

Although high-dose IFN-α2b was shown to upregulate phospho-STAT1 and 

downregulate total STAT3 levels in human melanoma patient biopsy samples (Wang et 

al., 2007), in cases where STAT3 is constitutively active and expressed above a critical 

level relative to STAT1, IFN-therapy has been reported to promote tumour progression, 

rather than initiating growth arrest (Humpolikova-Adamkova et al., 2009). 

 

STAT5, which comprises the two highly related proteins STAT5a and STAT5b, is 

involved in transmitting signals in a wide range of physiological processes including, 

haematopoiesis, mammary development, control of hepatocyte function and various 

immunological processes.  The STAT5 proteins are important to regulating cell growth 

and survival and are activated by a range of cytokines and growth factors including 

IL-2, IL-3, IL-5, IL-7, IL-9, IL-15, EGF, GM-CSF, erythropoietin, growth hormone, 

prolactin and thrombopoietin (reviewed in Barash, 2006).  Target genes of STAT5 that 
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have known tumourigenic functions include c-MYC, Bcl-xL and cyclin D2 (de Groot et 

al., 2000; Kirito et al., 2002; Tsuruyama et al., 2002).  STAT5 signaling has been 

shown to promote oncogenesis and is overexpressed and constitutively activated in a 

range of different malignancies, including melanomas (Bromberg, 2002; Benekli et al., 

2003; Mirmohammadsadegh et al., 2006).  Indeed, protein expression levels of STAT5a 

and STAT5b were higher in metastatic melanoma cells than in melanocytes and a 

primary melanoma cell line (Wellbrock et al., 2005). 

 

Similarly to the effects of STAT3, overexpression and activation of STAT5 overrides 

the STAT1-mediated antiproliferative effects of the IFNs, rendering cells unresponsive 

(Wellbrock et al., 2005).  In the Wellbrock study, STAT5 expression was found to be 

enhanced in melanoma cell lines resistant to IFN-α.  Depletion of STAT5 or expression 

of a dominant-negative STAT5b in such cells increased apoptosis and enhanced the 

antiproliferative effects of IFN-α (Wellbrock et al., 2005; Mirmohammadsadegh et al., 

2006).  The IFNs inhibit cell growth in a STAT1-dependent manner that involves 

repression of c-Myc (Ramana et al., 2000).  STAT5a was shown by ChIP assay to bind 

to the MYC promoter in response to IFN-γ in STAT5a-overexpressing A375 melanoma 

cells.  Furthermore, while IFN-γ reduced c-MYC mRNA expression in A375 cells, 

IFN-γ increased c-MYC mRNA expression in A375 cells overexpressing STAT5a 

(Ghazawi, 2011).  Thus, expression levels of c-Myc (Ramsden et al., 2007), STAT5, 

and also STAT3, relative to STAT1 are potential prognostic markers for IFN 

responsiveness of malignant melanomas.  While IFN therapy for malignant melanoma 

currently exhibits unacceptably low response rates, it is conceivable that future 

therapeutic strategies may aim to improve response rates by increasing intratumoural 

STAT1 levels through prime-boost vaccination methods or to reduce STAT3 and 

STAT5 levels using specific inhibitors in order to adjust the balance of 

STAT1/STAT3/STAT5 levels in favour of STAT1 prior to IFN therapy. 

 

7.7 CONCLUSION 

 

The studies described in this thesis contribute to understanding the importance of IFN 

biology at both earlier and later stages of malignancy.  The identification of REST and 

its co-repressors as potential negative regulators of STAT1 expression may explain the 

frequent STAT1 deficiencies that have been described in IFN-resistant malignant 

melanomas.  In addition, REST and its co-repressors may potentially provide novel 
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molecular targets for the treatment of melanoma.  Finally, the identification of a 

STAT1/AP-1-mediated mechanism for up-regulating the expression of MMPs provides 

a molecular mechanism by which inflammatory cytokines contribute to the later stages 

of colorectal cancer progression, including angiogenesis, invasion and metastasis.  The 

results also highlight the importance of the local microenvironments within which 

tumours reside.  Further characterisation of the inflammatory cytokine pathway of 

colorectal cancer development may eventually identify additional novel therapeutic 

targets for inhibiting MMP activity. 
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APPENDIX 1
 

CpG promoter analyses 
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APPENDIX 2 

 

Map of the STAT1 gene showing methylation specific PCR amplicon locations 
 
 

 
 
 
STAT1 sequence showing regions amplified by methylation-specific PCR 
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APPENDIX 3 

 

Cloning of the ISRE and CpG island region of the human STAT1 promoter 

A vector construct containing the STAT1 promoter was designed to include the CpG 

island as shown in Figs. 5.2(a) and A3.1.  To achieve this outcome, a 1093bp region of 

the STAT1 gene was amplified and joined to the XbaI/EcoRI fragment of a 1223bp 

region previously cloned and described as “STAT1900prom” (Wong et al., 2002).  

Oligonucleotide primers STAT1fwd and STAT1rev were used to amplify the upstream 

1093bp region encompassing the CpG island as well as the first two exons (Fig. A3.1) 

(see appendix 4 for the sequence of this region).  The primers were designed to include 

KpnI and EcoRI restriction sites at the upstream terminus and a BglII site at the 

downstream terminus. 

 

 

MW

21226

template (ng): 1 10 100

 

 
 
Figure A3.1 Amplification of the STAT1 proximal promoter, 1st and 2nd exons.  
Upper panel. Map of the STAT1 gene inserts showing the location of the CpG island, 
first three exons, important restriction enzyme sites and regulatory elements ISRE and 
IGI.  Bottom panel. Genomic DNA from the SK-Mel-28 cell line was used as the 
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template for high-fidelity PCR amplification using DyNAzyme EXT DNA 
polymerase (Finnzymes Oy, Espoo, Finland).  MW - λ EcoRI/HindIII digest. 
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Figure A3.2 Derivation of pCR-Script SK(+) : STAT1CpG. 
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Figure A3.3 Restriction enzyme digestion of pGEM®-T Easy vector (STAT1:1093).  
Cloned DNA was digested with EcoRI, BamHI and XbaI.  The expected bands were 
467bp, 359bp and 270bp.  Clone 3 was selected for further subcloning.  MW – pUC19 
MspI digest. 
 

 

The 1093bp PCR product was cloned into the T-tailed pGEM®-T Easy vector 

(STAT1:1093) (Fig. A3.2).  Insertion of the correct sequence was confirmed by triple 

digestion with restriction enzymes EcoRI, BamHI and XbaI  (Fig. A3.3), and by 

sequencing using BigDye® Terminator v1.1 chemistry. 

