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Abstract (summary)

Accumulating evidence has indicated important roles played by Signal Transducer 

and Activator of Transcription (STAT) molecules, STAT1, STAT3 and STAT5 in the 

abnormal growth of cancer cells. Associated with these malignant changes, many of 

the STAT-target genes involved in cell growth regulation also become deregulated in 

cancer cells. One very important oncogene overexpressed in many cancers is MYC

whose gene promoter has previously been found to be STAT regulated. Gene reporter 

assays provide useful tools for studying the roles of cytokines such as interferon (IFN) 

and their activation of STAT-dependent promoters. The aims of this study were to: 1) 

establish luciferase reporter vectors for evaluating STAT-mediated gene regulation; 2) 

investigate the differential DNA binding of STAT1 versus STAT3 and their sequence 

recognition and relate this to the regulation of key genes involved in malignancy, such 

as MYC; and 3) investigate the role of STAT5 in the regulation of the MYC promoter, 

given preliminary data which indicated STAT5 might be directly involved.

During the course of establishing gene reporter assays it was found that treatment with 

type I IFN significantly reduced the levels of Photinus pyralis firefly and Renilla

luciferase activity. By contrast, cells transfected with a GFP reporter construct showed 

no significant IFN associated change. Although the IFN-mediated reduction in 

luciferase activity required an incubation time greater than 8h, this reduction in 

luciferase activity was not due to IFN mediated cytotoxicity as no change in cellular 

propidium iodide staining was observed by flow cytometry. Neither did IFN treatment 

alter the levels of firefly luciferase activity in cell culture supernatants nor the levels 

of luciferase mRNA determined by Q-PCR analysis. Thus, these results suggested that 

the IFN-dependent reduction in levels of luciferase activity detected in reporter assays 

was more likely mediated via a post-transcriptional mechanism. 

Having established suitable highly sensitive luciferase gene reporter assays, DNA 

binding sequences from several STAT-regulated genes were investigated for their 

differences in specificity and activation by STAT1 versus STAT3. The variation 

observed in sequence binding preferences was utilized in designing two reporter 

vectors, ICAM1-GAS-Luc and JunB-TA-Luc, activated specifically by STAT1 and

STAT3, respectively. The specificity of the reporter vectors was verified using IFNγ
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or IL-6 to stimulate cells expressing or lacking STAT1 or STAT3 or cells co-

transfected with vectors expressing the constitutively active STAT forms, STAT1C or 

STAT3C.   

Functional analysis of the human MYC gene proximal promoter identified a novel 

IFNγ-responsive STAT5 binding element with the palindromic core sequence 

TTCTCTGAA, +490 to +498 relative to the P1 promoter of MYC.  triggered the 

phosphorylation of STAT5A in A375-STAT5A melanoma cell line stably transfected 

to overexpress STAT5A and the MYC proximal promoter region was more highly 

activated in A375-STAT5A cells overexpressing STAT5A. Induction with IFNγ was 

reduced by in vitro site directed mutagenesis of this STAT5 region. ChIP assays 

indicated that increased STAT5 chromatin binding at the MYC 3’ proximal 

promoter region in cells overexpressing STAT5. Thus, ChIP assays and reporter gene 

analyses provided evidence for the direct involvement of STAT5A in occupying the

promoter region of the MYC proximal STAT Binding Element (SBE) and suggested 

an important involvement of STAT5A activity in regulating MYC gene expression.

Q-PCR analysis revealed that  repressed MYC mRNA expression in the A375

melanoma cell line but increased MYC mRNA expression in the A375-STAT5A cell 

line, implicating an important role for STAT5A in the -mediated regulation of

MYC gene expression. Preliminary Q-PCR results showed that the -dependent 

repression of MYC transcription in A375 cells affected the level of expression from 

the more 5’ upstream promoter regions. However, the -induced increase in MYC

transcription detected by Q-PCR in A375-STAT5A most likely initiated in the P2 

promoter region. Surprisingly, the proximal SBE promoter region showed the highest 

transcriptional activity level in the A375 cells, giving rise to approximately 77% of 

the total MYC transcripts. Furthermore, 5’RACE analysis revealed the presence of

transcripts that initiated from the STAT5-binding region of the human MYC promoter 

in A375 cells. A shift in the transcriptional start site near the STAT5-binding region 

of the MYC promoter was observed in response to IFNγ. Thus, these results indicated

an important and specific role for STAT5 in regulating the human MYC promoter. 

They also suggested that STAT5 overexpression contributes to the deregulation of 

MYC expression in cancer cells.
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Chapter 1 : 

Literature Review
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1.1 Melanoma and IFN therapy

Melanoma is a deadly type of skin cancer.  It is derived from melanocytes, the pigment-

producing cells in the dermoepidermal junction (based on Crombie, 1979). The use of 

the term melanoma in this study refers to malignant melanoma of the skin (Cascinelli, 

1995).    

1.1.1 Prevalence and impact 

Melanoma, a significant cause of morbidity and mortality worldwide, is an important 

health problem with strong economic impacts.  The tendency of melanoma for early 

metastasis distinguishes it as the most lethal form of skin cancer (Leigh, 1996). 

Melanoma is one of the few cancers with rising incidence and death rates since the mid-

twentieth century (Australia’s Health 2004, AIHW, www.aihw.gov.au). Melanoma is 

the fourth most common cancer in both Australian men and women (Cancer Council 

Australia; http://www.cancer.org.au). According to the Cancer Council Queensland, 

melanoma is the third most common cancer in both men and women in Queensland, 

Australia 2006 (http://www.cancerqld.org.au). The incidence rate of melanoma in 

Queensland 2006 was 73.9 per 100,000 for men and 47.3 per 100,000 for women 

(Cancer Council Queensland; http://www.cancerqld.org.au).

1.1.2 Melanoma staging

Accurate assessment and management of melanoma and choice of treatment is crucial 

for the patients’ prognosis.  A number of available prognostic parameters exist for 

melanoma and the recent American Joint Committee on Cancer (AJCC) TNM staging 

is one system (presented in Table 1.1). The TNM system uses the T category to 

describe the melanoma tumour thickness and histologic ulceration; the N category 

describes the number of metastatic lymph nodes and the microscopic versus 

macroscopic nodal metastases; and the M category describes the sites of distant 

metastases and the presence of elevated serum lactic dehydrogenase (LDH) (Balch et 

al., 2001; Kim et al., 2002; McMasters & Swetter, 2003).  Increased stratum thickness, 

presence of ulceration, metastasis, and elevated level of serum LHD are all associated 

with melanoma progression and decreased survival rate (Kim et al., 2002) (Table 1.1).  

http://www.aihw.gov.au).
http://www.cancer.org.au).
http://www.cancerqld.org.au).
http://www.cancerqld.org.au).
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Table 1.1: The AJCC TNM stage grouping for cutaneous melanoma.

Stage                                   TNM classification Definition includes Mean ranges for 
5- year survival 
rate (%)

I T ≤1mm with or without ulceration; 1.01-
2mm without ulceration.

95.3 – 89.0

II T 1.01-2mm with ulceration; ≥2.01mm with 
or without ulceration.

77.4 – 45.1

III Any T with N Presence of micro- or macro-node(s), 
with or without ulceration.

69.5 – 26.7

IV Any T & N with M Distant skin, subcutaneous and/or nodal 
metastasis; all visceral metastases or 
elevated LHD with metastasis.

18.8 – 9.5

TNM: tumour, node, metastases.  Adopted from Balch et al., (2001).

1.1.3 Management of melanoma 

Early diagnosis of melanoma is critical for increasing the efficacy of treatment and 

survival rates.  Early stages of melanoma are curable by surgical removal of primary 

tumours. However, no satisfactory treatment exists for metastatic melanoma (Terando

et al., 2003).  The tumour status of the regional lymph node basin is a main predictor of 

melanoma patients’ survival (reviewed in Amersi and Morton, 2007). Patients at stages 

I or II, with tumours ≥1mm thick are candidates for sentinel lymph node biopsy, and a 

patient with a positive test will undergo therapeutic lymphadenectomy (reviewed in 

McMasters and Swetter, 2003). 

One treatment for malignant melanoma approved in the USA and Australia involves a 

combination of chemotherapy and interferon α (IFNα), although complete response 

rates remain unacceptably low (Rosenberg, 2000).  Initial clinical trials indicated that 

high- -2b in the adjuvant therapy setting could improve relapse-free and 

overall survival (Kirkwood et al., 1996; Kirkwood et al., 2000; Kirkwood et al., 2001; 

Kirkwood et al., 2004; reviewed in Mocellin et al., 2010). IFN therapy was approved 

by the U.S.A Food and Drug Administration authority (FDA) in 1995 for the treatment 

of patients with stage IIC primary cutaneous or stage III melanoma who are at high risk 

for recurrence after surgery with either lymph node involvement or primary tumour ≥ 4 

mm in depth (reviewed in McMasters and Swetter, 2003). -2b 
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adjuvant therapy is currently approved in Australia for metastatic melanoma involving 

regional lymph nodes. 

High-dose IFN therapy is associated with high levels of toxicity. Patients can develop 

flu-like symptoms (Mughal et al., 1991), severe neurologic and neuropsychiatric 

symptoms and experience severe chronic fatigue (reviewed in McMasters and Swetter, 

2003).  Although the outcome of IFN treatment is encouraging, only a minority of 

melanoma patients respond to this therapy.  After extensive clinical trials the reported 

combined response rates of IFN therapy are on average 20-25% (Rosenberg, 2000).  

The use of combined therapies, such as chemotherapy with -2 (IL-

2), increased the response rate in patients with metastatic melanoma (Dreno & Wallon-

Dumont, 2003). However the outcome for these patients remained poor, with no 

significant improvement in survival rates (Brown and Kirkwood, 2003).  Several 

independent studies suggested that defects in the IFN signalling pathways in cancer 

cells, including melanoma cell lines, affected cellular responsiveness to IFN (Ralph et 

al., 1995; Wong et al., 1997; Wong et al., 1998; Pansky et al., 2000; Kovarik et al., 

2003; Wellbrock et al., 2005). In this study, IFN was used to investigate the induction 

of specific transcription factors involved in IFN signalling pathways and in the 

regulation of certain oncogenes frequently found deregulated in human cancers.
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1.2 The interferons (IFNs)

IFNs are multifunctional cytokines and provide a paradigm for cytokine signalling.  

IFN was discovered in 1957 by Isaacs and Lindenmann as an antiviral agent (Isaacs and 

Lindenmann, 1957). Since then other biological activities of IFNs have been indicated 

including antiproliferative and differentiative responses, and modulation of the immune 

response (reviewed in Samuel, 2001).  Recombinant human IFNs have been available 

and approved by the Food and Drug Administration (FDA) for multiple clinical 

applications including hepatitis, multiple sclerosis and for a range of malignancies.

Based on chromosomal location, sequence, and receptor specificity, IFNs are divided 

into two classes, type I and type II.  Type I IFN genes, which include a minimum of 18 

ω genes and pseudogenes all 

lack introns and are located on the short arm of human chromosome 9 (reviewed in 

Wadler and Schwartz, 1997).  The transcription of type I IFNs can be induced in most 

types of cells when infected by viruses (reviewed in Samuel, 2001).

are predominantly expressed in a subset of lymphocytes and fibroblasts, respectively 

(Stark et al., 1998)

hepatitis C, chronic hepatitis B, AIDS-related Kaposi's sarcoma, genital warts

(condylomata acuminata), chronic myelogenous leukaemia, hairy cell leukaemia, and 

malignant melanoma (reviewed in Wadler and Schwartz, 1997).  

Type II IFN or IFNγ is a cytokine that is involved in various immunoregulatory 

activities encoded as a single IFNγ gene that is located on chromosome 12.  Expression 

of IFNγ is induced in response to mitogenic or antigenic stimuli (reviewed in Samuel, 

2001).  has been approved for the treatment of chronic granulomatous disease, a 

chronic hereditary immune disorder (reviewed in Samuel, 2001). IFNγ production is 

restricted to certain cells of the immune system including natural killer cells, CD8 

cytotoxic suppressor cells and Th1 cells, a subset of CD4 T cells (reviewed in Young, 

1996). IFNγ activates effector cells in the immune system, such as macrophages and 

neutrophils and regulates CD4+ Th cell differentiation as well as metabolically 

suppressing infected or transformed cells (reviewed in Billiau, 1996).  
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Individuals with IFNγ production or signalling deficiencies are susceptible to infection 

with mycobacteria (Jouanguy et al., 1999; Newport et al., 1996).  Enhanced growth of 

tumour cells, such as the C3H/HeN derived K1735 melanoma line was observed after 

disrupting tumour responsiveness to IFNγ by the enforced expression of mutant IFNγ

receptors in these cells (Coughlin et al., 1998; Dighe et al., 1994). Kaplan et al., (1998)

demonstrated that IFNγ forms the basis of a tumour surveillance system for chemically 

induced or spontaneously arising tumours in mice. IFNs mediate antiviral, 

antiproliferative, and immunomodulatory effects through the expression of IFN-

stimulated genes (ISGs). Host and tumour cells are both considered to be important as 

targets of IFNγ during the development of antitumour immune responses because a loss

of IFNγ response and immunity has been shown to promote cancer development 

(reviewed in Dunn et al., 2002; Dunn et al., 2004). Thus, in addition to facilitating the 

development of antitumour functions mediated by both adaptive and innate immunity,

IFNγ upregulates tumour immunogenicity, which is important for tumour detection and 

elimination (reviewed in Smyth et al., 2006).  

1.2.1 IFN-stimulated genes (ISGs)

A combined data set by de Veer et al., (2001), who functionally classified ISGs, 

identified over 300 ISGs using microarrays.  ISGs encoding antiviral functions include 

double stranded RNA-dependent protein kinase (PKR), Mx proteins and 2’,5’-

oligoadenylate synthetase (2’,5’-OAS) (Stark et al., 1998).  Other ISGs include genes 

encoding factors involved in the cell cycle control such as p21WAF1/CIP1, cdc25A, 

cyclinD3 (Chin et al., 1996; Kumar & Atlas, 1992) and MYC (Kiuchi et al., 1999). 

1.2.2 IFN receptors

-

receptor subunits, IFNAR1 and 2 (Mogensen et al., 1999; Schindler et al., 1992a; Uze

et al., 1990), results in the activation of the receptor-associated Janus Kinases (JAKs), 

Tyk-2 and JAK-1 through auto- and trans- phosphorylation (Gilmour & Reich, 1995; 

Schindler & Darnell, 1995). Similarly, the IFNγ receptor has two subunits, IFNGR1 

and 2. IFNGR1 recruits JAK1 and IFNGR2 recruits JAK2. The IFNγ-mediated 

dimerization of IFNγ receptor subunits, IFNGR1 and 2, triggers the activation of
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receptor-associated tyrosine kinases, JAK-1 and JAK-2, through auto- and trans-

phosphorylation, resulting in the phosphorylation of IFNGR1 (Bach et al., 1997).  

1.2.3 IFNs as a paradigm for JAK-STAT cytokine signalling

Signal transmission of the extracellular polypeptide ligands, IFNs or IL-6, to the 

nucleus involves direct signalling pathways working through distinct receptors.  The 

rapid induction of genes by IFNs and IL-6-type cytokines is achieved through utilizing

tyrosine kinases of the Janus Kinase (JAK) family and transcription factors of the 

Signal Transducer and Activator of Transcription (STAT) family as major mediators of 

signal transduction (shown in Figure 1) (Aaronson & Horvath, 2002; Schindler & 

Darnell, 1995). The STAT family members (STAT1, STAT2, STAT3, STAT4, 

STAT5a, STAT5b, and STAT6) are latent cytoplasmic transcription factors that 

become activated upon phosphorylation (Clevenger, 2004). The general structure and 

DNA binding properties of STATs are reviewed later (see sections 1.6 & 1.7). In 

addition to IFNs, STAT proteins can be activated by a broad array of cytokines and 

growth factors including EGF, PDGF, GH, PRL, FGF, insulin, several interleukins, 

angiotensin 2, and tyrosine kinase oncoproteins (Darnell, 1997).

Recent literature indicates that in resting cells, non-phosphorylated STATs in the 

cytoplasm exist largely as dimers (Mertens et al., 2006; Schindler et al., 2007). In 

addition, non-phosphorylated STATs constitutively shuttle between the cytoplasm and 

the nucleus (reviewed in Sehgal, 2008). Iyer and Reich (2008) reported that latent and 

activated STAT5A were constitutively imported into the nucleus by the coiled-coil 

domain. Although, STAT5A can continuously shuttle in and out of the nucleus, after it 

is tyrosine phosphorylated and binds to DNA, STAT5A is accumulated in the nucleus 

(Iyer and Reich, 2008). 

Signal transmission by an extracellular ligand such as IFNs involves ligand binding to 

its respective receptor and activation of receptor-associated JAKs. This is followed by

JAK-mediate phosphorylation of specific receptor tyrosine residues, which direct the 

SH2-dependent recruitment of specific STATs.  During 

JAKs catalyse sequential phosphorylation of Y466, Y660 and Y701 of IFNAR1, 

STAT2 and STAT1, respectively (Ramana et al., 2000a). Activated STAT1-STAT2 
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heterodimers then form and associate with the non-STAT protein, p48 (also known as 

IRF-9) to give the IFN stimulated gene factor 3 (ISGF3) complex (Fu et al., 1992; 

Martinez-Moczygemba et al., 1997). In the IFNγ-mediated receptor signalling pathway, 

the distal Y440 STAT1 recruitment motif of human IFNGR1 is essential for STAT1 

docking and activation (Bach et al., 1997). The corresponding motif Y419 in murine 

IFNGR1 is required for both STAT1 and STAT3 activation (Qing and Stark, 2004).  In 

addition to Tyr701 phosphorylation of STAT1, Ser727 phosphorylation of STAT1 is 

important for the regulation of a subset of IFNγ-induced genes (Kovarik et al., 2001).

Crosstalk between type I and II IFNs has been proposed to involve signalling by low 

levels of type I IFN which prime cells with sufficient STAT1 to produce a strong 

response to type II IFN (Gough et al., 2010). This regulated expression of STAT1 

involves the -Jun (Gough et al., 2010). After 

phosphorylation, STAT complexes then disengage from the IFN receptors (Schindler et 

al., 2007). Phosphorylated STATs form parallel dimers (Chen et al., 1998; Mertens et 

al., 2006), where reciprocal phosphotyrosyl:SH2 domain interactions are observed 

(Shuai et al., 1994). In the nucleus, the activated STATs function as transcription 

factors by binding to DNA recognition elements in their target genes.