  

“STAT1900prom”, a region of the STAT1 gene further downstream from the region 

described above, but with considerable overlap (Fig. A3.1, upper panel), was 

previously cloned into pGEM®-T Easy (Wong et al., 2002) and was subcloned into

pCR-Script SK(+) using EcoRI (Fig. A3.4) (see appendix 5 for the full sequence).   
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Figure A3.4 Isolation of STAT1900prom insert DNA and cloning into vector
pCR-Script.  Both plasmid vectors were digested with EcoRI.  MW - λ EcoRI/ 
HindIII digest. 
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Figure A3.5 Confirming the orientation of STAT1900prom cloned into
pCR-Script.  pCR-Script:STAT1900prom clones were digested with BamHI.  The 
expected bands for the desired orientation were 4.0kb and 160bp.  The expected bands 
for the opposite orientation were 3.1kb and 1.1kb.  Clone 9 was selected for further 
subcloning.  MW - λ EcoRI/HindIII digest. 
 

 

 

Using X-gal dye based blue/white colony selection, white colonies transformed with 

pCR-Script SK(+) containing STAT1900prom inserts were selected.  The correct 

orientation of the insert was confirmed by digestion with BamHI (Fig. A3.5). 

 

pCR-Script:STAT1900prom was then digested at an internal XbaI site (see appendix 4) 

and at a SacII site (which constitutes part of the pCR-Script SK(+) sequence upstream 

of the STAT1 insert), producing a 3.75kb fragment that includes the 

pCR-Script vector backbone (Fig. A3.2 and Fig. A3.6, lane 2).  pGEM®-T Easy: 

STAT1:1093 was also digested at the equivalent XbaI site (see appendix 4) and at a 

SacII site (which constitutes part of the pGEM®-T Easy sequence upstream of the 

STAT1 insert), producing a 757bp fragment (Fig. A3.2 and Fig. A3.6, lane 6).  The 

3.75kb and 757bp fragments were ligated and the ligation products were used to 

transform DH5α E. coli cells.  A clone possessing the desired plasmid with insert was 

confirmed by single and double digestion with BamHI and XhoI (Fig. A3.7), and by 

sequencing using BigDye® Terminator v1.1.  XhoI digestion produced the desired 

743bp fragment while double digestion produced the desired 743bp and 380bp 

fragments.  The new construct was called pCR-Script:STAT1CpG. 
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Figure A3.6 Composite DNA gel photo showing assembly of the construct 
pCR-Script:STAT1CpG.  pCR-Script:STAT1900prom and pGEM-Teasy:STAT1:1093 
were digested with SacII and XbaI.  Single digests were included to confirm the activity 
of each enzyme.  MW – λ EcoRI/ HindIII digest. 
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Figure A3.7 Restriction digest confirming the construct pCR-Script:STAT1CpG.  
pCR-Script: STAT1CpG was digested with single and double digests of SacII and XhoI.  
Some of the intervening lanes of the gel have been removed as indicated by the vertical 
dividing line.  MW1 - pUC19 MspI digest.  MW2 - λ EcoRI/HindIII digest. 
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To clone the STAT1CpG insert into a luciferase reporter vector,

pCR-Script:STAT1CpG was digested with SacI and HindIII, as two restriction enzyme 

sites present in the pCR-Script SK(+) sequences flanking either side of the 

STAT1CpG insert (Fig. A3.8).  The double digest produced a 1601bp fragment, which 

was gel purified (Fig. A3.9, lane 2).  pGL3-Basic (Promega) was digested with SacI 

and HindIII with the resulting linearised vector extracted from the gel and purified.  

SmaI was also included in the triple digest reaction to reduce the vector alone 

background by ensuring that pGL3-Basic could not re-ligate with itself in the event that 

SacI or HindIII did not digest the vector with 100% efficiency (Fig. A3.9, lanes 3-6). 

 

The 1601bp fragment and the linearised pGL3-Basic vector were ligated and the 

ligation products were used to transform DH5α E. coli cells.  One clone was confirmed 

to possess the desired construct by sequencing using BigDye® Terminator v1.1.  This 

construct was called pGL3-Basic:STAT1CpG (Fig. A3.8, see appendix 6 for the 

sequence of the STAT1CpG insert and Fig. 5.2(a) for the context of STAT1CpG within 

the STAT1 gene). 
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Figure A3.8 Derivation of pGL3-Basic : STAT1CpG. 
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Figure A3.9 Assembly of the construct pGL3-Basic:STAT1CpG.  pCR-Script: 
STAT1CpG and pGL3-Basic were digested with SacI and HindIII.  pGL3-Basic was 
also digested with SmaI.  Single digests were included to confirm the activity of each 
enzyme.  MW - λ EcoRI/HindIII digest. 
 
 
 

Preparation of 3’ truncated versions of the STAT1CpG construct 

A number of 3’ truncation variants were then derived from the previously described 

STAT1CpG constructs.  In the first truncation construct, the 3’ end of the STAT1 

sequence was truncated at the internal XbaI restriction enzyme site (Fig. A3.10). 

pCR-Script:STAT1CpG was used as the template in the place of 

pGL3-Basic:STAT1CpG due to the presence of the XbaI site in the 

pGL3-Basic vector backbone.  pCR-Script:STAT1CpG was digested with XbaI and 

EcoRV, excising an 827bp fragment which constitutes the 3’ end of the STAT1CpG 

insert (Fig. A3.11).  The single-stranded ends of the remaining part of

pCR-Script:STAT1CpG were filled in with T4 DNA polymerase.  The resulting blunt 

ended vector DNA was ligated and the ligation products were used to transform DH5α 

E. coli cells. 
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Figure A3.10 Derivation of pGL3-Basic : STAT1XbaI. 
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Figure A3.11 Isolation of STAT1 promoter fragments for assembly of the construct 
pCR-Script:STAT1XbaI.  pCR-Script:STAT1CpG was digested with EcoRV and 
XbaI, excising an 827bp fragment.  The upper band from the double digest lane was 
extracted from the gel and purified.  MW - λ EcoRI/HindIII digest. 
 

To transfer the 5’ STAT1 sequence from pCR-Script into pGL3-Basic, plasmid DNA 

from a single clone was digested with flanking enzymes SacI and HindIII, similar to the 

preparation of the STAT1CpG insert.  The SacI/HindIII double digest produced a 768bp 

shorter fragment, which was extracted from the agarose gel and purified (Fig. A3.12).  

This fragment was ligated with the pGL3-Basic vector that was previously digested with 

SacI, HindIII and SmaI when preparing the pGL3-Basic:STAT1CpG construct

(Fig. A3.9).  The ligation products were used to transform DH5α E. coli cells.  The 

resulting construct was called pGL3-Basic:STAT1XbaI (see Fig. A3.10 and appendix 7 

for the sequence of the STAT1XbaI insert). 
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I/ dIII digestedSac Hin

 

 

Figure A3.12 Isolation of STAT1 promoter fragments for assembly of the construct 
pGL3-Basic:STAT1XbaI.  pCR-Script:STAT1CpG was digested with SacI and 
HindIII, excising the remaining 768bp of the STAT1 insert.  MW – λ EcoRI/HindIII 
digest. 
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Smaller fragments from the 3’ end of STAT1CpG were then reinserted back into  

pGL3-Basic:STAT1XbaI at the XbaI restriction site using oligonucleotide primers 

(SC1F, SC1R, SC2F, etc) to amplify fragments by PCR from STAT1CpG and these 

were denoted SC1-4 (SC = “subclone”) (Fig. A3.13).  The PCR primers were designed 

to create XbaI and HindIII restriction sites at the 5’ and 3’ end of the amplified 

fragments, respectively.  The amplified fragments, which ranged from 200 to 242bp in 

length, were ligated and cloned into pCR-Script:STAT1CpG that had been previously 

digested with XbaI and HindIII, removing an 833bp 3’ region from the STAT1 

sequence (Fig. A3.14-A3.15).  The ligation products were then used to transform DH5α

E. coli cells.  The inserts comprising STAT1XbaI with the SC fragments were 

transferred from pCR-Script into pGL3-Basic using the same methods as those used to 

produce STAT1XbaI. 

 

501/489
404

331
242

190
147

MW SC4SC1 SC3SC2+

 
 

 

Figure A3.13 Gel purification of PCR products from the STAT1 gene for assembly 
of the subclone SC constructs.  Upper panel. Map showing the locations of the 
STAT1XbaI and “subclone” SC regions in the context of the STAT1 gene.  The 
locations of STAT1CpG, STAT1900prom and 3’ luc are included for comparison.  
Bottom panel. Amplification of the SC1-4 regions from the STAT1CpG insert.  
Plasmid DNA was amplified by high-fidelity PCR amplification using DyNAzyme 
EXT DNA polymerase.  MW – λ EcoRI/HindIII digest.  Positive control – SC1 primers 
using SK-Mel-28 genomic DNA. 
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Figure A3.14 Derivation of the STAT1 ”SC” constructs in pGL3-Basic. 
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Figure A3.15 Gel purification of DNA fragments for assembly of the subclone SC 
constructs – isolation of the 5’ end of the STAT1CpG insert. 
pCR-Script:STAT1CpG was digested with HindIII and XbaI, excising an 833bp 
fragment.  The upper band from the double digest lane was extracted from the gel and 
purified.  MW – λ EcoRI/HindIII digest. 
 
 

The SC1F and SC3R primers were also used for PCR to amplify a 634bp fragment 

comprising the combined sequences of SC1-SC3 (see Fig. A3.13).  The SC1-3 fragment 

was ligated with pCR-Script:STAT1XbaI and then transferred into pGL3-Basic using the 

same strategy previously employed for the individual SC constructs.  This final 

construct was called pGL3-Basic:STAT1promoter/enhancer due to the inclusion of the 

proximal promoter and intronic enhancer regions and is discussed further in section 

5.2.3. 
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APPENDIX 4 

 

Complete sequence of 1093 base pair STAT1 fragment 
 
Exons are bold and capitalised.  Primer sequences that are not part of the STAT1 
sequence, and the internal XbaI restriction enzyme site, are shaded. 
 
agggtaccga 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 TTGCTGTATG 
CCATCCTCGA GAGCTGTCTA GGTTAACGTT CGCACTCTGT GTATATAACC 
TCGACAGTCT TGGCACCTAA CGTGCTGTGC GTAGCTGCTC CTTTGGTTGA 
ATCCCCAGGC CCTTGTTGGG GCACAAGGTG GCAGgtcagt aaatgttcat 
ggaatcagat gaatgagtac atgacttcgg aatcttaatt atgtttctat 
gttcaaagat ggaagggctt aatgtcttcc tagagtttaa aagtgatgtt 
tagatcttc 
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APPENDIX 5 

 

Complete sequence of STAT1900prom insert 
 
Exons are bold and capitalised.  The internal XbaI restriction enzyme site, is shaded. 
 
CTGCGCAGAG TCTGCGGAGG GGCTCGGCTG CACCGGGGGG ATCGCGCCTG  
GCAGACCCCA GACCGAGCAG AGGCGACCCA GCGCGCTCGG GAGAGGCTGC  
ACCGCCGCGC CCCCGCCTAG CCCTTCCGGA TCCTGCGCGC AGagtgagtg  
gccgtgaggt tccgggtgcc gggggtggga cgcgcaggga cagagtcctc  
gggccgtgca gttggacgcc gggcgaggac gggccgtctg tgctgacccg  
cgaatagtga tcccagagga agaacgcgtc ctgagtattc caagtgcgag  
cagtgccacc tgttctcgga gatggcactg ctcagcacga ttgtccttgc  
cagtcgtgct ctggcagtga agaggacttg tgaaatataa ttttcctcta  
gaaggcactg caccttccca tttaccgtca ctttctcccg tttccacccc  
tttccatcag tcacgttttc ttcttttcgc agaaagtttc ATTTGCTGTA  
TGCCATCCTC GAGAGCTGTC TAGGTTAACG TTCGCACTCT GTGTATATAA  
CCTCGACAGT CTTGGCACCT AACGTGCTGT GCGTAGCTGC TCCTTTGGTT  
GAATCCCCAG GCCCTTGTTG GGGCACAAGG TGGCAGgtca gtaaatgttc  
atggaatcag atgaatgagt acatgacttc ggaatcttaa ttatgtttct  
atgttcaaag atggaagggc ttaatgtctt cctagagttt aaaagtgatg  
tttagttttt gcagaccccc caccccaaaa taatatagtc ttaaaaaaat  
ttctggccgg tactgaagag ttctgtggta ggtatgcaga ggtgtggttg  
attgtgcttt gaatgttgtt tgtatagata aggagttatt ttcatagaac  
agaaacagga cttgagcctc cagcacagtc cattgtgcaa ccattgctta  
atgaggatgc tggactcaca cttgtgagat cataatatgg tttgcttttt  
actttctaat tccgtctgaa atatacataa tttcaattca acaaactgtt  
tcgagcacat agtatatgca gggcactgtc caaggtccat aagatgttaa  
aaagcaaaat accccactac tctaccccct ccccacccac cttcccccgc  
cggggactct ggaggcatca cagagcttta caaggaaaac tggaaccgat  
gctctaatag aggtacagaa ttc 
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APPENDIX 6 

 
Complete sequence of the STAT1CpG insert, including flanking sequences from 
pGEM®-T Easy and pCR-Script SK(+). 
 