The duration of STAT function is controlled by several negative regulators including 

phosphatases, suppressors of cytokine signalling (SOCSs) and protein inhibitor of 

activated STATs (PIAS) family members. The phosphatases, SHP-2 and TC-PTP (T-

cell PTP), appear to have a role in nuclear STAT dephosphorylation (Schindler et al., 

2007). ten Hoeve et al. (2002) identified TC45 as a protein tyrosine phosphatase (PTP) 

responsible for STAT1 dephosphorylation in the nucleus. Members of the SOCS family 

include SOCS 1-7 and CIS that are induced in a classical regulatory feedback loop upon

ligand stimulation and inhibit many cytokine-signalling systems (reviewed in 

Greenhalgh and Hilton, 2001). In particular, SOCS 1 (Alexander et al., 1999) and 

SOCS 3 (Ramana et al., 2005), appear to be important negative regulators of IFN

signalling. CIS inhibits the JAK-STAT5 signalling pathway by interacting with 

activated cytokine receptors (Paukku & Silvennoinen, 2004). PIAS1 interacts with

activated STAT1 dimers thereby inhibiting their DNA binding and transcriptional

activity (Greenhalgh & Hilton, 2001; Liao et al., 2000). PIAS3 inhibits STAT3 DNA-

binding activity and ablates STAT3-mediated gene transcription (Chung et al., 1997).



9

Figure 1.1: An overview of type I interferon and type II interferon signalling 

pathways (Source: Schindler et al., 2007).
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1.2.4 Defects in the IFN JAK-STAT signalling pathway: cancer resistance to IFN 

Defects in the IFN system, particularly in the JAK-STAT signalling pathway, have 

been implicated as a key factor in cancer development and cancer resistance to IFN 

therapy. Kaplan et al., (1998) reported that when compared with wild-type mice, IFNγ

receptor-deficient mice or STAT1-deficient mice developed tumours more rapidly and 

with greater frequency when challenged with the chemical carcinogen 

methylcholanthrene.  Human cancers showing resistance to IFN include melanoma 

(Ralph et al., 1995; Wong et al., 1997; Wong et al., 1998; Pansky et al., 2000; Kovarik

et al., 2003), lymphoma (Hochman et al., 1988), chronic myelogenous leukaemia 

(Colamonici et al., 1992; Landolfo et al., 2000) and breast cancer (Perou et al., 1999; 

Ross et al., 2000).  Several of these studies have reported defects existing in the IFN 

JAK-STAT signalling pathway in cancer cells resistant to IFN (Ralph et al., 1995; 

Wong et al., 1997; Sun et al., 1998; Wong et al., 1998; Lee et al., 1999a; Landolfo et 

al., 2000; Pansky et al., 2000; Kovarik et al., 2003).

Inflammation is considered a key event in the development of certain cancers such as 

colorectal cancer (reviewed in Lu et al., 2006; Mantovani et al., 2010a; Mantovani,

2010b).  plays an important role in tumour immunity. However, Xiao et al. (2009)

through upregulation of several proinflammatory cytokines and a local T helper 17 

(Th17) response. In addition, Hanada et al. (2006)

for the spontaneous development of colorectal carcinomas in SOCS1-deficient mice. 

Their results also suggested that SOCS1 plays a role in preventing chronic 

inflammation-mediated carcinogenesis through the regulation of 

pathways.  Moreover, Matsuda et al. (2005) be critically 

involved in the initiation stage of diethylnitrosamine-induced hepatocarcinogenesis.  

Thus, evidence from these and other studies also 

promoting tumour development. Most recently, an essential role for  in 

melanomagenesis was shown whereby  antibody blockade abolished macrophage-

enhanced melanoma growth and survival (Zaidi et al., 2011). In addition, 

producing macrophages were identified in 70% of human melanomas examined in this 

study.
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(reviewed in Gough et al., 2008), which 

are found constitutively activated in various types of cancer (reviewed in Lu et al., 

2006).  Several studie promoting 

inflammation-associated cancer (reviewed in Lu et al., 2006; Mantovani, 2010b).

Recently, in a melanoma tumour model, Kortylewski et al. (2009) demonstrated a role 

for STAT3 in the promotion of IL-23-mediated procarcinogenic immune responses and 

the inhibition of IL-12-dependent antitumor immunity.

Different components of the JAK-STAT pathway were found defective in several 

human melanoma cell lines with complete loss of growth restraint induced by 

(Pansky et al., 2000).  In particular, repression of IFN regulated STAT1 expression 

(Wong et al., 1997) - or IFNγ-induced STAT1 phosphorylation 

have been implicated in melanoma resistance to IFN (Kovarik et al., 2003).  

Furthermore, studies have indicated that STATs (in particular STAT3 and STAT5) are 

constitutively activated in many cancer cells (Bowman et al., 2000; Bromberg, 2001; 

Bromberg & Darnell, 2000).  Therefore, investigating the expression of genes encoding 

proteins involved in regulating JAK-STAT signalling pathways may provide insight 

into mechanisms responsible for defects in the JAK-STAT signalling and cancer 

resistance to IFN.  Additionally, since IFN therapy is very costly as well as toxic to 

patients, development of biomarkers as indicators of cancer status and cancer 

responsiveness to IFN therapy would be of great clinical importance.   
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1.2.5 The relative expression of STAT1, STAT3 and STAT5 as biomarkers for 

IFN responsiveness of tumours

Recently, advances have been made in the development of biomarkers with prognostic 

implications for treatment outcomes including overall survival and risk of recurrence in 

cancer patients (Abrahamsen et al., 2004; Lebedeva et al., 2002; Ma et al., 2004; Murer

et al., 2004; Takeuchi et al., 2004).  Many studies have explored the molecular basis of 

responsiveness to IFN  molecular, immunological 

or clinical markers predictive of treatment outcome in melanoma patients.  Several of 

these studies demonstrated differences in gene expression between sensitive versus

resistant cell lines or in clinically distinct groups of melanoma cells using various 

methods, including quantitative RT-PCR (Certa et al., 2002; Chawla-Sarkar et al., 

2004; Kortylewski et al., 2004).  In particular, STAT1 and STAT3 expression levels 

have emerged as predictors for the cellular responses to IFN (Linge et al., 1995; 

Bromberg et al., 1996; Wong et al., 1997; Wong et al., 1998; Niu et al., 1999; Bowman

et al., 2000; Landolfo et al., 2000; Calegari et al., 2003; Kovarik et al., 2003; Lesinski

et al., 2003; Pedranzini et al., 2004).  As a result, the expression of these genes may 

potentially be useful as biomarkers and/or targets for therapeutic intervention.

The implication of STAT1 deficiency as a mechanism for IFN resistance in melanoma 

cells has been controversial.  Several reports indicated a deficiency in STAT1 

expression or activation in melanoma cell lines and tumour samples associated with 

poor IFN responsiveness (Pansky et al., 2000; Wong et al., 1998; Wong et al., 1997). 

However, other studies reported a lack of correlation in STAT1 deficiency with IFN 

resistance in melanoma cells (Badgwell et al., 2004; Chawla-Sarkar et al., 2002).

Nevertheless, data from recent studies (Costa-Pereira et al., 2002; Qing & Stark, 2004)

suggests that the biological effects of  and IL-6 are dependent on various factors 

including the relative cellular abundance of STAT1 and STAT3. In addition to STAT1 

and STAT3, defects in STAT5 regulation have recently been reported to contribute to 

the resistance of melanoma cells to IFN. Hence, Wellbrock et al. (2005) reported that in 

human melanoma cell lines, STAT5 contributes to interferon resistance and counteracts

-induced STAT1 activation. Furthermore, Mirmohammadsadegh et al. (2006)

demonstrated increased STAT5B expression and phosphorylation occurring in human

melanoma metastases/specimens. Therefore, investigation of the relative abundance 
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and activation of STAT1, STAT3 and STAT5 would be a useful approach for 

identifying patients suited for IFN therapy, patients that are likely to be resistant to IFN 

and for whom alternative therapeutic regimens should be considered.

1.3 Interleukins (ILs)

Interleukins are glycoproteins derived primarily from cells of the immune system

(Gross, 1992).  The interactions between inflammatory cells are mediated in large part 

by interleukins (Mizel, 1989).  The IL-6-type cytokine family comprises IL-6, IL-11, 

OSM (oncostatin M), LIF (leukemia inhibitory factor), CT-1 (cardiotrophin-1), CLC 

(cardiotrophin-like cytokine), and CNTF (ciliary neuro-trophic factor) (Heinrich et al., 

2003). Members of this cytokine family utilize a common cytokine receptor signalling

subunit called glycoprotein 130 or gp130 (Muller-Newen, 2003).  IL-6-type cytokines 

are involved in inflammatory processes and in the regulation of cell differentiation, cell 

proliferation, survival and apoptosis (Heinrich et al., 2003).  IL-6, a pleiotropic 

cytokine, has regulatory functions in the immune system, is a mediator of the acute-

phase response to injury and infection, and has a role in the regulation of 

differentiation, proliferation, and survival of target cells. (Culig et al., 2002; 

Dijsselbloem et al., 2004; Heinrich et al., 2003; Trikha et al., 2003). IL-6 induces the 

expression of factors involved in cell survival and cell-cycle transition, such as MYC 

and STAT3 (reviewed in Hirano et al., 2000).

1.3.1 IL-6 receptor and signalling through JAK-STAT

IL-6 exerts its action through the signal transducing receptor, gp130. Similar to the IFN 

receptors, gp130 associates with JAKs (JAK1, JAK2 and Tyk2) and becomes tyrosine 

phosphorylated in response to cytokine stimulation (reviewed in Heinrich et al., 2003).

In particular, JAK1 plays an essential role in the gp130 signal transduction (reviewed in 

Heinrich et al., 2003). Tyrosine phosphorylation of gp130-associated JAKs leads to

recruitment and phosphorylation of the transcription factors STAT3 and STAT1 and the 

src homology domain (SH2)-containing protein tyrosine phosphatase (SHP2). STAT1 

and STAT3 are activated only via the four most distal tyrosine motifs (Tyr767, Tyr814, 

Tyr905, and Tyr915) of gp130 (Schmitz et al., 2000).  Tyr767, Tyr814, Tyr905, and Tyr915
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motifs of gp130 contribute to STAT3 phosphorylation (Gerhartz et al., 1996; Stahl et 

al., 1995), whereas STAT1 is activated by the two distal tyrosine motifs, Tyr905 and 

Tyr915 (Gerhartz et al., 1996).  Schmitz et al., (2000) in a study using the full-length 

cytoplasmic part of the gp130 reported that Tyr905 and Tyr915 of gp130 were more 

potent in activating STAT proteins than Tyr767 and Tyr814. Thus, it was proposed that 

the individual tyrosine motifs are not equivalent in their capacity to recruit and 

phosphorylate STAT factors (Schmitz et al., 2000). Tyr759 of gp130 was identified to be 

important for the phosphorylation of the tyrosine phosphatise, SHP2 (Stahl et al., 1995). 

Abrogation of SHP2 activation via the mutation of Tyr759 to Phe causes elevated and 

prolonged STAT3 and STAT1 activation as well as increased expression of the acute-

phase protein (Schaper et al., 1998). 

Whereas STAT1 plays an essential role in transduction by the IFN-receptors, STAT3 

plays a central role in transmitting signals relayed through the IL-6 receptor from the 

membrane to the nucleus.  In response to IL-6, phosphorylated STAT3 homodimers, or 

STAT1/3 heterodimers in the nucleus, bind to GAS elements with the DNA consensus 

sequence 5’-TT(N)4-6AA-3’, with the preferred binding site being 5’-TT(N)5AA-3’ 

(Cantwell et al., 1998; Coffer et al., 1995; Korzus et al., 1997). 
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1.4 EGF

Epidermal growth factor (EGF) is a member of the EGF family of ligands, which also 

include transforming growth factor alpha (TGF ), amphiregulin, betacellulin, 

heregulin, and heparin-binding EGF (reviewed in Harris et al. (2003)). EGF 

specifically binds to the EGF receptor (EGFR; reviewed in Lu & Kang, (2010)). The 

STAT proteins, including STAT1, STAT3, and STAT5, are substrates for the activated 

EGFR among other signal-mediating proteins (reviewed in Quesnelle et al., 2007). 

EGF often stimulates proliferative responses and STAT3 phosphorylation is associated 

with EGFR-mediated autocrine activation of cell growth (Grandis et al., 1998; Sartor et 

al., 1997). Consistent with this observation, constitutive STAT3 activation was detected 

in several human breast cancer cell lines with high levels of EGFR and c-SRC activity 

(Garcia et al., 1997).

1.4.1 EGF receptor and signalling through JAK-STAT

As with IFNs, EGF also activates STATs. EGF specifically binds to the EGF receptor 

(EGFR; ErbB1; HER1), a member of the ErbB family of human epidermal growth 

factor receptor (HER) tyrosine kinases (reviewed in Lu and Kang, 2010), to induce 

tyrosine phosphorylation and activation of STAT1, STAT3 and STAT5 (reviewed in 

Quesnelle et al., 2007). EGFR-induced STAT activation can be mediated by direct 

binding of STAT proteins to the EGFR or by SRC-coupled EGFR signalling (reviewed 

in Quesnelle et al., 2007). The SH2 domain of STAT5 is required for binding to the 

EGFR and JAKs are required for maximal activation of STATs during EGF-dependent 

signalling (reviewed in Quesnelle et al., 2007).
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1.5 Regulation of the expression of the STAT1, STAT3 and STAT5

genes

1.5.1 The regulation of the STAT1 gene

In a study undertaken by the research group of Dr. Ralph to analyse the human STAT1

gene regulation (Wong et al., 2002), a DNA sequence within the STAT1 intron 1/exon 

2 boundary containing GAAANN nucleotide repeats was identified conferring IFN

activation and this site was called IGI (IRF-E/GAS/IRF-E, where IRF-E is an IFN 

Regulatory Factor Element) (Wong et al., 2002). STAT1 autoregulation of expression 

from the IGI in the intronic enhancer region in response to IFNs was shown to be 

unlikely because electrophoretic mobility shift assays (EMSA) revealed that induction 

by type I and II IFNs resulted in the binding of IGI by a complex of IRF-1 and the 

histone acetylase, CREB binding protein (CBP)/p300, but not by ISGF-3 components 

and excluded STAT1 involvement (Wong et al., 2002).      

Figure 1.2:  A partial map of the 5’-genomic region of the human STAT1 gene 

highlighting the location of transcription factor binding sites (based on Wong et 

al., 2002).

Hypermethylation in the CpG islands of promoter regions is frequently found in 

transcriptionally repressed tumour suppressor genes in various cancers (Herman et al., 

1994; Herman et al., 1998).  Karpf et al. (1999) reported the induction of STAT1 gene 

expression in colon cancer cells in response to treatment with the DNA 

ATG
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methyltransferase inhibitor, 5’-azadeoxycytidine.  Therefore, a study was undertaken 

by the laboratory of Dr. Ralph to analyse the DNA methylation status in genomic DNA 

containing the CpG island isolated from the STAT1 gene 5’ region from several IFN 

resistant melanoma cell lines.  The study failed to demonstrate any significant role for 

methylation of this region in the downregulation of STAT1 gene expression detected in 

melanoma cell lines (unpublished data).

Analysis of the STAT1 gene 5’ promoter region revealed the presence of a putative, 

canonical IFN-stimulated response element (ISRE) with the sequence 5’-

GAAAGCGAAACT-3’ that had not previously been characterised, adjoining the 5’-

transcriptional start site identified by Wong et al. (2002).  The role of this putative 

ISRE sequence was investigated using reporter gene assays and was found to be 

inducible by type I IFNs (Ibtisam Ghazawi, Honours thesis 2003).  This ISRE sequence 

has since been identified as ISGF-3 binding, indicating a role of this transcription 

factor, and hence, STAT1 itself, in STAT1 gene autoregulation (Samuel Cutler, personal 

communication).  

Bai and Merchant (2003) reported that ZBP-89 (ZNF148, Zfp148), a Krüppel-type zinc 

finger transcription factor that is ubiquitously expressed, binds along with Sp1 and Sp3 

to a G-rich element within the first intron of the human STAT1 gene.  Bai and Merchant

(2003) demonstrated that ZBP-89 was required for basal STAT1 expression (see Figure 

1.2). Reducing the level of ZBP-89 with siRNA attenuated constitutive STAT1 and 

IFN -induced expression (Bai and Merchant, 2003).  

1.5.2 The regulation of the STAT3 gene 

The STAT3 gene is activated by IL-6 signals and is autoregulated by STAT3 in 

cooperation with the cAMP-responsive element (CRE)-binding protein in a complex 

acting through an IL-6 responsive DNA element (IL-6RE) (Ichiba et al., 1998).  This 

IL-6RE is located in the promoter region of the STAT3 gene and contains a low affinity 

STAT3-binding element (SBE; TGCCAGGAA) and a cAMP-responsive element

(CRE; TGACGTC; Figure 1.3) (Ichiba et al., 1998). However, autoregulation of the 

STAT3 gene is tissue-specific.  In vivo studies revealed that the STAT3 SBE was
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essential for IL-6-regulated STAT3 gene expression in spleen, kidney, and T 

lymphocytes, but not in hepatocytes (Narimatsu et al., 2001).  In addition, Narimatsu et 

al. (2001) demonstrated that the SBE-mediated STAT3 autoregulation was involved in 

IL-6-induced proliferation and survival of T cells.  

Figure 1.3:  A partial map of the 5’-genomic region of the human STAT3 gene.

1.5.3 The regulation of the STAT5 gene 

The human STAT5A and STAT5B genes encode proteins STAT5A and STAT5B 

(collectively called STAT5) that are approximately 96% identical with the highest 

degree of divergence in the C-terminal transactivation domains (reviewed in

Hennighausen & Robinson (2008)). The STAT5A and STAT5B homologous genes are 

located in inverted positions on chromosome 17 (in humans) separated at a distance of 

approximately 11 kbp apart (Ambrosio et al., 2002). A CpG island is present at the 5

end of each STAT5 gene extending into the 5 mRNA encoding region 

(Ambrosio et al., 2002).

Regulation of STAT5 gene expression has not been extensively studied. The STAT5A

and STAT5B proteins are widely expressed (reviewed in Hennighausen & Robinson 

(2008)) although tissue-specific differences occur in the relative abundance of STAT5A

and STAT5B gene expression (Ripperger et al., 1995; Teglund et al., 1998). For 

example, STAT5A is more abundant in mammary tissue whereas STAT5B is more 

abundant in liver and muscle (reviewed in Hennighausen & Robinson (2008). The 

molecular basis for variations in STAT5A and STAT5B expression in various human

tissues has not been well defined. Crispi et al. (2004) provided the first insights into the 
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regulation of human STAT5 expression and demonstrated by transient in vitro

transfection and gene reporter assays that up-regulation of Sp1 in HeLa and SL2 cells 

enhanced the expression from the STAT5A and STAT5B promoters. In addition, this 

Sp1-induced transcription was down regulated by DNA methylation. It has also been

reported that EGF suppresses expression of STAT5, in particular STAT5A in 

mammary epithelial cells, mediated mainly through the ras/raf/MEK/MAPK signalling 

pathway (Petersen and Haldosen, 1998).

1.6 Structure of STAT proteins

At present, seven known mammalian STAT genes, named STAT1, STAT2, STAT3, 

STAT4, STAT5a, STAT5b, and STAT6,  have been identified (reviewed in Lim and Cao, 

2006).  The STAT family members share a highly conserved molecular structure 

(reviewed in Hennighausen and Robinson, 2008). STAT proteins are between 700 to 

850 amino acids in length and share several functional domains (Figure 1.4). STAT 

isoforms generated from alternative splicing or post-translational proteolytic processing 

have been described (reviewed in Lim and Cao, 2006) (Figure 1.4). STATs possess an

N-terminal domain, which -helical coiled-coil domain, a DNA-

binding domain and a linker domain that connects to the C-terminus which contains the 

src homology 2 (SH2) domain and, in most STAT isoforms, a transactivation domain 

(reviewed in Hennighausen and Robinson, 2008). 

The N-terminal half is implicated in several protein-protein interactions (Clevenger, 

2004). In addition, the N-terminal half promotes the cooperative binding of STAT 

dimers to DNA binding sites (Vinkemeier et al., 1996; Vinkemeier et al., 1998). 

Furthermore, this domain is involved in dimerization and tetramerization (John et al., 

1999; Vinkemeier et al., 1998). The DNA-binding domain -sheet structures 

linked by unstructured loops (Chen et al., 1998). The N-terminal domain is necessary 

for STAT5 tetramerization that shown to enhance STAT5 activity on certain gene 

promoters (John et al., 1999). The C-terminal coiled-coil domain is involved in specific 

interactions with other helical proteins (Becker et al., 1998; Chen et al., 1998).  The 

SH2 domain is the most highly conserved STAT region and is crucial for interaction 

with receptors and formation of the phosphorylated dimer (reviewed in Lim and Cao, 

2006). In addition, heterodimerization of STAT1 with STAT3 as well as STAT5A with 
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STAT5B occurring through SH2-phosphotyrosine interaction has been indicated (Liu et 

al., 1996; Schindler & Darnell, 1995). The C-terminal transactivation domain is the 

least conserved region among the STATs, contributing to the ability of the different 

STATs to regulate distinct transcriptional responses. C-terminally truncated STAT 

isoforms can function as dominant-negative factors (reviewed in Lim and Cao, 2006).  

All STATs contain a conserved site of tyrosine phosphorylation at the C-terminus. In 

addition, all full length STATs (except for STAT2 and STAT6), contain a conserved 

Ser in the transactivation domain that undergoes phosphorylation (reviewed in Lim and 

Cao, 2006). STATs can be classified into two groups with different activation profiles. 

In one group, STAT1, STAT3 and STAT5 are activated by numerous extracellular and 

intracellular stimuli, while in the other group STAT2, STAT4 and STAT6 are mainly 

activated by a single extracellular factor (reviewed in Levy and Gilliland, 2000). Upon 

activation, phosphorylated STATs translocate to the nucleus and act as transcription 

factors by binding to DNA recognition elements in their target genes. 
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Figure 1.4: Isoforms and functional domains of the human STAT proteins.

The functional domains depicted include the N-terminal domain (N), the coiled-coil 

domain (CC), the DNA binding domain (DNA), the linker domain (LK), the SH2 

domain, the phosphotyrosyl tail segment (Y) and the transactivation domain (TA). The 

numbers at the boundaries of the domains indicate the amino acid residues of the STAT 

proteins. The residues, Y and S, involved in phosphorylation and the molecular weight 

(kDa) of the proteins are listed. The full length STATs are 

whereas shorter isoforms are termed isoforms. (Modified from Lim and Cao, 

2006).
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1.7 STAT1-, STAT3- and STAT5-binding to DNA 

The amino acids in the regions between approximately 350-500 of STAT1, STAT3 and 

STAT5 confer DNA binding specificity and this region is known as the DNA binding 

domain (DBD) (Horvath et al., 1995). ISGF3, comprising activated STAT1-STAT2 

heterodimers complexed with p48 (Fu et al., 1992; Martinez-Moczygemba et al., 1997)

binds to IFN- -inducible genes. The 

consensus DNA sequence of the ISRE is GAAAN(N)GAAA, where N is any 

nucleotide (Darnell et al., 1994; Ramana et al., 2000a; Schindler & Darnell, 1995; 

Taylor & Grossberg, 1990; Williams, 1991). DNA contact is provided by STAT1 and 

p48, while STAT2 serves as a strong transcriptional activator (Bluyssen & Levy, 1997; 

Qureshi et al., 1995). Activated STAT1 homodimers involved in IFNγ-dependent 

signalling bind the DNA via gamma activated sequence (GAS) elements (reviewed in 

Ramana et al., 2000a). The enhancers of IFN -inducible genes contain GAS elements

with a consensus sequence 5’-TTC(N)2-4GAA-3’, with the preferred sequence shown to 

be 5’-TTC(N)3GAA-3’ (Korzus et al., 1997; Lamb et al., 1995).  ISRE and GAS are 

cis-acting DNA elements and are also targets for the IFN regulated factor (IRF) 

transcription factors (reviewed in Samuel, 2001). 

Chen et al. (1998) reported the crystal structure of the DNA complex of a STAT1 

homodimer and showed that the STAT1 homodimer formed a C-shaped clamp around 

the DNA binding element (Figure 1.5). This complex is stabilized by interactions 

between the tyrosine-phosphorylated C-terminal segment of one STAT monomer and 

the SH2 domain of the other monomer (Chen et al., 1998). STAT binding element 

(SBE) sequences commonly contain a core palindromic TT-AA motif, where the length 

of the spacing between the TT and AA core half sites affects the specificity of STAT 

 or IL-6 (Seidel et al., 1995). It 

has been suggested that the core TT-AA palindromic motif with intervening spacing of 

5 base pairs displays general STAT binding (Tables 1.2, 1.3 & 1.4) (Seidel et al., 

1995).  Intriguingly, several known SBEs conferring IL-6 responsiveness (also known 

as acute phase response elements; APREs), including JunB-, Stat3- and C/EBP -SBEs 

(Table 1.3) contain a CA half-site instead of the AA and selectively bind to complexes 

containing STAT3. Cantwell et al. (1998) demonstrated that by replacing the C/EBP

APRE with SBEs featuring AA in the half-sites significantly increased responsiveness 
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to IFN- is important 

for STAT1 binding and activation whereas CA favours STAT3. 

Although, STAT5 isoforms often interact with the same DNA binding region, STAT5A

and STAT5B have distinct DNA binding activities. In a genome-wide analysis in 

murine pro-B cells, Nelson et al. (2004) demonstrated that both activated STAT5A and 

STAT5B can bind to the same regulatory region, although there are differences in 

kinetics of DNA binding, contributing to the differences in STAT5A and STAT5B 

DNA binding activity. However, Boucheron et al. (1998) demonstrated that a single 

amino acid difference in the STAT5 proteins is crucial for the differential binding of 

STAT5A and STAT5B to DNA recognition elements. The amino acid residues 

contributing to the differential DNA binding were glycine at position 433 in STAT5B 

and a glutamic acid residue at a similar position in STAT5A (Boucheron et al., 1998).

In addition, the divergent C-terminus of STAT5A and STAT5B can interact with 

different co-regulators thus contributing to the diversity of the gene regulatory activity 

of these proteins (reviewed in Tan and Nevalainen, 2008).  
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Figure 1.5: The crystal structure of STAT1 homodimer complexed with DNA.

Cross-sectional view of the STAT1 homodimer binding to the DNA helix. The STAT1 

homodimer forms a C-shaped clamp around the DNA helix located in the middle. 

(Reprinted from Chen et al., 1998).
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Table 1.2: STATs and their GAS consensus sequence (modified from Grimley et 
al., 1999).

STAT STAT partner Target binding site
STAT1 1, 2, 3 TTCC(G>C)GGAA
STAT2 1 Not applicable 
STAT3 1, 2, 3 TTCC(G=C)GGAA
STAT4 4 TTCC(G>C)GGAA
STAT5A 5A, 5B TTCC(A>T)GGAA
STAT5B 5B, 5A TTCC(A>T)GGAA
STAT6 6 TTCC(A>T,N)GGAA

Table 1.3: Examples of sequences of defined STAT1 and/or STAT3 binding sites 
(GAS/SBEs). 

Binding to:
Gene Response element 

(GAS/SBE) STAT1 STAT3

Reference(s)

C/EBP   TCG TT CCCAG  CAGCA - + (Cantwell et al., 1998)

IRF-1   GAT TT CCCCG  AATGA ++ + (Pine et al., 1994; Yang et al., 2003)

MYC   GGC TT GGCGGGAAAAA + ++ (Kiuchi et al., 1999)

Stat3   GAG TT CCTGG CAG TG - + (Ichiba et al., 1998)

junB   CGC TT CCTGA CAG TG - + (Coffer et al., 1995)

c-fos   CAG TT CCCGTCAA TC + ++ (Yang et al., 2003)

ICAM-1   GGT TT CCGGG  AA AGC ++ + (Look et al., 1994; Look et al., 1995); 
(Caldenhoven et al., 1995; Naik et al., 
1997)

Binding (+) or lack of binding (-) of each SBE to STAT1 and STAT3. 

Table 1.4: STAT5 GAS sequences from known STAT5 target genes.

Gene Response element (GAS/SBE) Reference(s)

-
macroglobulin

GATCCTTCTGGGAATTCCTA (Dajee et al., 1996; 
Boucheron et al., 1998)

-casein AGATTTCTAGGAATTCAATCC (Standke et al., 1994)

BCL-6 TTCTCTGAA (Scheeren et al., 2005)

IL2 receptor- TTTCTTCTAGGAAGTACCAAACATTTCTGATAATAGAA (Decker et al., 1997; 
Meyer et al., 1997)

CIS1 (CISH) CCCGAGTTTTCCTGGAAAGTTCTTGGAAATCTGT (Matsumoto et al., 1997; 
Verdier et al., 1998)
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Specificity for different external signalling factors depends on stable STAT binding to 

DNA and chromatin accumulation as essential for targeted transcriptional activation. 

Thus, for example, IL-6, unlike , activates transcription of the c-fos gene in normal 

cells.  DNA-binding preferences that are evident from in vitro DNA-binding assays 

(such as electrophoretic mobility shift assay EMSA), or DNA dissociation rates of 

STAT3 compared with STAT1 do not explain the STAT3-specific accumulation on the 

c-fos promoter (Yang et al., 2003). Furthermore, Yang et al., (2003) suggested a 

potential role for STAT3 interaction with other nuclear proteins found on the promoter

as the basis for the selectivity of STAT binding and retention on chromatin. Similarly, 

although both STAT1 and STAT3 can bind to the IRF-1 SBE in normal cells, only 

STAT1 efficiently activates IRF-1 gene transcription (Yang et al., 2003). Thus, the

differential transcriptional regulation shown by STAT1 versus STAT3 for the IRF-1

gene are consistent with IRF-1 as a proapoptotic protein (Tanaka et al., 1994) whereas

c-Fos is linked to cell proliferation and survival (Karin et al., 1997).   

STAT interaction and complex formation in combination with other DNA binding 

proteins has been shown to occur with several STAT regulated gene promoters 

(Darnell, 1997).  For example, the STAT3 and JunB genes each contain a STAT3 SBE 

together with a cAMP-responsive element (CRE) binding site and these were identified 

as IL-6 response elements (IL-6RE) (Ichiba et al., 1998; Kojima et al., 1996; Sjin et al., 

1999). STATs also recruit chromatin-modifying enzymes such as histone acetyl 

transferases (HATs), especially CREB-binding protein (CBP) and p300 (Levy and 

Darnell, 2002). NcoA-1 is another HAT implicated in the interaction with the trans-

activation domains (TADs) of STAT3 and STAT5 (Schindler et al., 2007). In addition 

to interacting with CBP/p300 (Zhang et al., 1996), STAT1 can bind to a number of 

other co-regulatory proteins, including N-Myc interactor (Nmi), BRCA1 and the 

transcription factors SP1, AP1 and NFkB (reviewed in Ramana et al., 2000a). STAT5 

can interact with the glucocorticoid receptor (GR), Specificity protein (Sp)1, Ying 

Yang- Nmi (Paukku and 

Silvennoinen, 2004). 

Cooperative binding of STAT1 dimers through the N-terminal domains of repeat STAT 

binding sites provides greater stability than binding to a single STAT recognition site 

(Vinkemeier et al., 1996). Several of the known STAT5 targeted gene promoters 
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contain tandemly linked GAS sites (Table 1.4). Verdier et al. (1998) investigated the 

CISH promoter and showed that STAT5A but not STAT5B dimers can interact in 

cooperative binding to two low affinity GAS sequences to form a tetramer. In this 

regard, John et al. (1999) showed that the dimeric form of STAT5 activates only a 

subset of target sites. Furthermore, in the context of reporter gene assays, multimerized 

STAT-binding elements (SBEs) promote much higher levels of expression in response 

to IFN  and IL-6, than does a single SBE.  Nonetheless, multimerization of SBEs 

STAT3 homodimer (Coffer et al., 1995; Lamb et al., 1995).

In summary at this point, differences in DNA-binding preferences, and selective factor 

retention or activity determines the particular STAT specificity and activation of 

different promoters. It follows that these issues should be carefully considered when 

investigating gene regulation by STAT proteins. Additionally, it should be possible to 

construct STAT-specific DNA binding sequences as SBEs for DNA-binding assays, as 

well as for preparing reporter constructs to serve as positive controls in studies of

distinct/specific STAT-dependent gene activation and inducibility by cytokines such as 

IFN and IL-6, or other growth factors that signal via these transcription factors.

1.8 Differences in STAT1, STAT3 and STAT5 and their involvement 

in the control of cellular events

STAT proteins become activated upon phosphorylation by receptor-associated kinases 

in response to receptor stimulation by cytokines and growth factors (Clevenger, 2004). 

The activation of STATs under normal physiological conditions is a transient process,

that usually lasts from a few minutes to several hours (Bromberg and Darnell, 2000; 

Aaronson and Horvath, 2002; Quintanilla-Martinez et al., 2003), and is mainly 

terminated by dephosphorylation through nuclear tyrosine phosphatases and/or through 

proteolytic degradation (Haspel and Darnell, 1999).       

STAT1 and STAT3 can mediate opposing effects on cell growth and survival.  

Homodimers of STAT1 and STAT3 have different binding affinities to related, but 

non-identical DNA elements regulating the expression of distinct but overlapping sets 
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of genes (Horvath et al., 1995; Lamb et al., 1995; Seidel et al., 1995; Levy and Darnell, 

2002). Thus, STAT1 plays a critical role in both type I and II IFN-dependent signalling, 

mediating antiviral responses, immune modulation, inhibition of proliferation, and 

tumour suppression.  STAT1 is involved in the regulation of a wide range of genes, 

including TAP1 (transporter associated with antigen processing-1) (Min et al., 1998), 

IRF-1 (IFN response factor-1), p21WAF/CIP (which is involved in controlling growth 

arrest) (Chin et al., 1996), and several caspases (involved in apoptosis) (Bromberg et 

al., 1996; Sironi and Ouchi, 2004).

By contrast, the STAT3 protein is activated by a large number of different ligands, 

including IL-6-type family of cytokines, some growth factors, including epidermal 

growth factor (EGF) and PDGF (Schindler and Darnell, 1995). The STAT3 protein is 

critical for early embryonic development, because mice lacking the STAT3 gene die 

early in embryogenesis (Takeda et al., 1997). Raz et al. (1999) demonstrated that 

STAT3 is essential for embryonic stem cell propagation and pluripotency, maintaining 

an undifferentiated embryonic stem cell phenotype. Furthermore, STAT3 is involved in 

the regulation of skin remodelling (Sano et al., 1999), involution of the post-lactating 

mammary gland (Chapman et al., 1999; Chapman et al., 2000), and cell movement, 

such as leukocyte, epidermal cell, and keratinocyte migration (Hirano et al., 2000; Kira

et al., 2002).  The IL-6/gp130/STAT3 signalling pathway is also involved in both B cell 

growth and differentiation into antibody-forming plasma cells (Hirano et al., 2000).

STAT5 is implicated in a wide variety of signalling events primarily in the immune 

system, hematopoiesis, growth and mammary development. The diverse effects of 

STAT5 signalling are determined by factors which include the expression of specific 

cell receptors, the interaction of STAT5 with cofactors and the cell-specific activity of 

the negative regulators of STAT proteins, such as the SOCS family members (reviewed 

in Hennighausen and Robinson, 2008). Furthermore, as highlighted in several reviews, 

STAT5 proteins are activated by a wide range of cytokines and growth factors, 

including IL-2, IL-3, IL-5, IL-6, IL-7, IL-9, IF

epidermal growth factor (EGF), prolactin (PRL), granulocyte macrophage colony-

stimulating factor (GM-CSF) and erythropoietin (EPO) (Grimley et al., 1999; Lin and 
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Leonard, 2000). STAT5A and STAT5B proteins can be differentially activated, 

contributing to cell-type-restricted signalling (Meinke et al., 1996). Activation of 

human STAT5A and STAT5B involves the phosphorylation of Tyr694 and Tyr699, 

respectively (reviewed in Lim and Cao, 2006).

Despite the similarity between STAT5A and STAT5B proteins, the biological functions 

of these proteins are distinct and not fully redundant. These differences are particularly 

noted for the responses to PRL and GH where STAT5A was originally identified as a 

mammary gland factor (MGF), activated by prolactin. It has been reported that 

STAT5A  mice have impaired mammary gland development and differentiation during 

pregnancy (Liu et al., 1997). In addition, a reduced response to several cytokines 

affecting the lymphoid lineage, in particular GM-CSF and IL-2, was observed when the 

STAT5A gene was disrupted. In comparison, STAT5B  mice have stunted body growth 

and defects related to the effects of growth hormone (Udy et al., 1997). The phenotypic 

effect of STAT5A/B knock-out mice was an impaired response to several cytokines, 

including IL-2, GM-CSF, prolactin and growth hormone (Teglund et al., 1998; 

Socolovsky et al., 1999). Unlike in mice lacking either STAT5A or STAT5B alone, 

peripheral T-cells in STAT5A/B mice failed to undergo cell cycle progression and 

showed a profound deficiency in proliferation (Moriggl et al., 1999). It has also been 

reported that in the complete absence of STAT5, mice display severe impairment of

lymphoid development in addition to differentiation (Yao et al., 2006), suggesting that 

STAT5A and STAT5B exert compensatory functions within lymphocytes. Thus, 

mutations introduced in one or both STAT5 genes in mice revealed essential, redundant 

and nonredundant roles of STAT5A and STAT5B in several physiological responses.