Exons are bold and capitalised.  Sequences that are part of the cloning vectors but not 
part of the STAT1 sequence are shaded.  The internal XbaI restriction enzyme site is also 
shaded. 
 
gagctccacc gcgggaattc gattagggta ccgaattctc ggcgatgaaa 
ctactacaga gacctccaag tttgggcttc tgcaaacaca gcacgtcctt 
ctgatcgttc tctaagatat gtaaacagaa cgccagttcc cagcgtggca 
acacgggact gggctgcagc tcacccagcc ggcggccccc gccggaagcc 
ggcggaaata ccccagcgcg tgggcggagc agcggcccgc agagggaggc 
ggtggcgccc acggaacagc cgcgtctaat tggctgagcg cggagccgcc 
cggtgattgg tgggggcgga agggggccgg gcgccagcgc tgccttttct 
cctgccgggt agtttcgctt tcCTGCGCAG AGTCTGCGGA GGGGCTCGGC 
TGCACCGGGG GGATCGCGCC TGGCAGACCC CAGACCGAGC AGAGGCGACC 
CAGCGCGCTC GGGAGAGGCT GCACCGCCGC GCCCCCGCCT AGCCCTTCCG 
GATCCTGCGC GCAGagtgag tggccgtgag gttccgggtg ccgggggtgg 
gacgcgcagg gacagagtcc tcgggccgtg cagttggacg ccgggcgagg 
acgggccgtc tgtgctgacc cgcgaatagt gatcccagag gaagaacgcg 
tcctgagtat tccaagtgcg agcagtgcca cctgttctcg gagatggcac 
tgctcagcac gattgtcctt gccagtcgtg ctctggcagt gaagaggact 
tgtgaaatat aattttcctc tagaaggcac tgcaccttcc catttaccgt 
cactttctcc cgtttccacc cctttccatc agtcacgttt tcttcttttc 
gcagaaagtt tcATTTGCTG TATGCCATCC TCGAGAGCTG TCTAGGTTAA 
CGTTCGCACT CTGTGTATAT AACCTCGACA GTCTTGGCAC CTAACGTGCT 
GTGCGTAGCT GCTCCTTTGG TTGAATCCCC AGGCCCTTGT TGGGGCACAA 
GGTGGCAGgt cagtaaatgt tcatggaatc agatgaatga gtacatgact 
tcggaatctt aattatgttt ctatgttcaa agatggaagg gcttaatgtc 
ttcctagagt ttaaaagtga tgtttagttt ttgcagaccc cccaccccaa  
aataatatag tcttaaaaaa atttctggcc ggtactgaag agttctgtgg  
taggtatgca gaggtgtggt tgattgtgct ttgaatgttg tttgtataga  
taaggagtta ttttcataga acagaaacag gacttgagcc tccagcacag  
tccattgtgc aaccattgct taatgaggat gctggactca cacttgtgag 
atcataatat ggtttgcttt ttactttcta attccgtctg aaatatacat 
aatttcaatt caacaaactg tttcgagcac atagtatatg cagggcactg 
tccaaggtcc ataagatgtt aaaaagcaaa ataccccact actctacccc 
ctccccaccc accttccccc gccggggact ctggaggcat cacagagctt 
tacaaggaaa actggaaccg atgctctaat agaggtacag aattccgata 
tcaagctt 
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Vector map of the pGL3-Basic:STAT1CpG construct 
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(Adapted from Promega technical manual #TM033) 
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APPENDIX 7 

 
Complete sequence of the STAT1XbaI insert, including flanking sequences from 
pGEM®-T Easy and pCR-Script SK(+). 
 
The first exon is bold and capitalised.  The 5’ sequence that is part of the cloning 
vectors but not part of the STAT1 sequence is shaded.  The 3’ XbaI restriction enzyme 
site is also shaded. 
 
gagctccacc gcgggaattc gattagggta ccgaattctc ggcgatgaaa 
ctactacaga gacctccaag tttgggcttc tgcaaacaca gcacgtcctt 
ctgatcgttc tctaagatat gtaaacagaa cgccagttcc cagcgtggca 
acacgggact gggctgcagc tcacccagcc ggcggccccc gccggaagcc 
ggcggaaata ccccagcgcg tgggcggagc agcggcccgc agagggaggc 
ggtggcgccc acggaacagc cgcgtctaat tggctgagcg cggagccgcc 
cggtgattgg tgggggcgga agggggccgg gcgccagcgc tgccttttct 
cctgccgggt agtttcgctt tcCTGCGCAG AGTCTGCGGA GGGGCTCGGC 
TGCACCGGGG GGATCGCGCC TGGCAGACCC CAGACCGAGC AGAGGCGACC 
CAGCGCGCTC GGGAGAGGCT GCACCGCCGC GCCCCCGCCT AGCCCTTCCG 
GATCCTGCGC GCAGagtgag tggccgtgag gttccgggtg ccgggggtgg 
gacgcgcagg gacagagtcc tcgggccgtg cagttggacg ccgggcgagg 
acgggccgtc tgtgctgacc cgcgaatagt gatcccagag gaagaacgcg 
tcctgagtat tccaagtgcg agcagtgcca cctgttctcg gagatggcac 
tgctcagcac gattgtcctt gccagtcgtg ctctggcagt gaagaggact 
tgtgaaatat aattttcctc taga 
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APPENDIX 8 

 

Cloning of the MMP-1 proximal promoter region 

 

In order to generate a vector construct containing the proximal region of the MMP-1 

promoter (Fig. A8.1), oligonucleotide primers MMP1prom_fwd and MMP1prom_rev 

were used to amplify a 549bp region encompassing the AP-1-binding site, the GAS-like 

SBE and the TATA box (see appendix 9 for the full sequence of the PCR product and 

appendix 13 for the primer sequences).  MMP1prom_fwd included a KpnI restriction 

site upstream of the MMP-1 sequence while MMP1prom_rev was designed to include a 

HindIII restriction site downstream of the MMP-1 sequence.  The 549bp PCR product 

was digested with the restriction enzymes KpnI and HindIII and cloned into the 

luciferase vector that had also been digested with KpnI and HindIII, plus SmaI.  SmaI 

was included in the triple digest of pGL3-Basic to reduce the vector alone background 

by ensuring that it could not re-ligate with itself in the event that KpnI or HindIII did not 

digest the vector with 100% efficiency.  Ligation of the correct insert was confirmed by 

sequencing using BigDye® Terminator v1.1. 
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Figure A8.1 Amplification and cloning of the MMP-1 proximal promoter into 
pGL3-Basic.  Upper panel. Map of the MMP-1 gene insert showing the locations of the 
TATA box, the SBE, the AP-1-binding element and PCR primers.  Middle panel. 
Cloning strategy showing the derivation of pGL3-Basic:MMP-1 prom 549bp.  Bottom 
panel. Genomic DNA was amplified by high-fidelity PCR and digested with restriction 
enzymes KpnI and HindIII prior to agarose gel electrophoresis.  Some of the intervening 
lands of the gel have been removed as indicated by the vertical dividing line. 
MW - λ EcoRI/HindIII digest. 
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APPENDIX 9 

 
Complete sequence of the MMP-1 insert cloned into pGL3-Basic. 
 