1.9 Cancer and the role of STATs. STAT1 as a tumour suppressor;

STAT3 and STAT5 as oncoproteins

1.9.1 STAT1

Recent studies have shown that STAT proteins, in particular STAT1, STAT3 and 

STAT5, are constitutively activated by persistent tyrosine phosphorylation in many 

cancer cell lines and tumours (Bowman et al., 2000; Bromberg and Darnell, 2000; 

Bromberg, 2001). Although constitutive activation of STAT1 has been observed in 
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several cancers, STAT1 is considered a tumour suppressor (Calo et al., 2003), since 

activation of STAT1 induced cell growth arrest (Chin et al., 1996; Grimley et al., 1998; 

Bromberg et al., 1998a) and led to the activation of pro-apoptotic pathways (Sanceau et 

al., 2000; Fulda and Debatin, 2002; Sironi and Ouchi, 2004). STAT1 is a mediator of

-dependent G0/G1 cell cycle growth arrest in various tumour types (Gooch et 

al., 2000; Kortylewski et al., 2004). Suppression of tumour growth by TNF is 

dependent on an endogenous IFN-  IFN the IFN tor, 

STAT1, and IRF-1 (Wu et al., 2004). STAT1 plays a key role in the all-trans retinoic 

acid-induced down-regulation of MYC; cyclins A, B, D2, D3, and E; and the up-

regulation of p27Kip1, associated with G0/G1 cell cycle arrest (Dimberg et al., 2003).

Additionally, STAT1 activates pro-apoptotic pathways and is required for the -

mediated upregulation of Fas and Fas ligand (FasL) expression in HT29 cells (a human 

colon adenocarcinoma cell line) leading to the subsequent apoptosis in these cells (Xu

et al., 1998).

1.9.2 STAT3

Studies indicate that constitutively activated STAT3 and STAT5 proteins contribute to 

tumour development and progression. Chan et al. (2004) reported that mice deficient in 

the STAT3 gene are completely resistant to skin tumour development, demonstrating a 

requirement for STAT3 in de novo epithelial carcinogenesis in vivo. STAT3 protein is 

involved in the gp130-mediated G1 to S phase cell-cycle transition, since upon 

activation, cyclins D2, D3 and A, and cdc25A are upregulated, and p21 and p27 are 

downregulated (Fukada et al., 1998). STAT3 protein has been found to be 

constitutively activated in melanomas, lymphomas, leukaemias, mycoses fungoides, 

multiple myeloma, brain, prostate, breast, lung, and head and neck cancers (Bowman et 

al., 2000).  Hence, STAT3 is significantly implicated in the process of malignant 

transformation.  Constitutive activation of STAT3 and STAT5 was found to be 

sufficient for transformation of hematopoietic precursor cells (Spiekermann et al., 

2002).  Several transforming tyrosine kinases including v-Src, v-Eyk, v-Fps, Lck, and 

Etk/BMX can constitutively activate STAT3 (Bowman et al., 2000).  Additionally, 

constitutively-activated STAT3 signalling is required for oncogenic cellular 

transformation by v-Src (Bromberg et al., 1998b). STAT3C, a constitutively activated 

mutant form of STAT3, expressed in immortalized fibroblasts causes cellular 
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transformation.  Thus, the constitutively activated STAT3 possesses intrinsic oncogenic 

potential and transforming properties (Bromberg et al., 1999). Additionally, STAT3 is 

thought to contribute to the protection of transformed cells against apoptosis. 

Expression of STAT3C in the cervical carcinoma-derived cell line, ME180, 

antagonizes the pro-apoptotic effects of -induced STAT1 activation (Shen et al., 

2001). Additionally, activated STAT3C up-regulated vascular endothelial growth factor 

(VEGF) expression and tumour angiogenesis (Niu et al., 2002).

Changes that alter the regulation of death receptors, including TNF, Fas and TRAIL 

receptors during melanoma development play important roles in the ability of 

melanoma cells to become resistant to apoptosis (Ivanov et al., 2003). STAT3, in 

cooperation with c-Jun, downregulates Fas transcription in melanoma cells, resulting in 

downregulation of Fas surface expression and contributing to the tumour’s ability to 

resist apoptosis (Ivanov et al., 2001; Ivanov et al., 2002; Ivanov et al., 2003).

Introduction of either dominant negative STAT3 or anti-sense STAT3 constructs in 

multiple myeloma-derived cell lines (Catlett-Falcone et al., 1999), melanoma (Niu et 

al., 1999), squamous cell carcinomas (Grandis et al., 1998; Grandis et al., 2000), and 

mycosis fungoides tumour cells (Nielsen et al., 1999) suppressed the transformed 

phenotype and lead to apoptosis.  By contrast, introduction of either dominant negative 

STAT1 or anti-sense STAT1 constructs had no effect on cell growth (Grandis et al., 

1998) -negative STAT3 variant, into murine 

B16 melanoma cells displaying persistent STAT3 activity, suppressed cell growth and 

caused regression of tumour growth (Niu et al., 1999). Additionally, no effect was 

observed from the introduction o (Niu et al., 1999), 

suggesting that only malignant cells are dependent on STAT3 signalling for survival 

and revealing that STAT molecules are potential molecular targets for cancer therapy 

(Benekli et al., 2003).  

1.9.3 STAT5

STAT5 is a transcription factor involved in cell specification, proliferation, 

differentiation, and survival. STAT5 regulates genes important for cell cycle 

progression and survival, including MYC, bcl-2, and bcl-x (Calo et al., 2003). STAT5 
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contributes to cell transformation and oncogenesis and is constitutively activated in 

many leukemias and lymphomas (Calo et al., 2003), in several solid tumours including 

breast cancer (Nevalainen et al., 2004), prostate cancer (Li et al., 2004; Li et al., 2005), 

squamous cell carcinoma of the head and neck (SCCHN) (Xi et al., 2003; Koppikar et 

al., 2008) and melanoma (Mirmohammadsadegh et al., 2006). 

Several studies investigated the molecular mechanism of STAT5 activation and its role 

in cancer. Deregulated functions of cytokines, growth factors and hormones or their

cognate receptors, as well as activating tyrosine kinases such as Src and Janus kinase 

families contribute to increased STAT5 activity in cancer (Yu and Jove, 2004; Tan and 

Nevalainen, 2008). Additionally, it has been reported that in early pre-B lymphomas in 

SL/Kh mice (Tsuruyama et al. 2002) the second intron of the STAT5A gene is a 

common integration site of the endogenous ecotropic murine leukemia virus (SL/Kh 

virus integration-1; Svi1). Tsuruyama et al. (2002) indicated that the mechanism of 

transformation of Svi1 lymphomas with high expression and activation of STAT5A 

involves increased expression of STAT5A target genes related to tumourigenesis, such 

as MYC (Tsuruyama et al., 2002). De Groot et al. (2000) suggested that STAT5 

contributes to transformation by Bcr-Abl through induction of BCL-XL (an 

antiapoptotic protein) and cyclin D1 (a cell cycle regulator protein) expression. It has 

been demonstrated that forced expression of a dominant-negative STAT5 inhibits 

growth of T47D-derived tumours in nude mice through induction of apoptosis by a 

caspase-3 mediated pathway (Yamashita et al., 2004). Similarly, depletion of STAT5A 

in human mammary carcinoma cells impaired anchorage-independent growth, a 

characteristic hallmark of transformed cells, while simultaneously enhancing cell 

motility (Tang et al., 2010). Tang et al. (2010) also demonstrated that forced expression 

of constitutively active STAT5A exhibited higher potency than constitutively active 

STAT5B in enhancing survival and anchorage-independent growth of mammary 

carcinoma cells, implicating STAT5A in promotion of tumour formation. Tang et al. 

(2010) reported enhanced expression levels of SURVIVIN in cells expressing the 

constitutively active STAT5A, whereas cells expressing the constitutively active 

STAT5B exhibited enhanced expression levels of BCL-2 and BCL-XL. Relatively few 

studies have investigated the role of STAT5 in melanoma. It has been reported that 

STAT5 contributes to anti-apoptosis (Hassel et al., 2008) and to I

melanoma cells (Wellbrock et al., 2005). STAT5 phosphorylation in melanoma cells is
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mediated through SRC and JAK-1 kinases and was shown to be important for cell 

survival (Mirmohammadsadegh et al., 2006).

In summary, STAT1 plays an important role in growth arrest and activating pro-

apoptotic pathways, while STAT3 and STAT5 promote cell cycle progression, anti-

apoptotic pathways, and cellular transformation. Hence, STAT1 is considered as a 

potential tumour suppressor while STAT3 and STAT5 are considered as oncogenes 

(Calo et al., 2003). Collectively, these data suggest that STAT molecules are potential 

biomarkers or indicators of tumour sensitivity to IFN therapy.

1.10 Target genes of STAT1, STAT3 and STAT5 important to the 

regulation of cell growth.

Transformed proliferating cells escape from normal control of cell cycle regulation, 

resist apoptosis, evade immune surveillance, have the ability to undergo metastasis and 

sustain angiogenesis. STAT3 is constitutively activated in many cancers and 

participates in the regulation of tumour development and progression.  STAT3 

upregulates MYC (Kiuchi et al., 1999); cyclin D2, D3 and A; and cdc25A genes and 

downregulates the genes encoding the cell division kinase inhibitors p21 and p27

(Fukada et al., 1998).  Similarly, it has been shown that STAT5 promotes 

tumourigenesis through induction of genes important for cell cycle progression and/or 

survival, including MYC and bcl-x (Calo et al., 2003). The transactivation domain 

(TAD) of STAT5 is implicated in the STAT5-mediated cell proliferation and induction 

of MYC, bcl-2, and bcl-x (Lord et al., 2000). Like STAT3, STAT5 also regulates p21

(Grimley et al., 1999). By contrast, STAT1 plays a key role in the down-regulation of 

MYC; cyclins A, B, D2, D3, and E; and in the up-regulation of p27, and is associated 

with the G0/G1 cell cycle arrest (Dimberg et al., 2003).  Various studies, including 

comparative analysis of gene expression, have revealed differences in the gene 

expression pattern and IFN regulation in IFN sensitive versus resistant melanoma cells.  

Thus, the differential regulation of STAT1, STAT3, STAT5, IRF1, MYC, SURVIVIN, 

SHB, cyclin E, cyclin A, CDK4, CDK2 and SOCS3 have been noted in IFN resistant 

cancer cells (Lee et al., 1999a; Certa et al., 2001, 2002; Chawla-Sarkar et al., 2004;

Kortylewski et al., 2004; Mirmohammadsadegh et al., 2006; Fojtova et al., 2007).  
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IRF-1 gene expression through the JAK-STAT signalling pathways 

(Pine et al., 1994).  IRF-1 is a DNA-binding transcription regulator with an important 

role in expression of IFN-induced genes such as caspase-8 (Nguyen et al., 1997; Stark

et al., 1998). The IRF-1 gene promoter is regulated by STAT1 (Pine et al., 1994) as 

well as STAT5 (Grimley et al., 1999), and the STAT1 intronic enhancer is regulated by 

IRF-1, suggesting that IRF-1 and STAT1 form an amplifier circuit inside cells, acting 

to regulate each other in response to IFNs (Wong et al., 2002).  Sato et al. (1997)

reported that suppression of IRF-1 protein levels in KG1a, a human acute myelocytic 

leukemia cell, or in primary cultures of bone marrow CD34+ cells, result

mediated cell growth stimulatory effects. The growth stimulatory effects in 

these cells appeared to be mediated through increased tyrosine phosphorylation of 

STAT1 and STAT3 proteins and increased formation of STAT1-STAT3 heterodimers

(Sato et al., 1997). Although this result may appear contradictory, it is likely to reflect 

the ratio in relative levels of STAT3/STAT1, favouring the dominant activity of 

STAT3. 

-induced growth arrest of several melanoma cell lines was found to correlate with 

downregulation of the positive regulators of the cell cycle, cyclin A and cyclin E, and 

their associated kinases, CDK4 and CDK2 (Kortylewski et al., 2004). STAT3 

activation mediated the gp130-induced downregulation of p21 (Fukada et al., 1998).

However when STAT3 activation was suppressed, gp130 activation induced the 

expression of p21 (Fukada et al., 1998).  Such contradictory signals regulating cell-

cycle progression could be explained by gp130 activation of STAT1 when STAT3 

activation is suppressed.

made no significant difference to p21 expression in melanoma cell lines whether they 

were sensitive or resistant to growth inhibition by IFN (Kortylewski et al., 2004).  

Similar observations were made in human fibrosarcoma cells expressing STAT1 

(2fTGH) or lacking STAT1 (U3A) (Ramana et al., 2000b).  Additionally, Bearzatto et 

al. (1999) -2b-induction of cyclin-dependent kinase 

inhibitors, including p21waf1 or p27kip1 in melanoma cells.  Thus, it is likely that the 

-induced growth inhibition of melanoma cells is STAT1 dependent and involves 

the downregulation of cyclin E, cyclin A, CDK4 and CDK2 proteins necessary for cell 

cycle progression. Thus, the relative abundance of cellular STAT1, STAT3 and STAT5 
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may affect MYC expression and responses to proliferative versus the anti-proliferative 

signalling. The expression of the MYC proto-oncogene is frequently altered in human 

cancers.  Hence, further investigation of the relative abundance and activation of 

STAT1, STAT3 and STAT5, as well as MYC should be useful for providing potential 

candidate markers, predictive of IFN responses in cancer patients.  
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1.11 Regulation of the MYC gene

1.11.1 The MYC transcription factor

MYC, a helix-loop-helix/leucine zipper (bHLH-ZIP) transcription factor, is an 

important regulator of cell growth, apoptosis and differentiation. MYC interacts with 

MAX to form heterodimeric complexes (Blackwood and Eisenman, 1991) that activate 

transcription of target genes containing specific E-boxes with the consensus core 

sequence 5’-CACGTG-3’. In addition to transcriptional activation, MYC mediates 

repression of several of its target genes through initiator dependent or independent 

mechanisms (reviewed in Wierstra and Alves, 2008). The human MYC gene is

composed of three exons and different protein isoforms (Figure 1.6). The first exon 

contains an untranslated 5’ region followed by a CTG (CUG) translation initiation site 

that gives rise to MYC 1. The second exon contains an ATG (AUG) alternative 

translation initiation site that gives rise to MYC 2 (reviewed in Ryan and Birnie, 1996)

(Figure 1.6). 

Figure 1.6  Schematic representation of the human MYC gene structure and the 

resultant MYC-isoform protein products. 

The indicated amino acids codons, CTG (CUG) and ATG (AUG), correspond to the 

translation initiation sites of the MYC proteins.  NL: nuclear localization, BR: basic 

region, HLH: helix-loop-helix, LZ: leucine zipper (source: Ryan and Birnie, 1996).
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1.11.2 The multiple MYC promoters

Transcription of the MYC gene is controlled by four promoters termed P0, P1, P2 and 

P3.  The P1 and P2 tandem promoters give rise to approximately 95% of the MYC

transcripts (Ryan and Birnie, 1996). The P1 and P2 promoters of MYC have been 

studied intensively. In normal resting cells the MYC P2 promoter is predominant 

(Spencer and Groudine, 1990). A shift in the MYC promoter usage that results in 

abrogated P0/P1/P2 transcription ratio has been observed in some tumour cells. For 

example, promoter shift to use of the P1 promoter was demonstrated to occur in human 

Burkitt's lymphoma cells, which consistently display MYC chromosomal translocations 

(Spencer and Groudine, 1990, 1991). Hoover et al. (1995) showed a promoter shift to 

use of the P0 promoter in a high percentage of patients with multiple myeloma. It has 

been reported that five tandem CT elements (CCCTCCCC) upstream of P1 and a CT-I2 

element upstream of P2 control the relative and absolute transcriptional activities of the 

human MYC P1 and P2 promoters (DesJardins and Hay, 1993). The CT-I2 element, 53 

bp upstream of the P2 transcription start site, is required for P2 activity and has an 

inhibitory effect on P1 transcriptional activity (DesJardins and Hay, 1993). In the 

human MYC gene, the TATA box of the P2 promoter is positioned 160 bp downstream 

from the TATA box of the P1 promoter (see Appendix 2), a region that has numerous 

positive and negative regulatory elements.  The MYC gene is regulated by promoter 

proximal pausing of RNA polymerase II (Pol II).  The pause positions of Pol II in the 

MYC P2 promoter lie in a nucleosome-free region in close proximity to the 

transcription start site and is located downstream between positions +17 and +52 (Wolf

et al., 1995).  Krumm et al., (1995) reported that pausing of transcription complexes is 

abolished by deletion of both the TATA box and sequences at the transcription 

initiation site.  However, these deletions did not inhibit the synthesis of full-length MYC

transcripts.  

1.11.3 Induction of the MYC gene 

The MYC gene is induced in response to the proliferative signals elicited by serum and

several growth factors such as platelet-derived growth factor (PDGF) (Kelly et al., 

1983), EGF (Paulsson et al., 1987), nerve growth factor (Reed et al., 1985) and colony

stimulating factor 1 (CSF-1) (Roussel et al., 1991) in addition to a variety of cytokines 

including IL-1, IL-2, IL-3, GM-CSF, IL-5, IL-4, IL-6, IL-7, , IL-9, and IL-12 (Reed et 
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al., 1985; Conscience et al., 1986; Klemsz et al., 1989; Kessler et al., 1992; Morrow et 

al., 1992; Sakamaki et al., 1992; Kiuchi et al., 1999; Grigorieva et al., 2000). 

Conversely, MYC gene expression is suppressed during responses to different cell 

growth arrest and differentiation signals elicited by extracellular stimuli such as IFN , 

IFN (Resnitzky and Kimchi, 1991; Melamed et al., 1993), IFN (Ramana et al., 

2000b), tumour necrosis factor (Yarden and Kimchi, 1986; Kronke et al., 1987), nitric 

oxide (NO) (Park and Wei, 2003) and the thyroid hormone (T3) (Perez-Juste et al., 

2000).

1.11.4 STAT involvement in the regulation of the MYC promoter

The MYC transcription factor is a key regulator of genes involved in diverse cellular 

processes and the regulation of the MYC promoter is very complex. Numerous 

transcription factors have been described to regulate MYC expression positively or 

negatively (Figure 1.7) (reviewed in Wierstra and Alves, 2008). The MYC promoter is 

regulated by STAT1, STAT3, STAT4 and STAT5 (Figure 1.7). Sequence alignment 

(using CLUSTAL W, v1.83; see Appendix 2) of the human, chimp, rhesus, mouse and 

rat MYC promoters shows that the regulatory sequences for STAT1, STAT4 and 

STAT5 (a possible regulatory sequence), but not STAT3 in these species are clearly 

divergent. The STAT1 regulatory sequence is conserved in mouse and rat. The STAT4 

regulatory sequence is conserved in human, chimp and rhesus. A possible STAT5

regulatory sequence is conserved in human and chimp. In general, the MYC promoter is 

negatively regulated by STAT1 (Ramana et al., 2000b) and positively regulated by 

STAT3 (Kiuchi et al., 1999), STAT4 (Grigorieva et al., 2000) and STAT5 (Lord et al., 

2000; Moon et al., 2004). 
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Figure 1.7: Transcription factor binding sites in the human/murine MYC

promoter. 

The multiple c-Myb binding sites in the MYC promoter are not shown. STAT binding 

sites are boxed and highlighted. +1 indicates the transcription start site of the P1 

promoter.  (modified from  Wierstra and Alves, 2008).  
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Figure 1.8: Different signal transduction pathways regulating the MYC promoter

(modified from  Wierstra and Alves, 2008).

A

B

A

B
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1.11.4.1 STAT1 regulation of MYC expression

MYC expression in wild-type cells, but not in STAT1-deficient cells, 

MYC expression (Ramana et al., 2000b; Gil et al., 2001).  Ramana 

et al. (2000b) demonstrated a role for the Raf-1 serine/threonine kinase in the IFN-

dependent induction of Myc in STAT1-deficient cells.  However, a previous study by 

Stancato et al. (1998) showed that activation of Raf-1 in respon

stimulation was impaired in STAT1-null cells. A consensus GAS element 

TTCTGGGAA, is present in the Myc promoter (-1107 to -1099, relative to the P1 

promoter, Figure 4), to which STAT1 homodimers bind and is necessary but not 

sufficient for suppression of the Myc gene expression by STAT1 (Ramana et al., 

2000b).  Ser727/Tyr701-phosphorylation of STAT1 is required for - as well as 

for all-trans retinoic acid (ATRA)-induced down-regulation of MYC gene expression 

(Ramana et al., 2000b; Dimberg et al., 2003). Suppression of MYC gene expression in 

Daudi or

transcription factor complexes on the MYC E2F site (Resnitzky and Kimchi, 1991; 

Melamed et al., 1993).

Since the STAT1 binding site in the Myc promoter lacks intrinsic repressor activity, it 

was proposed that STAT1 bound to the GAS element was likely to interact with a co-

repressor bound elsewhere in the Myc promoter (Ramana et al., 2000b). MYC

transcription is repressed by transcription factors such as Blimp-1 (plasmacytoma 

repressor factor; PRF) and MYC-binding protein 1 (MBP-1). Blimp-1, the murine 

homolog of human PRDI-BF1, plays a role in the differentiation of cells in

hematopoietic lineages (reviewed in Wierstra and Alves, 2008). MBP-1 represses 

transcription from the human MYC P2 promoter and is an isoform -enolase lacking

enzyme activity (Subramanian and Miller, 2000).  MBP-1 binds to a sequence  at 

position -38 to -8 relative to the P2 promoter just upstream from the human MYC

transcription initiation site and TATA box sequence (Ray and Miller, 1991). 

Furthermore, MYC can also act as its own negative regulator via autorepression 

mediated by an Rb p107/MYC complex binding to the P2 initiator and E2F binding 

sites (Luo et al., 2004). 

The Nmi protein may also contribute to STAT mediated regulation of MYC gene 

repression.  Nmi, an IFN- and IL-2-inducible protein which lacks a transactivation 
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domain, interacts with several transcription factors, including STATs (except STAT2) 

and MYC (Lee et al., 1999b; Zhu et al., 1999; Li et al., 2002). Nmi enhances 

CBP/p300 association with STAT1 and STAT5 - and IL-2-dependent 

transcription, respectively (Zhu et al., 1999).  It has recently been reported that the 

histone acetyl transferases, p300 and CBP, are essential for maintaining MYC in a 

repressed state in the G1 phase of the cell cycle, thereby preventing entry of cells into S 

phase (Kolli et al., 2001; Baluchamy et al., 2003; Rajabi et al., 2005).  Both p300 and 

CBP play an important negative regulatory role in MYC expression (Kolli et al., 2001; 

Baluchamy et al., 2003; Rajabi et al., 2005).  Rajabi et al. (2005) reported that serum-

stimulated cells lacking p300/CBP contained higher levels of MYC compared with 

normal cells and did not traverse beyond S phase, leading to cell death via p53-

independent apoptosis.  Furthermore, it was also reported that suppression of Nmi and 

overexpression of MYC proteins were associated with prostate cancer cell resistance to 

the grow (Nagano et al., 2004).  Therefore, it is possible 

that the relative abundance of STATs such as decreased STAT1 and the associated 

reduced p300/CBP association with STAT1 facilitated by Nmi could play a role in the 

lack of STAT1-mediated suppression of MYC in cancer cells. 

1.11.4.2 STAT3 regulation of MYC expression

IL-6 mediated activation of STAT3 promotes MYC expression. A GAS element in the 

MYC promoter overlaps with an E2F element (TTGGCGGGAAA; +98 to +106 relative 

to the MYC P1 promoter), and preferentially binds to STAT3, mediating the IL-6-

/gp130-induced MYC transcriptional activation (Kiuchi et al., 1999).  The lack of 

STAT3 activation detected in IL-6-null mice was found to be accompanied by a 

decreased expression of MYC and junB (AP-1) mRNA levels (Cressman et al., 1996).  

The expression of a dominant negative form of STAT3 also significantly inhibited the 

gp130 mediated MYC expression. These results indicate a significant role of STAT3 in

MYC gene regulation. 

1.11.4.3 STAT4 regulation of MYC expression

Grigorieva et al. (2000) demonstrated in NK3.3 cells that STAT4 binds to an IL-2-

responsive element that contains a GAS element in the 5 -flanking region of the MYC

promoter in response to IL-2 treatment. They also suggested that this GAS site, with the 

core sequence TTCCAATAA located between nucleotides -1406 and -1387 relative to 
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the MYC P2 promoter enhanced MYC transcription upon IL-2 stimulation. It was 

proposed that the IL-2-induced upregulation of MYC expression involved tyrosine 

phosphorylation and required participation of JAK2 and STAT4 (Grigorieva et al., 

2000)

1.11.4.4 STAT5 regulation of MYC expression

STAT5 is implicated in the regulation of the MYC gene and overexpressing STAT5A 

enhances Myc expression (Lord et al., 2000). Furthermore, in the IL-3-dependent pro-B 

cell line, BA/F3, constitutively active STAT5A was shown to induce Myc transcription 

in the absence of IL-3 stimulation (Nosaka et al., 1999; Hoover et al., 2001; Wierstra 

and Alves, 2008). The induction of Myc transcription by STAT5 was enhanced by PI3K

activity (Moon et al., 2004). IL-2-induced transcriptional regulation of the Myc gene 

was mediated by STAT5A through its trans-activation domain (TAD), which was

critical for STAT5-mediated proliferation (Lord et al., 2000). The STAT5 induced

transcription of the Myc gene was shown to occur independent of de novo protein 

synthesis (Lord et al., 2000; Moon and Nelson, 2001; Moon et al., 2004). IL-3-induced 

Myc mRNA expression was also shown to be mediated by STAT5 signalling 

independent of de novo protein synthesis (Lord et al., 2000). Moreover, the STAT5-

mediated expression of Myc in response to IL-2 stimulation was an immediate early 

response and was again independent of de novo protein synthesis (Lord et al., 2000; 

Moon et al., 2004), suggesting that STAT5 interacted directly with the Myc promoter. 

However, no functional STAT5 binding element(s) have been described in the MYC

promoter. Hence, to determine whether STAT5 binds directly to the MYC promoter,

further analysis and functional characterization of possible STAT5 binding sites in the 

MYC promoter are necessary.
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1.12 Reporter gene analyses with IFN and STATs 

The activity and functional characterization of transcription factors and their promoter 

or enhancer binding regions has been routinely analysed using reporter assays.

Commonly used reporter genes include GFP, Photinus pyralis firefly luciferase and 

Renilla luciferase. Recently, several factors which influence reporter gene assays and 

detection of promoter activity were described (Xue et al., 2007). Cytokine or growth 

factor stimulation as well as IFN treatment have all been frequently used in studies of 

STAT-dependent promoters. However, stimulation with IFN can affect gene expression 

at the post-transcriptional level (Williams, 1999; Caraglia et al., 2004).  For instance, 

IFNβ treatment resulted in the inhibition of cellular protein synthesis (Guo et al., 2000). 

Gene reporter assays provide useful tools for studies involving cytokine stimulation in 

investigations of STAT-dependent promoters. However, the direct effect of cytokines,

such as IFN on the activity of the encoded reporter proteins and their expression is 

generally not considered when utilizing reporter assay systems. Therefore, to detect 

promoter activities accurately, investigation of the effect of IFN treatment on the 

reporter genes and their encoded proteins should always be considered. 

Several other factors should be carefully considered when investigating gene regulation 

by STAT proteins. Differences in sequence dependent DNA-binding preferences, the 

relative cellular abundance of STAT molecules and their activity can influence STAT 

specificity and activation of different promoters. Measuring a specific STAT 

dependency of any given promoter is further complicated by growth conditions and cell 

stimulation with cytokines or serum derived growth factors, which often results in the 

activation of multiple STATs and other signalling molecules that can influence

promoter activity. Development of reporter assays for certain STAT-dependent 

promoters without cytokine stimulation is possible by using the enforced expression of 

specific constitutively active forms of STATs (Toda et al., 2008). Data from other 

studies has suggested that the biological effects of  and IL-6 are dependent on 

various factors including the relative cellular abundance of STAT1 and STAT3 (Gil et 

al., 2001; Costa-Pereira et al., 2002). The development of specific reporter constructs 

that distinguish STAT1- from STAT3-binding and activation of reporter gene 

expression should provide useful information in studies of STAT1- and/or STAT3-

dependent gene activation and inducibility by cytokines such as IFN and IL-6. 



45

1.13 Aims 

One of the aims of the research in this study (chapter 3) was to investigate the effect of 

IFN treatment on the commonly used reporter genes, GFP, Photinus pyralis firefly 

luciferase and Renilla luciferase. The effect of IFN on luciferase gene expression was 

analysed using IFN dose-response curves and time course experiments.  Flow 

cytometry was used to analyse the effect of IFN on GFP expression. Cytotoxicity 

assays and Q-PCR were used to investigate possible mechanisms for the IFN-mediated 

inhibitory effects. 

The biological effects of  and IL-6 depend on various factors, including the 

relative cellular abundance of STAT1 and STAT3 (Gil et al., 2001; Costa-Pereira et al., 

2002). Hence, a major focus of research (chapter 4) was to investigate the differential 

binding of STAT1 and STAT3 to DNA recognition elements and relate this to the 

regulation of key genes, such as MYC, involved in malignancy. Several approaches 

were used: 1) The development of specific reporter constructs that distinguished

STAT1- and STAT3-binding and activation of reporter gene expression that would 

serve as positive controls in studies of STAT1- and/or STAT3-dependent gene 

activation and inducibility by cytokines such as IFN and IL-6; 2) Detailed analysis of 

reporter constructs containing DNA binding elements or promoters for the gene of 

interest were examined in co-tansfection experiments with vectors expressing 

constitutively active mutants of STAT1 and STAT3. 

Finally, high levels of MYC and STAT5 mRNA expression relative to STAT1 were 

identified as prognostic markers for survival and responsiveness of patients with 

malignant melanoma given high dose -2b therapy (Mellick and Ralph, personal 

communication). STAT5 is implicated in the regulation of the MYC gene (Lord et al., 

2000; Moon et al., 2004, see section 1.11.4.4 above). However, no functional STAT5 

binding element(s) have yet been described in the MYC promoter. Hence, the main aim 

of the research (chapter 5) was to investigate the role of STAT5 in the regulation of the 

human MYC promoter in cancer cells. It was hypothesised that STAT5 interacted

directly with the MYC promoter. Functional characterization of STAT5 regulated MYC

gene promoter regions was carried out using STAT5 overexpression and cytokine 
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induced activation, luciferase reporter assays of MYC promoter regions, in vitro site-

directed mutagenesis and ChIP assays to verify STAT5 interactions with the MYC

promoter regions. Additional studies using Q-PCR and 5’RACE were undertaken to 

investigate the role of the STAT5 regulatory regions in the MYC gene and the relative 

level of transcriptional activity from different promoter regions.
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Chapter 2 : 

Materials and methods
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2.1 Bacterial manipulations

2.1.1 Bacterial strain

The Escherichia coli (E. coli)

supE lac lacZ hsdR17 recA1 endA1 gyrA96 thi-1 relA1) and E. 

coli K12 ER2925 (New England Biolabs, cat#E4109S), a strain negative for dam/dcm

methylation, with the genotype ara-14 leuB6 fhuA31 lacY1 tsx78 glnV44 galK2 

galT22 mcrA dcm-6 hisG4 rfbD1 R(zgb210::Tn10)TetS endA1 rpsL136 dam13::Tn9 

xylA-5 mtl-1 thi-1 mcrB1 hsdR2.

2.1.2 Growth and maintenance of bacterial cells

Transformed bacterial strains were cultured in Luria Broth (LB) [0.5% yeast extract, 

1% tryptone, 0.17M NaCl] for small-scale plasmid preparations or in Terrific Broth 

[1.2% tryptone, 2.4% yeast extract, 0.4% glycerol, 17mM KH2PO4, 72mM K2HPO4] 

for large-scale plasmid preparations or on solid-LB medium (1.5% agar(w/v)),

ampicillin was used in ampicillin selection of transformed bacterial cells. Bacterial cells 

were grown overnight (with shaking if cultured in liquid-phase media) at 37°C.

2.1.3 Bacterial transformation

Competent cells were allowed to thaw on ice for 5 min.  Cells were then incubated with 

50-100ng of the plasmid DNA on ice for 20 min, heat-shocked at 42°C for 1 min and 

then chilled on ice for 2-

incubate for 30min at 37°C.  Aliquots of the cell suspension were spread onto LB agar 

plates containing ampicillin.  

2.1.4 Blue/white selection of recombinant clones

pCRScript Amp S -

galactosidase gene (lacZ), was used for subcloning -galactosidase expressed from the 

intact lacZ gene catalyses the break down reaction of the colourless substrate, 5-bromo-

4-chloro-3-indolyl-b-D-galactopyranoside (X-gal), to produce blue bacterial colonies. 

Insertion of a cDNA fragment into the lacZ gene results in the disruption of this gene. 
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Thus, the X-gal break down reaction catalysed by -galactosidase is inhibited in 

transformants containing the recombinant bacterial colonies which remain white in 

colour. -b-D-galactopyranoside (IPTG; an inducer of the 

lac X-gal) before spreading (total 

onto the surface of LB agar plates containing ampicillin. After 1h, 

 surface and placed inverted in a 

37°C incubator to allow for growth of transformed bacterial colonies.

2.2 DNA preparation and manipulation

2.2.1 Genomic DNA (gDNA) extraction

Cell pellets from approximately 1×107

for 5min and then centrifuged at 10000×g for 5min at 4°C. Supernatant containing 

genomic DNA was collected and stored frozen until used. 

2.2.2 PCR-derived DNA fragments

High fidelity end-point PCR reactions were used to amplify gene promoter regions 

from gDNA or plasmid DNA containing the DNA region of interest. 50-200ng gDNA 

or 10ng plasmid DNA templates were used in amplification reactions containing 1 unit 

of PhusionTM High-fidelity DNA polymerase (Finnzymes), 500nM each primer, 1×HF 

Phusion buffer (Finnzymes), 0.2mM dNTP mix and 3% DMSO in 50

After an initial 30 sec denaturation step at 98ºC, 30-35 amplification cycles were 

carried out using repeat conditions of 98ºC for 10 sec, 55-61ºC for 30 sec and 72ºC for 

15-30 sec/kb. This was followed by a final extension step at 72ºC for 10 min. PCR was 

carried out on an iCycler thermal cycler (Bio-Rad). 

2.2.3 Plasmid DNA miniprep and midiprep 

Commercial kits, High Pure Plasmid Isolation kit (for minipreps; Roche) and Genopure 

Plasmid Midi Kit (for midipreps; Roche), were used according to the manufacturers’ 

instructions for purifying plasmid DNA. For minipreps, 5ml of LB containing 

ampicillin was used for each inoculation with a single bacterial colony. After overnight 

incubation at 37°C with shaking, bacterial cells from 1.5-2ml of bacterial culture were 

pelleted by centrifugation at 6000×g for 30sec. Cells were then lysed, and plasmid was 
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isolated and purified using the High Pure Plasmid Isolation kit. For midipreps, up to 

100ml Terrific Broth containing ampicillin was inoculated with a single bacterial 

colony and incubated overnight at 37°C with gentle shaking.  Bacterial cells from 50-

100ml of bacterial culture were pelleted by centrifugation for 10min at 3000-5000×g 

using the Beckman JA-14 rotor (Beckman Coulter, Fullerton, CA) and the Beckman J2-

HS centrifuge. Plasmid was isolated and purified using the Genopure Plasmid Midi Kit.

2.2.4 Restriction endonuclease digestion

Restriction endonuclease digestions of DNA fragments and vectors were carried out 

according to the manufacturers’ recommended protocols (Promega; New England 

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

2.2.5 Agarose gel electrophoresis

0.7% - 2% agarose gel was prepared by dissolving agarose (by boiling) in a solution of 

1×TAE buffer (40mM Tris-acetate, 1mM EDTA) or 0.5× TBE buffer (45mM Tris-

borate, 45mM boric acid, 1mM EDTA) and ethidium bromide ( ) was added 

whilst the agarose solution was still warm. DNA and RNA samples were loaded onto 

gels after mixing with 1/5th volume 6× loading buffer (25% Ficoll type 400, 0.25% 

bromophenol blue, 0.25% xylene cyanol) and electrophoresed at 100 V for 45min.

2.2.6 Purification of DNA fragments from agarose gels

DNA was visualized by ethidium bromide staining, gel fragments containing the DNA 

of interest were excised and DNA was purified using the QIAEX II kit (Qiagen, 

Valencia, CA) according to manufacturer’s instructions.

2.2.7 Phosphatase treatments

Single restriction endonuclease digestion of plasmid DNA produces DNA with 

compatible ends. To prevent re-ligation of these compatible DNA ends, linearized 

plasmid DNA was treated with Antarctic phosphatase (New England Biolabs).  10 units 
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Antarctic phosphatase buffer.  The phosphatase treatment was performed at 37°C for 

15min followed by heat inactivation of the enzyme at 65°C for 5min.

2.2.8 Annealing of oligonucleotides

Complementary oligonucleotides were annealed at equal molar ratios prior to cloning 

into the pGL3-Basic vector. 100pmoles of each sense and antisense oligonucleotides 

were annealed 

50mM NaCl under the following thermocycling conditions: 95°C for 2 min, then slow 

cooling to 25°C over a period of 8 min, before cooling to 4°C.