Capitalised and bolded sequences represent the AP-1 element, SBE and TATA box, 
respectively.  The terminal 3’ sequence that is part of the cloning vector but not part of 
the MMP-1 sequence is shaded. 
 
ggtaccaggc agcttaacaa aggcagaagg gaacctcaga gaaccccgaa 
gagccaccgt aaagtgagtg ctgggggagc tgaacttcag tcagtacagg 
tgccgaacag ccatcaggtg cgcagtgtta gtaattccac cctctgccct 
gggagcaagg tgtgtggaga aacctgtagc actttatgac catcagaacc 
agtctttttc aaaaagacca tggagtactc tttgacctgt gtatataaca 
agaacctttc tcaaatagga aagaaatgaa ttggagaaaa ccactgttta 
catggcagag tgtgtctcct tcgcacacat cttgtttgaa gttaatcatg 
acattgcaac accaagtgat tccaaataat ctgctaggag tcaccatttc 
taatgattgc ctagtctatt catagctaat caagaggatg ttataaagca 
TGAGTCAgac agcctctggc TTTCTGGAAg ggcaaggact cTATATATAc 
agagggagct tcctagctgg gatattggag cagcaagagg ctgggaagct 
t 
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APPENDIX 10 

 

Cloning of the MMP-3 proximal promoter region 

 

In order to generate a luciferase reporter construct containing the proximal region of the 

MMP-3 promoter (Fig. A10.1), oligonucleotide primers MMP3prom_fwd and 

MMP3prom_rev were used to amplify a 607bp region from the MMP-3 proximal 

promoter, encompassing the SBE sites, the AP-1-binding site and the TATA box (see 

appendix 11 for the full sequence of the PCR product and appendix 13 for the primer 

sequences).  MMP3prom_fwd included a SacI restriction site upstream of the MMP-3 

sequence while MMP3prom_rev included a HindIII restriction site downstream of the 

MMP-3 sequence.  The 607bp PCR product was digested with SacI and HindIII and 

cloned into pGL3-Basic that had also been digested with SacI and HindIII, plus SmaI to 

reduce the vector alone background.  Ligation of the correct insert was confirmed by 

sequencing using BigDye® Terminator v1.1. 

 

A shorter, 96bp MMP-3 promoter fragment encompassing the TATA box, the AP-1-

binding element and the two SBEs most proximal to the TATA box (Fig. A10.2) was 

amplified using oligonucleotide primers MMP3-2SBEs_fwd and MMP3-2SBEs_rev 

and cloned into pGL3-Basic.  Similarly to the 607bp primers, MMP3-2SBEs_fwd was 

designed to include a SacI restriction site upstream of the MMP-3 sequence and MMP3-

2SBEs_rev was designed to include a HindIII restriction site downstream of the MMP-3 

sequence.  The resulting 96bp MMP-3 promoter fragment obtained by PCR was cloned 

into pGL3-Basic using the same strategy as for the 607bp fragment.  Ligation of the 

correct insert was confirmed by sequencing using BigDye® Terminator v1.1.   
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Figure A10.1 Amplification and cloning of the MMP-3 proximal promoter into 
pGL3-Basic.  Upper panel. Map of the MMP-3 gene insert showing the locations of the 
TATA box, the SBEs, the AP-1-binding element and PCR primers.  Middle panel. 
Cloning strategy showing the derivation of pGL3-Basic:MMP-3 prom 607bp.  Bottom 
panel. Genomic DNA from SW480 cells was amplified by high-fidelity PCR to yield a 
625bp product.  Five identical reactions are shown.  DNA was gel extracted and purified 
prior to restriction enzyme digestion to produce the 607bp insert DNA.  MW - λ 
EcoRI/HindIII digest. 
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Figure A10.2 Amplification and cloning of the MMP-3 SBE I/II/AP-1 region into 
pGL3-Basic.  Upper panel. Map of the MMP-3 gene insert showing the locations of the 
TATA box, the SBEs, the AP-1-binding element and PCR primers.  Middle panel. 
Cloning strategy showing the derivation of pGL3-Basic:MMP-3 SBE I/II/AP-1.  
Bottom panel. Genomic DNA from SW480 cells was amplified by high-fidelity PCR 
using a range of annealing temperatures to yield a 112bp product.  DNA from the 
reactions with annealing temperatures 61-63°C was gel extracted and purified prior to 
restriction enzyme digestion to produce the 96bp insert DNA.  MW – 100bp ladder. 

 
 



 

 349

Cloning of 5’-truncated regions of the MMP-3 proximal promoter and preparation 

of the AP-1/mutSBE I/II construct 

 

Successively shorter segments of the proximal promoter were amplified by high-fidelity 

PCR using forward primers MMP3-5SBEs, MMP3-4SBEs, and MMP3-3SBEs and 

reverse primer MMP3-2SBEs_rev (Fig. A10.3, see appendix 13 for the primer 

sequences).  Each of the forward primers included a SacI restriction site upstream of the 

MMP-3 sequence that was used with the HindIII site in the reverse primer to clone the 

MMP-3 fragments into pGL3-Basic.  In addition, the two SBEs in the MMP-3 SBE 

I/II/AP-1 insert were mutated (see Table 6.3) by replacing the forward primer MMP3-

2SBEs_fwd with MMP3-2SBEs_mutf in a PCR reaction with the reverse primer 

MMP3-2SBEs_rev (Fig. A10.3). 
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Figure A10.3 Amplification and cloning of the MMP-3 SBE regions into 
pGL3-Basic.  Upper panel. Map of the MMP-3 gene inserts showing the locations of 
the TATA box, the SBEs and AP-1-binding element.  The blue regions represent inserts 
that were previously described in section 6.2.1.  Middle panel. Genomic DNA from 
SW480 cells was amplified by high-fidelity PCR using two different annealing 
temperatures.  The PCR products from the 60°C reactions were gel extracted and 
purified prior to restriction enzyme digestion to produce the inserts shown in the upper 
panel.  MW – pUC19 MspI digest.  Bottom panel. Genomic DNA from SW480 cells 
was amplified by high-fidelity PCR using a range of annealing temperatures to yield a 
112bp product.  DNA from the reactions with annealing temperatures 63-65°C was gel 
extracted and purified prior to restriction enzyme digestion to produce the 96bp insert  
DNA.  MW – pUC19 MspI digest. 
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APPENDIX 11 

 
Complete sequence of the MMP-3 insert cloned into pGL3-Basic. 
 