2.2.9 Kinase treatment 

Addition of 5’-phosphatase to oligonucleotides (after annealing) was carried out using 

T4 polynucleotide kinase (New England Biolabs) to allow subsequent ligation with 

phosphatase-treated linearized plasmid DNA. oligonucleotides annealing reaction  

was mixed with 1mM ATP, 10units T4 polynucleotide kinase (New England Biolabs) 

and the supplied reaction buffer (T4 PNKinase buffer) at 1×

volume. The reaction was carried out for 30 min at 37°C, and stopped by heat 

inactivation at 65°C for 20 min.

2.2.10 Ligations

DNA fragment (DNA insert) to vector ligation was generally carried out by employing 

the 3:1 insert:vector molar ratio.  A higher insert:vector molar ratio, up to 10:1, was 

employed when the inset size was small.  100ng vector DNA was used in each ligation 

reaction. Rapid ligation reactions were performed utilising the T4 DNA ligase (New 

(equivalent to 3 Weiss units) and 5- × rapid ligation buffer (Promega) were 

added to vector and insert DNA in a 10-

were incubated for 8min at room temperature (RT).  



52

2.2.11 DNA Sequencing

The BigDye® Terminator v1.3 (Applied Biosystems, Foster City, CA) systems were 

used for DNA sequencing according to the protocols described by the manufacturer. 

Briefly, 50-

-cycling conditions 

were: initial denaturation step 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.  A final extension step was performed at 60°C for 7 

min.  DNA was cleaned and precipitated by either the ethanol/EDTA method or the 

ethanol/EDTA/sodium acetate method as described by the manufacturer. Precipitated 

products were sent to the Griffith University DNA Sequencing Facility (GUDSF) for 

sequence analysis.

2.2.12 Site-directed mutagenesis

In vitro site-directed mutagenesis was carried out to introduce point mutations in 

plasmid DNA containing regulatory DNA elements. 2.5 units Platinum® Pfx DNA 

-sense 

complementary oligo × Pfx 

× PCR enhancer solution (Invitrogen), 

2mM MgSO4 and 0.5mM dNTPs. The thermal cycling parameters included an initial 

denaturation step at 94°C for 2 min followed by 20 cycles of 94°C for 20 sec, 55°C for 

75sec, then 68°C for 6.5min.  

10 units of the methylation-sensitive restriction endonuclease DpnI was used to digest 

the parental template plasmid DNA at 37°C for 1 h, and then the DpnI enzyme was 

heat-

× DNA ligase buffer (New England Biolabs) were 

DpnI-digest reaction.  Ligation reactions were performed at 16°C 

for 15 mi competent cells. 



53

2.2.13 Luciferase constructs and site-directed mutagenesis

The pGL3-Basic luciferase reporter vector (Promega) encoding a modified firefly 

luciferase was used to prepare the MYC promoter reporter constructs. The reporter 

constructs prepared were confirmed by DNA sequencing using the primers, RVprimer3 

(5 -CTAGCAAAATAGGCTGTCCC-3 -

CTTTATGTTTTTGGCGTCTTCCA-3´). Figure 5.11 shows a diagrammatic 

representation of a number of MYC luciferase reporter constructs that were prepared. 

The locations of the MYC fragments are indicated relative to the P1 transcription 

initiation site as +1. The MYC reporter constructs prepared included the following. 1) 

The -1800/+187-Luc (2kb-MYC-promoter-Luc, where Luc is luciferase) construct 

contained the MYC promoter regions, P0, P1 and P2. The MYC promoter fragment in 

this construct was derived by PCR from human blood genomic DNA (kindly donated to 

this study by Dr. Tina Sellinger) and inserted between the SacI and HindIII sites of 

pGL3-Basic. The primers used for the generation of all the PCR-derived fragments 

from the MYC promoter are listed in Table 2.1.  2) The full-length construct (FL-Luc; -

1800/+549-Luc) contained the MYC promoters, P0, P1, P2 and the region containing 

the putative STAT5 binding site downstream from P2. The 3’-end fragment, 

XhoI/HindIII, of the MYC FL-Luc construct was obtained by PCR from the human 

genomic DNA and cloned by ligation into the XhoI/HindIII-sites of the -1800/+187-

Luc construct. 3 & 4) The +67/+549-Luc and +67/+187-Luc vectors contained the 3’-

end of the MYC promoter fragments derived from the FL-Luc and the -1800/+187-Luc 

constructs, respectively, excised with XhoI and HindIII and inserted into the pGL3-

Basic vector. 5, 6 &7) The +170/+549-Luc, the +219/+549-Luc, and the +481/+549-

Luc (Proximal SBE P, where P stands for promoter) constructs were made by inserting 

PCR-derived fragments of the FL-Luc construct between the XhoI and HindIII sites of 

the pGL3-Basic luciferase reporter vector. 

Mutation of the TTCNNNGAA site within the MYC proximal SBE promoter was 

initially carried out in the +219/+549-Luc construct. Mutation of the TTCTCTGAA to 

GTCGCTGAC (mutations underlined) was carried out using the site-directed 

mutagenesis method outlined in the section (2.2.12) above. Briefly, the +219/+549-Luc 

construct was subjected to PCR with two complementary oligonucleotide primers 

(sense: 5 - CCAGGACCCGCGTCGCTGACAGGCTCTCCTTGC -3 -sense: 5 -
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GCAAGGAGAGCCTGTCAGCGACGCGGGTCCTGG -3 containing the desired 

mutation. After amplification, parental DNA was digested by using the methylation-

sensitive DpnI, and the plasmid DNA containing the desired mutation was transformed 

into competent Proximal SBE-mut P-Luc construct was made by 

inserting a fragment derived by PCR (+481/+549) from the +219/+549-Luc construct, 

which contained the desired mutation, between the XhoI and HindIII sites of the pGL3-

Basic vector.

Table 2.1: List of oligonucleotide sequences used as primers to prepare PCR-

derived fragments from the human MYC promoter cloned into reporter constructs

* Relative to the MYC P1 transcription initiation site

2.3 Cell culture

2.3.1 Cell lines, growth media and cytokine and growth factor stimulation

Various human cell lines were utilized in this study. Melanoma cell lines, A375, A375-

STAT5A (A375 cell line stably transfected to overexpress STAT5A), SK-Mel-28, SK-

Mel-3 and MM96; hepatocellular carcinoma cell line, HepG2 were grown in RPMI 

1640 (Invitrogen) supplemented with 1% (v/v) GlutaMAX (Invitrogen), 25mM N-(2-

hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES) buffer pH 7.4, 1.9mM 

HindIIICTTACCAAGCTTTCCACTACCCG3’

pGL3-BasicXhoICGCCTCGAGGACCCGCGTC5’Proximal SBE-mut 
P-Luc

HindIIICTTACCAAGCTTTCCACTACCCG3’

pGL3-BasicXhoICGCCTCGAGGACCCGCTTC5’+481/+549-Luc
(Proximal SBE P)

HindIIICTTACCAAGCTTTCCACTACCCG3’

pGL3-BasicXhoICGGCTCGAGTGGAAGAGCC5’+219/+549-Luc
(EXT2)

HindIIICTTACCAAGCTTTCCACTACCCG3’

pGL3-BasicXhoICTAACTCGAGGTAGTAATTCCAGCGAG5’+170/+549-Luc
(EXT1)

HindIIICCTAAGCTTCTCGCTGGAATTACTAC3’

pGL3-BasicSacIGCGAGCTCTAAAGCTCTGAATTGTGCA5’-1800/+187-Luc
(2kb)

HindIIICTTACCAAGCTTTCCACTACCCG3’

-1800/+187-
Luc (2.1kb)

XhoIGCCTCGAGAAGGGCAGGGCT5’-1800/+549-Luc 
(FL) 

Cloning 
vector

Restriction 
site in 
primer

Primer Sequence (5’-3’)MYC
5’/3’-
end

Construct name/ 
location* 

HindIIICTTACCAAGCTTTCCACTACCCG3’

pGL3-BasicXhoICGCCTCGAGGACCCGCGTC5’Proximal SBE-mut 
P-Luc

HindIIICTTACCAAGCTTTCCACTACCCG3’

pGL3-BasicXhoICGCCTCGAGGACCCGCTTC5’+481/+549-Luc
(Proximal SBE P)

HindIIICTTACCAAGCTTTCCACTACCCG3’

pGL3-BasicXhoICGGCTCGAGTGGAAGAGCC5’+219/+549-Luc
(EXT2)

HindIIICTTACCAAGCTTTCCACTACCCG3’

pGL3-BasicXhoICTAACTCGAGGTAGTAATTCCAGCGAG5’+170/+549-Luc
(EXT1)

HindIIICCTAAGCTTCTCGCTGGAATTACTAC3’

pGL3-BasicSacIGCGAGCTCTAAAGCTCTGAATTGTGCA5’-1800/+187-Luc
(2kb)

HindIIICTTACCAAGCTTTCCACTACCCG3’

-1800/+187-
Luc (2.1kb)

XhoIGCCTCGAGAAGGGCAGGGCT5’-1800/+549-Luc 
(FL) 

Cloning 
vector

Restriction 
site in 
primer

Primer Sequence (5’-3’)MYC
5’/3’-
end

Construct name/ 
location* 
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-

mercaptoethanol and 10% heat-inactivated foetal calf serum. The epidermoid 

carcinoma cell line, A431, the cervical adenocarcinoma cell line, HeLa S3, the 

fibrosarcoma cell lines 2fTGH and U3A, and the 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 

-mercaptoethanol and 10% heat-

inactivated foetal calf serum. For selection of antibiotic resistant clones, A375-

STAT5A cells were maintained in growth media containing 1-

(Sigma), and U3A cells were constantly maintained in growth media containing 

Unless otherwise indicated, cells were stimulated with 1000IU/ml human interferon -

- -La Roche, Basel, Switzerland), human interferon

-

La Roche) for the times indicated.  In some experiments, cells were treated with various 

concentrations of recombinant human epidermal growth factor (EGF; PeproTech,

Rocky Hill, NJ), interleukin-6 (IL-6; Pep

cAMP (Sigma).

2.3.2 Trypan blue staining to determine cell viability 

Cells detached from culture vessels were mixed with trypan blue dye (Sigma) at 0.08% 

final concentration. Cells with compromised cell membrane were stained blue whereas 

viable cells remained unstained. Cells were counted using a haemocytometer. 

2.3.3 Fluorescence microscopy, propidium iodide staining and fluorometric 

cytotoxic assays.

The expression of enhanced green fluorescence protein (EGFP) in pBOS-H3-N-GFP 

transfectants was detected by fluorescence microscopy using the Nikon Eclipse 

TE2000-U microscope. For Propidium Iodide (PI) staining and fluorometric assays,

pBOS-H3-N-GFP transfectants were harvested at 16h after IFN stimulation. Cells were 

resuspended at 3x104 cells/0.45 ml PBS buffer containing 1% FCS, and were stained 
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with PI at a final concentration of 5µg/ml within 15min prior to sample analysis. The 

green (454nm) fluorescence and PI fluorescence of cells was measured by fluorscence 

cytometry using a FACSCalibur (Becton Dickinson, Sydney, Australia).  

2.4 RNA preparation and quantitative RT-PCR analysis

Total RNA was extracted from 8.8×104 SK-MEL-28 cells after IFN treatment for the 

specified time and isolated using NucleoSpin® RNA II mini spin columns (Machery-

Nagel, Düren, Germany) according to the protocols described by the manufacturer.  For 

cDNA synthesis, random decamers and the MMLV RNAseH- reverse transcriptase 

(Promega Corp.) were used (42°C, 45min) in a final 20 µl reaction volume. 

Amplification of specific targets from 2µl of a 1 in 5 dilution of the cDNA pool was 

carried out using the SYBR Green I iQ SUPERMIX (Bio-Rad Laboratories). Cycling 

conditions were: (i) 95°C for 2min, x1; (ii) 95°C for 30sec, 59°C/61°C for 1min, 72°C 

for 30sec x 45.

Total RNA was extracted from 1×106 A375 or A375-STAT5A cells after IFN treatment 

for the specified time and isolated using the High Pure RNA Isolation Kit (Roche)

according to the protocols described by the manufacturer. 1-5µg RNA was used in 

cDNA synthesis reactions. The Transcriptor First Strand cDNA Synthesis Kit (Roche) 

was used, according to the protocols described by the manufacturer, with oligo-dT in 

cDNA synthesis reactions at 50ºC for 60min. Amplification of specific targets from 2µl 

of a 1 in 2 dilution of the cDNA pool was carried out -time PCR reactions, 

containing 1× iQTM SYBR® Green Supermix (Bio-Rad), 1M betaine and 400nM of 

each primer. Amplification cycling conditions were: (i) 95°C for 2.5min, x1; (ii) 95°C 

for 10sec, 60°C for 15sec, 72°C for 30sec x 45. PCR product in real time was detected 

using the IQ iCycler System (Bio-Rad Laboratories). The specificity and purity of PCR 

product obtained at end point was confirmed by melt curve analysis and 1.5% agarose 

gel. 

The sets of PCR primers for cDNA determination were carefully designed for each of 

the target genes under investigation. To test for genomic DNA (gDNA) contamination 

amplification primers were designed to span exon-exon boundaries containing a small 
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intervening intron which would then amplify a larger fragment. Primers were designed 

from regions with a G/C content in the 20-80% range.  To increase the specificity of 

annealing, the length of the amplification primers was in the range 18-25 nucleotides 

long, to provide annealing temperatures between 55-62°C.  To eliminate primer-dimer 

formation repeats of identical nucleotides were avoided.  Where possible, the presence 

of more than two in five either G and/or C nucleotides at the 3’ end was also avoided.

In order to eliminate non-specific product amplifications, the Basic Local Alignment 

Search Tool (BLAST) available at NCBI website was used to check the specificity of 

each primer sequence for the target DNA only.  

Table 2.2: List of oligonucleotide sequences used as primers for gene expression 

studies.

Gene Forward (5’) Reverse (5’)

firefly luciferase 
(luc+)

CATCTTCGACGCAGGTGTC GACTGGCGACGTAATCCAC

ISG15 GTGCAGGACGACCTGTTCT GATTCATGAACACGGTGCTC

ISG54 TGCAACCTACGGCCTATCTA CAGGTGACCACACTTCTGATT

18SrRNA CTTAGAGGGACAAGTGGCG ACGCTGAGCCAGTCAGTGTA

MYC P1 F GGAGGGATCGCGCTGAGTATA GCTGCTGCTGCTGGTAGAAGT

MYC P2 F AGGGAGATCCGGAGCGAATAG GCTGCTGCTGCTGGTAGAAGT

MYC Proximal 
SBE (P) F

TCGGGTAGTGGAAAACCAG GCTGCTGCTGCTGGTAGAAGT

MYC P3 F CCCTCAACGTTAGCTTCACCAA GCTGCTGCTGCTGGTAGAAGT

2.5 Analysis of protein levels by “Western” immunoblotting

2.5.1 Lysate preparation

Total cell protein lysates were prepared for “Western” immunoblotting. Cell  pellets (of 

2×107 cells) were resuspended and lysed in 500  ice-cold hypotonic RIPA buffer 

[150mM NaCl, 50mM Tris-Cl pH 7.4, 0.25% sodium deoxycholate, 0.1% Igepal, 1mM 

NaF, 1mM Na3VO4, 0.1mM ZnCl2, 1mM phenylmethanesulfonyl fluoride (PMSF), 
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. Cell nuclei were pelleted by centrifugation at 

13000rpm for 5 min and the supernatants containing the extracted proteins were 

transferred to fresh microfuge tubes. A 1/3 volume of 4× SDS-PAGE loading buffer 

[0.25M Tris- -

mercaptoethanol and 40% glycerol] was mixed with the protein samples. Samples were 

incubated for 5 min at 90°C prior to loading on an SDS-PAGE gel.

2.5.2 List of antibodies used for immunoblot analysis

The primary antibodies used were: mouse monoclonal anti-STAT1 (9H2) (Cell 

Signaling, cat # 9176), rabbit polyclonal anti-  p91 (C-24, Santa Cruz 

Biotechnology), mouse monoclonal anti-STAT1 PY701 (BD Transduction 

Laboratories; cat # 612132), mouse monoclonal anti-STAT3 (Cell Signaling, cat # 

9132), mouse monoclonal anti-STAT5 (A-9; sc-74442, Santa Cruz Biotechnology), 

rabbit polyclonal anti-STAT5A (L-20; sc-1081, Santa Cruz Biotechnology); rabbit 

polyclonal anti-STAT5B (cat: 71-2500, Invitrogen), rabbit monoclonal anti-phospho-

STAT5 (Tyr694; C11C5; Cell Signaling), rabbit polyclonal anti-MYC (N262, sc-764,

Santa Cruz Biotechnology), mouse monoclonal anti- -tubulin (DM1A)(Sigma, cat # 

T9026), mouse monoclonal anti-phosphotyrosine PY20 (Transduction Laboratories; cat 

# P11120). 

The secondary antibodies used for immunoblot analysis were:

Affinity purified, horseradish peroxidase (HRP) conjugated sheep anti-mouse IgG 

(originally sourced from Silenus, now Chemicon, Billerica, MA; cat # AP326P), Anti-

rabbit IgG, HRP-linked antibody (Cell Signaling, cat # 7074). 

2.5.3 SDS-PAGE gels

The SDS-PAGE gels were composed of stacking gel and 7.5% resolving gel, with the 

stacking gel layered above the resolving gel.  
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Table 2.3: Solutions for preparing resolving and stacking gels.

Stacking gel 7.5% resolving 
gel

30% acrylamide/bis-acrylamide solution 1.2ml 5.6ml
4× resolving gel buffer [1.5M Tris/HCl (pH 
8.8), 0.4% SDS]

- 5.7ml

4× stacking gel buffer [0.5M Tris/HCl (pH 
6.8), 0.4% SDS]

1.776ml -

distilled water 3.0ml 10.9ml
Glycerol 1.0ml -
10% Ammonium persulfate
N,N,N N -tetramethylethylenediamine
(TEMED)
Total volume 7.108ml 22.551ml

100- -PAGE gels and electrophoresed in 

1×SDS-PAGE running buffer [25mM Tris (unbuffered), 0.19M glycine, 0.1% SDS] at 

120V while samples were electrophoresed through the stacking gel and increased to

150V as they were electrophoresed through the resolving gel.

2.5.4 Western transfer

Proteins separated in the SDS-PAGE resolving gels were transferred at 35V for 2 h (the 

current applied was initially 1.5A and decreased to approximately 0.2A over the 2 h of 

protein transfer) onto a BioTrace polyvinylidene difluoride (PVDF) membrane with 

. A ‘Scotch-Brite’ pad and 2 sheets of Whatman 3MM filter pre-

paper soaked in Western transfer buffer [1×SDS-PAGE running buffer plus 20% 

methanol, 0.1mM Na3VO4, 0.1mM ZnCl2] were positioned on the negative electrode of

the blotting apparatus. The gel was laid face down on top of the filter paper. A piece of 

PVDF membrane, that was soaked in methanol for at least 10 sec and then washed 

briefly in transfer buffer, was placed on top of the gel. The membrane was covered by 

two pieces of filter paper and a further ‘Scotch-Brite’ pad that were pre-soaked in 

transfer buffer. Air bubbles were eliminated before connecting positive with negative 

electrodes and protein transfer.
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2.5.5 Immunoblotting

After protein transfer, membranes were washed briefly in wash buffer [1× phosphate-

buffered saline (PBS), 0.1% Tween-20 (Sigma)] and then blocked in blocking solution 

[1× blotto solution: 1×PBS, 0.1% Tween-20 (Sigma), 5% skim milk powder] for 1h at 

42°C. For immunoblots with antibodies targeting phosphorylated proteins, 1× bovine 

serum albumin (BSA) blocking solution [Tris buffered saline (TBS) containing 40mM 

Tris, 0.15M NaCl, pH 7.5 plus  0.02% Tween-20 (Sigma), 5% BSA, 0.1mM Na3VO4, 

0.1mM ZnCl2] and TBS wash buffer [TBS containing 0.02% Tween-20, 0.1mM 

Na3VO4, 0.1mM ZnCl2] was used. Primary antibody was diluted in the blocking 

solution (at between 1 in 1000 and 1 in 10000 dilution) prior to incubating with the 

membranes for 2h at RT or overnight at 4°C. Primary antibodies unbound to the 

membranes were removed by washing three times, each time for 10-20 min, with fresh 

wash buffer. Secondary antibody was diluted at 1 in 5000 in blocking solution and then 

incubated with the membranes for 1.5-2 h with shaking at RT.  Secondary antibodies 

unbound to the membranes were washed three times as before. 

For the development of the chemiluminescence reaction, catalysed by the HRP 

conjugated to the secondary antibody, SuperSignal®West Pico chemiluminescent 

substrate (Pierce Biotechnology, Rockford, IL) kit was used according to the 

manufacturers’ recommended protocol. Gel Doc® (BIO-RAD) was used for 

luminescence detection, image acquisition and analysis. 

2.5.6 Stripping of protein blots for reprobing

To reprobe membranes, antibodies from previous immunoblots were first stripped by 

incubating the membranes in stripping buffer [62.5mM Tris-Cl (pH 6.8), 2% SDS, 

-mercaptoethanol, 0.1mM Na3VO4, 0.1mM ZnCl2] with agitation at 60°C for 

30 min. Membranes were washed twice in fresh wash buffer before blocking and 

probing again as described in immunobloting section above.
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2.6 Luciferase reporter gene analysis

2.6.1 Transfection reagents

Transfection of mammalian cell lines with plasmid DNA was carried out using the 

commercial transfection reagents, Lipofectamine2000 (Invitrogen), FuGENE® 6

(Roche Applied Science), jetPEI (MP Biomedicals Solon, OH) FuGENE® HD 

(Roche) and GenJet™ (SignaGen Laboratories) according to the manufacturers’ 

instructions. These are effective transfection reagents with varying cytotoxicity effects. 

The phRL-SV40 vector (Promega), which contains a modified luciferase gene derived 

from Renilla reniformis, was used in co-transfection experiment as an internal control 

for transfection efficiency. The use of Lipofectamine2000 is associated with 

relatively high cytotoxicity, especially in the presence of antibiotics. To reduce 

cytotoxicity effects associated with the use of transfection reagents, cells were plated 

18-24 prior to transfection in antibiotics free growth media. Cells were cultured at a 

density between 7.5×103 - 2×104 cells per well, in a 96-well tissue culture plate 

(Greiner, Kremsmuenster, Austria; model #655090) with 150-200µl growth media/well

and between 3.5×104 - 1.5×105 cells per well, in a 24-well tissue culture plate (TPP, 

Trasadingen, Switzerland) with 350µl growth media/well. At the time of tranfection the 

monolayer cell density was optimal at approximately 80% confluence. In general, cell 

treatment was initiated 24 h after transfection. Unless otherwise indicated, cells were 

harvested for luciferase assays 16-24 after treatment. 

2.6.2 Transfection with Lipofectamine2000 and FuGENE® 6  

Transfection complexes were formed using a ratio of 1µg vector DNA to 1µl 

LipofectamineTM 2000 or FuGENE® 6, unless otherwise specified, for 20-40min at RT. 

Then, for the 96-well format, 50µl of DNA/transfection reagent mix was added to 50µl 

serum free Opti-MEM® I medium (Invitrogen) using a procedure based on the 

manufacturer’s instructions, without the presence of antibiotics. Cell culture medium 

was replaced by addition of the 100µl transfection complex. At 3-4h after transfection, 

the medium was replaced with fresh complete medium. A DNA/transfection reagent 

 prepared for the 24-well plate format.
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2.6.3 Transfection with jetPEI

For the 24-

JetPEI was di

 mixture. Transfection complexes were incubated at RT for 15-30 

min.  Complexes were added to cells. At 3-4h after transfection, the medium was 

replaced with fresh medium.

2.6.4 Transfection with GenJet™

Unless otherwise indicated, for the 24-

 medium GenJet™

unsupplemented DMEM medium, before they were combined together into 1

DNA/GenJet™ mixture. Transfection complexes were allowed to form by incubation at 

RT for 10 min. Complexes were then added to cells. At approximately 4h after 

transfection, the medium was replaced with fresh medium.

2.6.5 Transfection with FuGENE® HD

® HD directly to 
®

HD were allowed to form by incubation at room temperature for 15 min.  Complexes 

were then added to cells in well of 24-well plates.

2.6.6 Firefly (Photinus pyralis) luciferase assay

Following IFN stimulation, and at the time points indicated, cell lysates and/or 

supernatants were prepared and assayed for luciferase activity.  Cells in wells of a 24-

well plate were detached by incubation in 30µl 90µM EDTA/PBS (37°C, 5min) and 

were then lysed at room temperature by addition of 70µl of lysis buffer [37.5mM Tris-

phosphate, pH 8; 15% glycerol; 1.5 % Triton-X-100; 1.5µg/µl BSA and 3mM 

dithiothreitol (DTT)] and transferred to black 96-well plates (Greiner, model #655077).  

For the measurement of luciferase activity, a modified procedure based on the Dual-

GLOTM luciferase reporter assay protocol (Promega Corp.) was used. Thus, for the 
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firefly luciferase assay, 100µl of reaction buffer was added to the cell lysates in each 

well. The reaction buffer contained 40mM Tricine (pH 8.0), 16mM magnesium 

chloride, 0.26 mM EDTA (pH 8.0) and 60mM DTT, as well as 0.6mM co-enzyme A, 

1mM beetle luciferin and 1mM ATP which were added to the reaction buffer 

immediately prior to use and just prior to measurement of luciferase activity. Luciferase 

activity was measured in a luminometer (FLUOstar OPTIMA, BMG Labtechnologies, 

Melbourne, Australia). Mean values of three separate measurements of each well were 

obtained in order to reduce machine related variations.

2.6.7 Photinus pyralis / Renilla reniformis dual-reporter luciferase assay

Cells were lysed in 50-100µL of PBS in situ in the wells of the 96 or 24 well microtitre 

culture dishes by two successive freeze (-80o C)-thaw (RT) cycles. 100µL lysates in 

wells of 24-well microtitre culture dishes were transferred to black 96-well plates. For 

measuring the firefly luciferase activity a 2 × concentrated firefly reaction buffer 

[80mM Tricine (pH 8.0), 8mM magnesium chloride, 200µM EDTA (pH 8.0), 40mM 

DTT, 0.6mM co-enzyme A, 1mM beetle luciferin, 1mM ATP, 10% glycerol, 0.1% 

Tergitol-NP9, 1.5µg/µl BSA] was prepared. Firefly luciferase activity was measured 

first by adding equal volumes of 2 × firefly buffer to lysates. For Renilla luciferase 

measurements a different reaction buffer with the following components were prepared 

as a 3 × concentrated Stop-Glow stock solution: 22.5mM sodium pyrophosphate, 

22.5mM sodium acetate (pH5.9), 30mM CDTA, 600mM sodium sulfate, 9mM 

thiourea, 0.01% tween-20 and 1µM coelenterazine (Promega). This was diluted 1/3 by 

addition to the first reaction volume containing firefly luciferase. 

2.7 Chromatin Immunoprecipitation (ChIP) assay

2.7.1 Chromatin extracts

A375-STAT5A cells cultured in large dishes (15cm in diameter) were harvested for 

Formaldehyde 

solution in 1×PBS was added to the culture medium to a final concentration of 1% and 

allowed to incubate for 15 min at RT to cross-link the DNA-protein complexes. The 

cells were then incubated with 125mM glycine for 5min to inhibit the cross-linking 

process.  Cells were washed twice and collected in ice-cold PBS with protease 
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ºC (1500rpm for 

5min).  Cell pellets were resuspended in 1.5ml sonication buffer (1% Triton X-100, 

0.1% sodium deoxycholate, 50mM Tris-HCl pH8.1, 150mM NaCl, 5mM EDTA, 

protease inhibitors as above) and incubated at 4ºC for 10min before sonication on ice. 

The samples were sonicated 8 × 20sec to generate a mean DNA fragment size of 

approximately 0.4-1.5 kb. Sonication was performed using a Branson Sonifier 450 

(Branson Ultrasonics Corporation, Connecticut, U.S.A.) with a tapered microtip at 3/10 

output setting. After sonication, debris was removed by centrifugation (15000g) for 

15min at 4ºC. Supernatants containing chromatin extract were collected in aliquots 

equivalent to 4.5×106 cells and diluted to 1.35ml with sonication buffer prior to 

immunoprecipitation. 

2.7.2 Immunoprecipitation of chromatin extracts

Chromatin extracts equivalent to 106

DNA controls 

representing pre-immunoprecipitation chromatin fragment pools ImmunoPure 

Immobilized Protein A/G (Pierce; of 50% sl

sheared herring sperm DNA was added to the chromatin samples and incubated for 1h 

at 4ºC with rotation. Protein A/G was pelleted by low speed centrifugation and 

supernatants containing chromatin were collected into fresh tubes. This step was 

repeated at least 4 times in order to remove Protein A/G from the samples. the 

appropriate antibody was added to the pre-cleared chromatin samples and incubated 

overnight at 4ºC with rotation.  25 Protein A/G slurry and

DNA were added to the immunoprecipitates and incubated for 2h at 4ºC with rotation. 

Four different buffers containing protease inhibitors (15 Kallikrein inhibitor units 

statin) were used to 

wash immunoprecipitates, each wash for 10min at 4ºC with rotation followed by 

centrifugation at 100g for 1min. First, immunoprecipitates were washed once with 

sonication buffer, then twice with high salt buffer (1% Triton X-100, 0.1% sodium 

deoxycholate, 50mM Tris-HCl pH8.1, 5mM EDTA, 500mM NaCl), followed by one 

wash with LiCl buffer (0.25M LiCl, 0.5% Nonidet P-40, 0.5% sodium deoxycholate, 

10mM Tris-HCl pH8.1, 1mM EDTA) and finally washed three times with TE buffer. 
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Immune complexes w

buffer (1% SDS, 100mM NaHCO3) for 5min at RT.  To reverse the cross-links, eluates 

and input samples were incubated with 0.3M NaCl and 3ng RNase A with heating at 

65ºC for 4h. 75 e K was then added to the samples and allowed to incubate 

at 45ºC overnight, unless otherwise specified.  DNA was recovered by 

phenol/chloroform extraction and ethanol precipitation using 8 g tRNA as a carrier. 

volumes of DNase-free water were used to resuspended IP and input 

DNA pellets, respectively.   

2.7.3 Quantitative ChIP assay

Real-

-time PCR reactions, containing 1× iQTM SYBR® Green 

Supermix (Bio-Rad) and 400nM of each primer. Amplification cycling conditions 

were: (i) 95°C for 2.5min, ×1; (ii) 95°C for 10sec, 60°C for 30sec, 72°C for 30sec × 40. 

PCR product in real time was detected and cycle threshold (CT) values were obtained 

using the IQ iCycler System (Bio-Rad Laboratories). The specificity and purity of PCR 

product obtained at end point was confirmed by melt curve analysis and 1.5% agarose 

gel. ChIP results obtained from quantitative real-time PCR analysis are represented as 

the percentage of input DNA that was precipitated in each sample. Normalised cycle 

the IP real-time PCR amplifications were normalised by subtracting the mean CT of the 

respective inputs. First, fold induction was calculated by: 2 - , 

then % input was calculated using the formula: 100÷2 .

5.8 5’ Rapid Amplification of cDNA Ends (5’RACE)

The 5’RACE System for Rapid Amplification of cDNA Ends (InvitrogenTM) was 

utilized in order to capture the 5’end MYC mRNA sequences. The 5’RACE System 

provides reagents for synthesis of first strand cDNA, purification of first strand cDNA, 

and homopolymeric tailing by terminal deoxynucleotidyl transferase (TdT). The first 

strand cDNA was synthesised from total RNA using a MYC gene-specific primer. 

1.2 -specific primer 1 (GSP1; 5’-

CCGCTCCACATACAGTC-‘3) in a final reaction volume of 25µl. RNA/primer 
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mixture was incubated at 70ºC for 10min to denature RNA, after which the mixture was 

chilled for 1min on ice. The RNA/primer mixture was combined with additional 

reaction components (1×PCR buffer, 2.5mM MgCl2, 0.5mM dNTP mix and 10mM 

DTT), then prewarmed to 50ºC prior to adding 1µl (200 units) of SuperScriptTM II, 

which brought the final reaction volume to 50µl. The first strand cDNA synthesis 

reaction was carried out at 53ºC for 35min and terminated by incubation at 70ºC for 

15min. RNA was then degraded with 1µl RNase mix (Invitrogen, concentration was not 

specified) at 37ºC for 30min. DNA was purified using the provided purification kit 

according to the manufacturer’s protocols. 10µl (out of 50µl) of purified cDNA was 

used in the TdT-tailing reaction. cDNA was mixed with 0.2mM dCTP and 1× tailing 

buffer (concentrations in the final reaction volume) and incubated for 3 min at 94ºC 

before adding TdT (1µl; Invitrogen, concentration was not specified) to the reaction, 

thus bringing the final reaction volume to 25µl. The reaction was then incubated on ice 

for 30min and 37 ºC for 6min. The reaction was terminated by heat inactivating TdT at 

65ºC for 10min. The reactions were then either stored frozen or used immediately for 

PCR amplification. 

The 5’RACE System provided a deoxyinosine-containing anchor primer (Abridged 

Anchor Primer; AAP) for PCR amplification of dC-tailed cDNA.  AAP was used in 

combination with a nested GSP2 (5’-GCTGCTGCTGCTGGTAGAAGT-‘3) that was 

designed to anneal to a site located within the cDNA product. PCR amplification of dC-

tailed cDNA reaction consisted of 400nM of each primer (AAP and GSP2), 200 µM 

dNTP mix, 0.03 units/µl Taq DNA polymerase (New England BioLabs), 1× ThermoPol 

Taq reaction buffer (New England BioLabs), 0.5-0.7M betaine and 5µl of the dC-tailed 

cDNA reaction mix from above to give a 50 µl final volume. Amplification cycling 

conditions were: (i) 94°C for 2.5min, ×1; (ii) 94°C for 15sec, 60°C for 30sec or 53ºC 

for 35sec, 72°C for 45sec × 35; (ii) 72°C for 5min.

To increase the yield of the specific 5’RACE, re-amplification by nested PCR was 

performed using the 5’RACE System Abridged Universal Amplification Primer 

(AUAP) and a nested primer, GSP3 (5’-CCGAGTCGTAGTCGAGGTCAT-‘3), inside 

from GSP2. A 1:100 dilution of the PCR of dC-tailed cDNA reaction product was

prepared from which a 7.5µl aliquot was used in a 50µl final re-amplification reaction. 

The PCR re-amplification reaction also contained 200nM of each primer (AUAP and 
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GSP3), 200 µM dNTP mix, 0.03 units/µl Taq DNA polymerase (New England 

BioLabs), 1× ThermoPol Taq reaction buffer (New England BioLabs) and 0.5M 

betaine. Amplification cycling conditions used were: (i) 94°C for 2.5min, ×1; (ii) 94°C 

for 15sec, 60°C for 30sec, 72°C for 45sec × 35; (ii) 72°C for 5min. Amplifications 

were carried out on an iCycler thermal cycler (Bio-Rad). The 5’RACE products were 

then analysed by agarose gel electrophoresis and sequencing with the GSP3 primer. 

2.9 Statistical methods

The results are shown as the means with error bars depicting +/- Standard Error of the 

Mean (SEM). Statistical analysis was conducted using SPSS or GraphPad Prism 

softwares. Unless otherwise specified, statistical analysis was conducted by Student’s t 

test (two-tailed) at a 95% confidence interval. Thus, P-values < 0.05 were considered 

significant. Graphs were plotted using Excel or GraphPad Prism softwares. For all 

experiments whose results are shown, the data represents at least n=3 replicate samples 

and a minimum of two independent experiments carried out.  
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Chapter 3 : 

Development of procedure for transfection reporter studies 

using IFN
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3.1 Introduction

Reporter gene assays are used in studies investigating the functional characterization of 

putative promoter or enhancer regions. GFP, Photinus pyralis firefly luciferase and 

Renilla luciferase represent popular choices for reporter proteins. GFP is used for 

investigating the localization dynamics and characteristics of gene expression. Photinus 

pyralis firefly luciferase, the most widely utilized reporter enzyme, is used in 

luminescence assays and provides for convenient and sensitive linear readout for 

accurate quantification over a wide range of enzyme concentrations. Renilla reniformis

luciferase is commonly included in co-transfection assays with the firefly luciferase and 

used as an internal standard for transfection efficiency. Measuring the activity of 

luciferase or GFP is relatively safe in comparison to earlier reporter gene systems, 

mainly -galactosidase and Chloramphenicol acetyltransferase (CAT). -galactosidase, 

a system which is based on colour development, requires the addition of potentially 

toxic chemicals for the assay and lysis of cells (reviewed in Ghim et al., 2010).  

Moreover, CAT assays require the use of radiolabeled substrates (reviewed in Alam 

and Cook, 1990).