Capitalised and bolded sequences represent the SBE V, SBE IV, SBE III, SBE II,
SBE I, AP-1-binding element and TATA box, respectively.  The 5’ and 3’ terminal 
sequences that are part of the cloning vector but not part of the MMP-3 sequence are 
shaded 
 
 
gagctcttcc tcctcaagaa ccagcaaatc caacgacagt caatagcagg 
cattacaaat cagattcaga aaaataaatc accccttcta aatttcttct 
agatattatc ttttatgttt tgagtataat tgtatatagt atagactata 
gctatgtatg tacactttcc acttacatct tttatttgct tttataatgt 
gtttcttaaa ataaaactgc ttttagaagt tctgcacaat tctgattttt 
accaagtcaa cctacttctt ctctcaaaag gacaaacata aattgtctag 
tgaattccag tcaattTTTC CAGAAgaaaa aaaatgctcc agttttctcc 
tctaccaaga caggaagcac TTCCTGGAGa ttaatcactg tgttgccttg 
caaaattggg aaggttgaga gaaattagta aagtaggttg tatcatccTA 
CTTTGAAttt ggaaTGTTTG GAAatggtcc tgctgccatT TGGATGAAag 
caaggaTGAG TCAagctgcg ggtgatccaa acaaacactg tcactcTTTA 
AAagctgcgc tcccgaggtt ggacctacaa ggaggcaggc aagacagcaa 
ggcatagaga caagctt 
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APPENDIX 12 

 
Sequence of the human SCG10 promoter region amplified by ChIP assay. 
 
Capitalised and bolded sequence represents the confirmed, functional RE-1 element. 
 
ccagtagcat cctatcagtc agcaaaatgt ccatgaggtt aaaatgtctt 
acaagttaat aggaggtgaa gaaattcatT TCAGCACCAA GGAGAGTGCC 
ctgctatttt caattggttt tatgtatttg aaactgtgta ttgttcctga 
gg 
 
 
 
 
 
 
Sequence of the human GBP-1 promoter region amplified by ChIP assay. 
 
Capitalised and bolded sequences represent the putative overlapping non-consensus
AP-1 elements and the confirmed functional ISRE, respectively. 
 
tgagaaatct ttaaaccctc ccactggcac actccactaa ttccatttat 
ggtagtGGAG TCAGTGAttt gaacgaagtA CTTTCAGTTT Catattactc 
taaatccatt acaaatctgc ttagcttcta aatatttcat caatgaggaa 
atcccagccc tacaacttcg gaacagtgaa atattagtcc agggatccag 
tgagagacac agaagtgcta gaagcca 
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APPENDIX 13 

 
Complete list of oligonucleotides/primers. 
 

METHYLATION SPECIFIC PCR 

IRF-7MS1  5’ GTCGGTTTTTCGTTTTTTCGC 3’ 

IRF-7MAS2  5’ AAAAAACGCAAACCGAACCCTACG 3’ 

IRF-7UMS1  5’ TAAAAGTGTTGGTTTTTTGTTTTTTTGT 3’ 

IRF-7UMAS2  5’ AAAAAACACAAACCAAACCCTACA 3’ 

STAT1-A-M-S 5’ GGTTTGGGGTTTGTTAGGCGC 3’ 

STAT1-A-M-AS 5’ AAACTAAACTACAACTCACCCAACCG 3’ 

STAT1-A-UM-S 5’ GTTTGGTTTGGGGTTTGTTAGGTGT 3’ 

STAT1-A-UM-AS 5’ AAACTAAACTACAACTCACCCAACCA 3’ 

STAT1-B-M-S 5’ AAATTTGTTTTTTGTTTGGATTTTC 3’ 

STAT1-B-M-AS 5’ AATTAAACGCGACTATTCCGTA 3’ 

STAT1-B-UM-S 5’ AAATTTGTTTTTTGTTTGGATTTTT 3’ 

STAT1-B-UM-AS 5’ ACCAATTAAACACAACTATTCCATA 3’ 

 

DIFFERENTIAL RESTRICTION ENDONUCLEASE DIGESTION 

p21_sense  5’ GCCTGCTGGAACTCGGCCAGGCTCAGCCTGC 3’ 

p21_antisense  5’ GAGGCGACCCGCGCTCGGCCCAGCGCGCCG 3’ 

ACTB_fwd  5’ CCGAGCGCGGCTACAGCTTCA 3’ 

ACTB_rev  5’ CGTAGCACAGCTTCTCCTTAATGTC 3’ 

STAT1_900p2 5’ TTGGAATACTCAGGACGCGTTCTTCCTCT 3’ 

STAT1upstream 5’ CTTTCCGGCGCAGAGTCTGCG 3’ 

GAPDH_fwd  5’ TGATGACATCAAGAAGGTGGTGAAG 3’ 

GAPDH_rev  5’ ACTCCTTGGAGGCCATGTAGGCCAT 3’ 

 

SEQUENCING PRIMERS 

T7 primer  5’ GTAATACGACTCACTATAGGGC 3’ 

SP6 primer  5’ ATTTAGGTGACACTATAG 3’ 

(used for sequencing inserts cloned into the pGEM®-T Easy vector) 

T3 primer   5’ AATTAACCCTCACTAAAGGG 3’ 

(along with T7, used for sequencing inserts cloned into the pCR-Script SK(+) vector) 
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GLprimer2  5’ CTTTATGTTTTTGGCGTCTTCCA 3’ 

RVprimer3  5’ CTAGCAAAATAGGCTGTCCC 3’ 

(used for sequencing inserts cloned into the pGL3-Basic vector) 

 

CLONING THE STAT1 PROMOTER/ENHANCER/REPRESSOR 

STAT1fwd  5’ AGGGTACCGAATTCTCGGCGATGAAACTACTACA 3’ 

STAT1rev  5’ GAAGATCTAAACATCACTTTTAAACTCTA 3’ 

 

SUB-CLONING REGIONS OF THE STAT1 PROMOTER/ENHANCER 

SC1F   5’ GCTCTAGAAGGCACTGCACCT 3’ 

SC1R   5’ CCCAAGCTTACCAAAGGAGCAGCTACGCA 3’ 

SC2F   5’ GCTCTAGATGCGTAGCTGCTCCTTTGGT 3’ 

SC2R   5’ CCCAAGCTTACTCTTCAGTACCGGCCAGA 3’ 

SC3F   5’ GCTCTAGATCTGGCCGGTACTGAAGAGT 3’ 

SC3R   5’ CCCAAGCTTAAATTATGTATATTTCAGACGGAAT 3’ 

SC4F   5’ GCTCTAGATTCCGTCTGAAATATACATAATTT 3’ 

SC4R   5’ CCCAAGCTTGATATCGAATTCTG 3’ 

OC1F 5’ CTAGATTCCGTCTGAAATATACATAATTTCAATTCAA 

CAAACTGTTTCGAGCACAA 3’ 

OC1R 5’ AGCTTTGTGCTCGAAACAGTTTGTTGAATTGAAATTA 

TGTATATTTCAGACGGAAT 3’ 

OC2F 5’ CTAGATTCGAGCACATAGTATATGCAGGGCACTGTCC 

AAGGTCCATAAGATGTTAA 3’ 

OC2R 5’ AGCTTTAACATCTTATGGACCTTGGACAGTGCCCTGC 

ATATACTATGTGCTCGAAT 3’ 

OC3F 5’ CTAGATAAGATGTTAAAAAGCAAAATACCCCACTAC 

TCTACCCCCTCCCCACCCACCA 3’ 

OC3R 5’ AGCTTGGTGGGTGGGGAGGGGGTAGAGTAGTGGGGT 

ATTTTGCTTTTTAACATCTTAT 3’ 

OC4F 5’ CTAGACCCACCCACCTTCCCCCGCCGGGGACTCTGGA 

GGCATCACAGAGCTTTACA 3’ 

OC4R 5’ AGCTTGTAAAGCTCTGTGATGCCTCCAGAGTCCCCGG 

CGGGGGAAGGTGGGTGGGT 3’ 

OC5F 5’ CTAGAGAGCTTTACAAGGAAAACTGGAACCGATGCT 

CTAATAGAGGTACAGAATTCA 3’ 
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OC5R 5’ AGCTTGAATTCTGTACCTCTATTAGAGCATCGGTTCC 

AGTTTTCCTTGTAAAGCTCT 3’ 

OC1.1F 5’ CTAGATTCGAGCACATAGTATATGCAGGGCACTGTCC 

AAGGTCCAA 3’ 

OC1.1R 5’ AGCTTTGGACCTTGGACAGTGCCCTGCATATACTATG 

TGCTCGAAT 3’ 

OC2.1F 5’ CTAGAATATGCAGGGCACTGTCCAAGGTCCATAAGA 

TGTTAA 3’ 

OC2.1R 5’ AGCTTTAACATCTTATGGACCTTGGACAGTGCCCTGC 

ATATT 3’ 

OC2.2F 5’ CTAGATGTCCAAGGTCCATAAGATGTTAAAAAGCAA 

AATACCA 3’ 

OC2.2R 5’ AGCTTGGTATTTTGCTTTTTAACATCTTATGGACCTTG 

GACAT 3’ 

OC2.3F 5’ CTAGAATAAGATGTTAAAAAGCAAAATACCCCACTA 

CA 3’ 

OC2.3R 5’ AGCTTGTAGTGGGGTATTTTGCTTTTTAACATCTTATT 

3’  

OC2.1.1F  5’ CTAGAATATGCAGGGCACTGTCCAT 3’ 

OC2.1.1R  5’ AGCTATGGACAGTGCCCTGCATATT 3’ 

OC2.1.2F  5’ CTAGACACTGTCCAAGGTCCAT 3’ 

OC2.1.2R  5’ AGCTATGGACCTTGGACAGTGT 3’ 

OC2.1.3F  5’ CTAGACAGGTCCATAAGATGTTAA 3’ 

OC2.1.3R  5’ AGCTTTAACATCTTATGGACCTGT 3’ 

SC1-3:OC1R  5’ CCCAAGCTTGTGCTCGAAACAGTTTGTT 3’ 

SC1-3:OC2R  5’ CCCAAGCTTTAACATCTTATGGACCTTGG 3’ 

SC1-3:OC3.1R 5’ CCCAAGCTTCCCCGGCGGGGGAAGGTGG 3’ 

 

INTRODUCING MUTATIONS INTO THE OC2.1 FRAGMENT OF STAT1 

OC2.1mutRXR1f 5’ CTAGAATATGCATTGCACTGTCCAAGGTCCATAAGAT 

GTTAA 3’ 

OC2.1mutRXR1r 5’ AGCTTTAACATCTTATGGACCTTGGACAGTGCAATGC 

ATATT 3’ 

OC2.1mutRXR2f 5’ CTAGAATATGCAGGGCACTGTCCAATCTCCATAAGAT 

GTTAA 3’ 
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OC2.1mutRXR2r 5’ AGCTTTAACATCTTATGGAGATTGGACAGTGCCCTGC 

ATATT 3’ 

OC2.1mutRXR1/2f 5’ CTAGAATATGCATTGCACTGTCCAATCTCCATAAGAT 

GTTAA 3’ 

OC2.1mutRXR1/2r 5’ AGCTTTAACATCTTATGGAGATTGGACAGTGCAATGC 

ATATT 3’ 

OC2.1mutGATAf 5’ CTAGAATATGCAGGGCACTGTCCAAGGTCCATAACTT 

GTTAA 3’ 

OC2.1mutGATAr 5’ AGCTTTAACAAGTTATGGACCTTGGACAGTGCCCTGC 

ATATT 3’ 

OC2.1mutCREBf 5’ CTAGAATATGCAGGGCATCTGCCAAGGTCCATAAGAT 

GTTAA 3’ 

OC2.1mutCREBr 5’ AGCTTTAACATCTTATGGACCTTGGCAGATGCCCTGC 

ATATT 3’ 

 

STAT1 AND CONSENSUS RE-1 ELEMENTS FOR CLONING 

STAT1RESTVfwd 5’ AGCTGGCACTGTCCAAGGTCCATAAGATATC 3’ 

STAT1RESTVrev 5’ AGCTGATATCTTATGGACCTTGGACAGTGCC 3’ 

SCG10RESTVfwd 5’ AGCTGGCACTCTCCTTGGTGCTGAAGATATC 3’ 

SCG10RESTVrev 5’ AGCTGATATCTTCAGCACCAAGGAGAGTGCC 3’ 

 

CLONING OF TANDEM RE-1 ELEMENTS 

Tandem_RE1_fwd 5’ AGCTGGCACTGTCCAAGGTCCATAACGCGTGGCACTG 

TCCAAGGTCCATAAA 3’  

Tandem_RE1_rev 5’ AGCTTTTATGGACCTTGGACAGTGCCACGCGTTATGG 

ACCTTGGACAGTGCC 3’ 

 

LUCIFERASE ASSAY CONTROL CONSTRUCTS 

GAS_control_fwd 5’ CAGGTTTCCGGGAAAGCAGTAGGTTTCCGGGAAAGC 

A 3’ 

GAS_control_rev 5’ GATCTGCTTTCCCGGAAACCTACTGCTTTCCCGGAAA 

CCTGGTAC 3’ 
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CLONING OF THE MMP-1 PROXIMAL PROMOTER 

MMP1prom_fwd 5’ CAATAGGGTACCAGGCAGCTTA 3’ 

MMP1prom_rev 5’ AGTGAAAGCTTCCCAGCCTCTT 3’ 

 

CLONING REGIONS OF THE MMP-3 PROMOTER 

MMP3prom_fwd 5’ CCCATGAGCTCTTCCTCCTCAA 3’ 

MMP3prom_rev 5’ GCTCAAGCTTGTCTCTATGCCTT 3’ 

MMP3-2SBEs_fwd 5’ CTTTGAGCTCGGAATGTTTGGAA 3’ 

MMP3-2SBEs_rev 5’ GAGCGAAGCTTTTAAAGAGTGAC 3’ 

MMP3-3SBEs  5’ AAAGGAGCTCGTATCATCCTACT 3’ 

MMP3-4SBEs  5’ TTTTGAGCTCTACCAAGACAGGA 3’ 

MMP3-5SBEs  5’ CATAAGAGCTCTAGTGAATTCCAG 3’ 

MMP3-2SBEs_mutf 5’ CTTTGAGCTCGGAATGTTGCACATGGTCCTGCTGCCA 

TTTGGATCACAGCAAGG 3’  

 

SITE-DIRECTED MUTAGENESIS 

STAT1_mutIGIf 5’ CCATCAGTCACGTTTGATTCTTTTAGCAGAAAGTTGG 

ATTTGCTGTATGCC 3’ 

STAT1_mutIGIr 5’ GGCATACAGCAAATCCAACTTTCTGCTAAAAGAATCA 

AACGTGACTGATGG 3’ 

STAT1mutGATAfwd 5’ CAGGGCACTGTCCAAGGTCCATAACTTGTTAAAAAGC 

AAAATACC 3’ 

STAT1mutGATArev 5’ GGTATTTTGCTTTTTAACAAGTTATGGACCTTGGACA 

GTGCCCTG 3’ 

STAT1mutRE-1fwd 5’ CATAGTATATGCAGGGCAAGGTCCAATTTCCATAAGA 

TGTTAAAAAG 3’ 

STAT1mutRE-1rev 5’ CTTTTTAACATCTTATGGAAATTGGACCTTGCCCTGC 

ATATACTATG 3’ 

STAT1mutSP1_fwd 5’ CCACTACTCTACCCAATCACCACCCACCTTCC 3’ 

STAT1mutSP1_rev 5’ GGAAGGTGGGTGGTGATTGGGTAGAGTAGTGG 3’ 

 

ELECTROMOBILITY SHIFT ASSAY – STAT1/ISG15 

STAT1_ISRE_fwd  5’ GGGTAGTTTCGCTTTCCTGC 3’ 

STAT1_ISRE_rev 5’ GAGGGCAGGAAAGCGAAACTACCC 3’ 
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STAT1_ISRE-longf 5’ CCTGCCGGGTAGTTTCGCTTTCCTGCGCAGAG 3’ 

STAT1_ISRE-longr 5’ GATCCTCTGCGCAGGAAAGCGAAACTACCCGGCAGG 

GTAC 3’ 

ISG15_ISRE_fwd 5’ CATGCCTCGGGAAAGGGAAACCGAAACTGAAGCC 3’ 

ISG15_ISRE_rev 5’ GAGGGGCTTCAGTTTCGGTTTCCCTTTCCCGAGGCAT 

G 3’ 

 

ELECTROMOBILITY SHIFT ASSAY – MMP1/MMP3 

MMP1_noAP-1_fwd 5’ TCGAGACACCTCTGGCTTTCTGGAAGGG 3’ 

MMP1_noAP-1_rev 5’ TCGACCCTTCCAGAAAGCCAGAGGTGTC 3’ 

MMP3_SBE-If 5’ TCGACTGCCATTTGGATGAAAGCAAG 3’ 

MMP3_SBE-Ir 5’ TCGACTTGCTTTCATCCAAATGGCAG 3’ 

MMP3_SBE-I/AP-1f 5’ TCGACTGCCATTTGGATGAAAGCAAGGATGAGTCAA 

GC 3’ 

MMP3_SBE-I/AP-1r 5’ TCGAGCTTGACTCATCCTTGCTTTCATCCAAATGGCA 

G 3’ 

MMP3_SBE-II_f 5’ TCGATTGGAATGTTTGGAAATGGTC 3’ 

MMP3_SBE-II_r 5’ TCGAGACCATTTCCAAACATTCCAA 3’ 

MMP3_SBE-II/IIIf 5’ GATCATCCTACTTTGAATTTGGAATGTTTGGAAATGG 

TC 3’ 

MMP3_SBE-II/IIIr 5’ AGCTGACCATTTCCAAACATTCCAAATTCAAAGTAGG 

AT 3’ 

MMP3_SBE-IVf 5’ CCGGTACCAAGACAGGAAGCACTTCCTGGAGATTAA 

TC 3’ 

MMP3_SBE-IVr 5’ CAGTGATTAATCTCCAGGAAGTGCTTCCTGTCTTGGT 

A 3’ 

MMP3_SBE-Vf 5’ TCAGTCAATTTTTCCAGAAGAAAAA 3’ 

MMP3_SBE-Vr 5’ TCAGTTTTTCTTCTGGAAAAATTGA 3’ 

SIEfwd  5’ TCGACGTCATTTCCCGTAAATCCCG 3’ 

SIErev   5’ TCGACGGGATTTACGGGAAATGACG 3’ 

 

ChIP ASSAY 

STAT1_ChIP_fwd 5’ GACTCACACTTGTGAGATCA 3’ 

STAT1_ChIP_rev 5’ CTGTGATGCCTCCAGAGTC 3’ 

STAT1_exon3_fwd 5’ CTATAGGATGTCTCAGTGG 3’ 
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STAT1_exon3_rev 5’ ACTTCTTCTTCTGTCTAGTG 3’ 

SCG10_ChIP_fwd 5’ CCAGTAGCATCCTATCAGT 3’ 

SCG10_ChIP_rev 5’ CCTCAGGAACAATACACAG 3’ 

MMP3promChIPfwd 5’ TCCTCTACCAAGACAGGAAGC 3’ 

MMP3promChIPrev 5’ TTTGTTTGGATCACCCGCAGC 3’ 

MMP3_exon10_fwd 5’ TGACTCGAGTCACACTCAAGG 3’ 

MMP3_exon10_rev 5’ TCTGTTGCACACGAGTGCTTC 3’ 

GBP-1_ChIP_fwd 5’ TGAGAAATCTTTAAACCCTCCC 3’ 

GBP-1_ChIP_rev 5’ TGGCTTCTAGCACTTCTGTGTC 3’ 

 