Reporter constructs are generally used under the assumption that the activity of the 

reporter genes and encoded proteins themselves are not directly affected by the agents 

tested or the treatment conditions. As a result, the effects that various test treatments 

and parameters might have in altering the reporter output are rarely considered. Several 

reports have described complications associated with the use of biologically active 

compounds on the expression levels of reporter genes. For example, Kogai et al. (2003)

demonstrated that retinoic acids induce increased expression of the modified firefly 

luciferase reporter gene (luc+) from the pGL3 basic vector. In addition, androgen 

responsiveness of the Renilla luciferase reporter genes has been described when 

assayed in the context of the HSV-thymidine kinase promoter used to regulate 

expression of the control, Renilla luciferase (Mulholland et al., 2004). 

Gene reporter assays provide a useful tool for studies investigating the effect of IFN 

stimulation on STAT-dependent promoters. However, the direct effect of IFN is 

generally not considered on the activity of the encoded reporter proteins and their 

expression. Several studies have reported that IFNs can affect gene expression at the 
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post-transcriptional level (Williams, 1999; Caraglia et al., 2004). It has been 

demonstrated that IFNβ treatment causes inhibition of the overall rate of cellular 

protein synthesis (Guo et al., 2000). Therefore, this chapter focuses on studies 

investigating the effect of IFN treatment on the commonly used reporter genes, GFP, 

Photinus pyralis firefly luciferase and Renilla luciferase.
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3.2 Results

3.2.1 IFN effect on luciferase expression 

3.2.1.1 Firefly luciferase Photinus pyralis

The high luciferase expression vector, pEF-Luc (Wong et al., 2002) was utilized in this 

study. The pEF-luc construct contains the luc+ gene derived from the pGL3-Basic 

vector (Promega Corp.) which was then cloned into the pEFMCIneopAN9 (Wong et 

al., 1997; Wong et al., 2002) under the control of the EF-1α promoter. The IFN-

sensitive human SK-MEL-28 melanoma and Hela S3 cervical carcinoma cells were 

transiently transfected with the vector pEF-Luc using LipofectamineTM to determine 

whether IFN treatment affected the resulting activity levels of firefly luciferase 

produced in cell transfectants. The results (Figure 3.1A & 3.1B) revealed that after 16h 

of IFN treatment, a significant reduction (approximately 30-60%; P < 0.05) in 

luciferase activity was observed in both cell lines, SK-MEL-28 and Hela S3, in 

IFNγ (1000 IU/ml) showed no effect. The IFNγ preparation used was verified in 

subsequent studies and shown to be active, indicating that the luciferase expression and 

activity was not significantly affected by IFNγ. With the SK-MEL-28 cells, the extent 

of inhibition caused by IFNβ treatment was more substantial (approximately 60% 

inhibition).  

Dose-response curves with type I IFN treatment were performed over a range of IFNβ

concentrations (Figure 3.1C). The results indicated that IFNβ in the range 25-1600 

IU/ml produced greater reduction in the luciferase activity detected in cell transfectants. 

Amounts as low as 25 IU/ml IFNβ were sufficient to produce a reduction of 

approximately 20% in luciferase activity compared to the levels obtained in pEF-Luc 

transfected cells. Nonetheless, 

experiments in order to ensure sufficient and effective IFNβ treatment of cells.

Next, a time course of IFN (500IU/ml IFNβ) treatment of SK-MEL-28 transfectants 

was performed over several days (Figure 3.1D). In general, reporter assays are 
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performed within 24 to 72 hours after transfection, when sufficient reporter gene is 

expressed with detectable levels in transient transfections. The results showed no 

significant reduction (P > 0.05) in luciferase activity between the IFNβ treated and 

untreated cells occurring within the initial 8h after addition of IFN. Subsequently, a 

reduction (over 30% below control) in levels of firefly luciferase activity was observed 

by 16-24h in the IFN-treated cells, followed by a steady decline in parallel with the rate 

of decay occurring in the untreated control cells. Thus, type I IFN treatment resulted in 

a relatively rapid initial reduction in levels of firefly luciferase activity followed by a 

steady decline that paralleled the decline occurring in the control cells. Studies were not 

carried out beyond 72h because luciferase activity, as expected in transient 

transfections experiments, was continuing to decline at a similar steady rate in both 

treatment and control groups over this time period (Figure 3.1D).  
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Figure 3.1 Inhibitory effect of type I IFNs on expressed levels of firefly luciferase 

reporter activity.

Cells (approximately 7.5×103 SK-MEL-28 cells/well and 1.5×104 Hela S3 cells/well ) 

were cultured in a 96 well plate 24h before they were transiently transfected with 1µg 

pEF-luc construct using 1µl LipofectamineTM 2000 and at 24h post-transfection, media 

was replaced with fresh complete media with or without IFN as indicated for each 

experiment. (A) SK-MEL-28 cells transfected with pEF-luc and incubated with or 

without 1000 IU/ml IFNα, IFNβ or IFNγ for 16h. (B) Hela S3 cells transfected with 

pEF-luc and incubated with or without 1000 IU/ml IFNα, IFNβ or IFNγ for 16h. (C) 

IFNβ dose response curve of SK-MEL-28 transfectants treated for 16h. (D) SK-MEL-

28 transfectants treated for different times up to 72h with or without the presence of 

500IU/ml IFNβ.  Firefly luciferase activity in cell lysates was measured by 

luminometry and the results are presented in relative light units (RLU) as mean values 

± SE (n = at least 3).
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3.2.1.2 Use of Renilla reniformis luciferase as the transfection control  

The Renilla luciferase is commonly used as an internal standard in co-transfection 

experiments. Therefore, the effect of IFN on the activity of Renilla luciferase was 

investigated in order to determine whether, in cotransfection experiments, the inhibition 

of the luciferase activity is compensated for by normalisation with data from the Renilla

luciferase assay. To investigate the influence of IFN treatment on Renilla luciferase 

expression, SK-MEL-28 cells were transiently transfected using LipofectamineTM with 

the codon modified Renilla luciferase reporter vector, phRL-SV40, where the luciferase 

gene is controlled by the SV40 large T promoter. Results indicated that as with the 

pEF-Luc firefly luciferase transfectants, 16h of type I IFN treatment of transfectants 

resulted in a significant inhibition in luciferase activity in response to 1000 IU/ml of 

either IFNα or IFNβ, whereas no significant effect of IFNγ (at 1000 IU/ml) was noted

(Figure 3.2).  The magnitudes of the reduction in Renilla luciferase activity caused by 

IFNα or IFNβ were not as marked as for pEF-Luc firefly luciferase, but were not 

inconsiderable at approximately 18-19%. 

Next, the percentages of reduction in firefly and Renilla luciferase activities caused by 

IFNα or IFNβ were compared. IFNβ treatment led to an approximate 40% reduction in 

firefly luciferase activity and a 19% reduction in Renilla luciferase activity. 

IFNα treatment resulted in an approximate 30% reduction in firefly luciferase activity 

and an 18% reduction in Renilla luciferase activity. Based on this comparison, the 

percentage reduction in Renilla luciferase activity was noticeably lower than that 

observed for the firefly luciferase. Hence, data normalization with the Renilla luciferase 

control would have only partially compensated for the differential influence of IFN 

treatment on these reporter activities and would therefore have led to the results being 

compromised.    
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Figure 3.2 Inhibitory effects of type I IFN on expressed levels of Renilla luciferase 

activity.

SK-MEL-28 cells (4 x 104/well) were cultured in a 24 x 2ml plate 24h before they were 

transiently transfected with 10ng Renilla luciferase reporter vector phRL-SV40 plus 

500ng pGL3-basic using 1µl LipofectamineTM 2000 and at 24h post-transfection, media 

was replaced with fresh complete media with or without 1000IU/ml IFNα, IFNβ or 

IFNγ for a further 16h before measuring the levels of luciferase activity in cell lysates. 

Results are presented in relative light units (RLU) as mean values ± SE (n = at least 3).
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3.2.2 IFN treatment does not induce cytotoxicity affecting the detection of 

luciferase expression 

It was possible that the initial effect of the type I IFN in reducing the levels of firefly 

luciferase activity might have resulted from IFN induced death of transfected cells. 

Hence, cytotoxicity assays were undertaken to analyse the effects of IFN treating the 

cells over this period.  Initial studies to assess this possibility were carried out by 

monitoring the luciferase activity present in culture supernatants after transiently 

transfecting the pEF-Luc vector into SK-MEL-28 cells and treating the transfectants 

with IFNβ.  Assays used were based on the release of reporter enzymes previously 

developed to provide an indication of membrane perforation and cell death initiated 

either by cell-mediated cytotoxicity, or by complement-mediated killing (Schafer et al., 

1997).  IFNβ treatment did not result in increased release of luciferase activity.  On the 

contrary, the luciferase activity assayed in culture supernatants from the untreated cells 

was significantly greater at 48-72h post transfection compared to that of the IFNβ

treated cells (Figure 3.3; P < 0.05). Levels of luciferase activity detected in the 

supernatants appear to be directly proportional to the levels detected in the cells. Hence, 

the results indicated that the changes in luciferase expression mediated by IFNβ were 

not caused by cytotoxic effects, compromising cell membrane permeability. 

A second set of experiments was carried out aimed at determining whether the type I 

IFN mediated reduction in reporter activity resulted from induced cell death or other 

cytotoxic effect. SK-MEL-28 cells were transiently transfected with the histone H3-

GFP recombinant expression vector, pBOS-H3-N-GFP (a kind gift from Dr J. Neuzil, 

School of Medical Science, Griffith University), using LipofectamineTM 2000. At 24h 

post-transfection, cells were cultured with or without 500IU/ml IFNβ or 1000IU/ml 

IFNγ for 16h. Transfectants were analysed for uptake by PI staining of cellular nucleic 

acids and flow cytometry. PI, which is sensitively detected by flow cytometry, stains 

the intracellular nucleic acids in cells with compromised viability (Dive et al., 1992; 

Vermes et al., 2000). Results indicated no significant difference was observed in the 

percentage of PI positive cells measured after 16h of IFNβ or IFNγ treatment (Figure 

3.4A). Decreased cell size and increased cell granularity, assessed by forward and side 

scatter profiles, respectively, can be used as indicators of cell death (Dive et al., 1992; 

Vermes et al., 2000). However, no noticeable difference was detected in either the 
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forward or side scatter profiles of the cell samples analysed by flow cytometry (Figure 

3.4B & 3.4C). Thus, in summary at this point, the results indicated that type I IFN 

treatment did not significantly affect the cell viability over the 16h time period.
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Figure 3.3 The inhibitory effect of IFN  is not associated with increased levels of 

luciferase activity released by cells.

SK-MEL-28 cells transfected with pEF-Luc as outlined in the methods section were 

sub-cultured into 24x 2ml well plates at approximately 4x104 cells/well. At 18h post-

transfection, cells were sub-cultured into 24 x 2ml/well plates. At 6h after sub-

culturing, media was replaced with a volume of 360µl of fresh complete media with or 

without added IFNβ (500IU/ml) for further times up to 48h as indicated. Then, cell 

culture supernatants were harvested and the luciferase activity was measured.  Results 

are presented in relative light units (RLU) as mean values ± SE (n = at least 3).
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Figure 3.4 IFN  treatment is not associated with loss of cell viability indicated by 

increased levels of PI uptake.

SK-MEL-28 cells were transfected with the H3-GFP reporter vector using 

Lipofectamine 2000. At 24h post-transfection, cells were cultured with or without 

500IU/ml IFNβ or 1000IU/ml IFNγ for 16h.  A) Levels of PI staining were analysed in 

the transfected cells by flow cytometry. Results are presented as percentage PI positive 

cells as indicated and the mean values ± SE, (n = at least 3), are shown. B & C) 

representative examples of forward and side scatter profiles for untreated (B) and IFNβ

treated (C) cells.
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3.2.3 Effect of IFN on the level of luciferase reporter gene transcription.

To determine whether the IFN-mediated inhibition of firefly luciferase activity was the 

result of an effect of IFN on transcription, causing reduced levels of luciferase mRNA 

expression, Q-PCR analysis was conducted.  IFNβ−inducible activity was confirmed 

with cells transfected using the type I IFN-inducible ISG15-luc vector construct 

(Ghazawi et al., 2005) (Figure 3.5A,B). Next, total RNA was isolated from SK-MEL-

28 cells that had been transiently transfected with pEF-Luc and either maintained in 

culture or treated with 500 IU/ml IFNβ for 12h.  CT values were obtained and 

normalized using 18S rRNA as reference.  After comparison with controls, the activity 

of IFN on the cells was validated by the large fold increase detected in endogenous 

ISG15 and ISG54 gene expression (Figure 3.5D). However, no significant difference 

was detected in the ∆CT values for pEF-luc expression levels between the transfectants 

treated or not with IFN (Figure 3.5D). Thus, IFNβ did not significantly affect luciferase 

mRNA levels at the 12h time point after treatment, indicating that the IFNβ-mediated 

reduction in luciferase levels of activity was unlikely to be the result of transcriptional 

regulation of the luciferase genes. 
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Figure 3.5 IFN  effect on the levels of luciferase transcript detected by real-time 

PCR.

IFNβ induced ISG expression but did not affect the levels of luciferase transcript 

detected by real-time PCR. Type I IFN induction of ISG15-luc transfected into SK-

MEL-28 (A) or Hela S3 (B) was analysed as outlined for Figure 3.1 and in the methods 

section using 1µg DNA and were incubated with or without 1000IU/ml IFNβ for 16h. 

Next, cell extracts were prepared and levels of luciferase activity measured. (C & D) 

Levels of endogenous ISG15, ISG54 and luciferase mRNA expression were determined 

by preparing cDNA and analysis by real-time PCR. SK-MEL-28 cells at 80% 

confluency were transfected with pEF-luc construct as described in the methods section 

for 10cm dishes. At 18h post-transfection, cells were sub-cultured into 6-well dishes 

and were treated or not with 500IU/ml IFNβ for a further 12h before extracting total 

RNA. (C) Specificity of the reaction was analysed by PAGE of DNA products from the 

end point of real-time PCR and were visualized by ethidium bromide staining (M, 

molecular weight markers). (D) Fold induction of ISG15, ISG54 and luciferase gene 

expression by IFNβ, determined from real time PCR results. All graphically presented 

results show the mean values ± SE (n = at least 3).
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3.2.4 GFP expression levels detected by green fluorescence in transfectants are not 

significantly affected by IFN treatment.

GFP, either by itself or fused to another protein, has been commonly used as a reporter 

system for gene expression analysis (March et al., 2003). Fluorescence microscopy and 

flow cytometry analysis of GFP expression provides a method for evaluating 

transfection efficiencies and gene expression at the single-cell level. Fluorescence 

microscopy was routinely used to evaluate transfection efficiencies and visually 

counting the percentage of cells expressing GFP (typical examples are shown in 

photomicrograph fields in Figure 3.6A. Flow cytometry analysis of GFP expression 

was utilized in evaluating transfection efficiencies for SK-MEL-28 cells transfected 

with the vector, pBOS-H3-N-GFP (Figure 3.6B). pBOS-H3-N-GFP is a histone H3-

GFP recombinant expression vector. In this vector, the gene encoding H3-GFP is 

controlled by the EF-1α promoter, the same promoter present in the pEF-luc vector 

used above to examine the effects of type I IFNs on firefly luciferase expression. To

determine whether treatment with type I IFN affected GFP expression, SK-MEL-28 

cells were transiently transfected with the histone H3-GFP recombinant expression 

vector using LipofectamineTM 2000. At 24h post-transfection, cells were cultured with 

or without 500IU/ml IFNβ or 1000IU/ml IFNγ for 16h. For the GFP experiments, 

transfected cells were either left untreated or were stimulated with 500 IU/ml IFNβ or 

1000 IU/ml IFNγ for 16h.  The results from fluorescence cytometric analysis of GFP 

fluorescence activity at 16h after IFN treatment indicated no significant differences in 

the mean levels (in fluorescence intensities P > 0.05) between the populations of IFN-

stimulated versus untreated control cells (Figure 3.7C).  
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Figure 3.6 Detection of histone H3-GFP reporter gene expression.

A) Cells were transfected with 1µg pBOS-H3-N-GFP construct using Fugene 6. After 

42h to allow for expression in the nucleus, photomicrographs were taken of HeLa S3 

cells expressing the H3-GFP. Overlay of Fluorescence (dark field and light field). B)  

SK-MEL-28 cells were transfected with the H3-GFP reporter vector using 

Lipofectamine 2000. Levels of cells expressing GFP in the pBOS-H3-N-GFP 

transfected (black trace) or untransfected cells (red trace) were analysed by flow 

cytometry. Marker 1 (M1 = approximately 32%) indicates the gating used for GFP 

positive cells.
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Figure 3.7 Type I IFN does not affect levels of histone H3-GFP reporter gene 

expression.

SK-MEL-28 cells were transfected with the H3-GFP reporter vector using 

Lipofectamine 2000. At 24h post-transfection, cells were cultured with or without 

500IU/ml IFNβ or 1000IU/ml IFNγ for 16h. Levels of fluorescence activity were 

analysed in the transfected cells by flow cytometry. A & B) representative examples of 

quadrant analysis for GFP versus PI positivity of untreated (A) and IFNβ treated (B) 

cells. C) GFP fluorescence results are presented as fluorescence intensity and the mean 

values ± SE, (n = at least 3), are shown.
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3.3 Discussion

The commercially available Dual-luciferase reporter enzyme systems are widely used 

in studies of gene regulation. The findings reported here, suggest that the activities of 

the modified firefly and Renilla luciferase are both inhibited by IFNα/β treatment in

gene reporter assays (Figure 3.1 & 3.2). This finding has substantive implications for 

the interpretation of data in studies employing this model system for gene expression 

analysis. Analysis of expression from a transfected vector expressing encoded histone 

H3-GFP by fluorescent activity over similar time periods indicated no significant 

differences in the levels of expression between IFN-treated and -untreated cells (Figure 

3.7C). Thus, histone H3-GFP gene expression as measured by fluorescence levels is not 

sensitive to the inhibitory effects of type I IFN in the same manner as observed for the 

luciferases. This result would indicate that GFP based reporter vectors might be the 

preferred method for the study of IFN responsive genes and their regulation. However, 

this is challenged by the high levels of background autofluorescence exhibited by cells 

at the same emission wavelength as that of GFP (Niswender et al., 1995). In addition, it 

has been found that the sensitivity of reporter assays involving GFP are limited by the 

long term stability of GFP (Li et al., 1998). Concordantly, GFP stability might also 

explain the lack of sensitivity of GFP to the inhibitory effects of type I IFN in the same 

manner as observed for the luciferases. In this study, H3-GFP fluorescent activity was 

analysed after 16h of IFN treatment (Figure 3.7). Given the stability of GFP, future 

studies could investigate the effect of IFN treatment on GFP fluorescent activity over 

longer time periods.

The value of the luciferase reporter constructs is that they generate strong signals and 

have a large dynamic range, allowing for the detection of low to very high induced 

levels of expression above background. The results of this study suggest that data 

collected following luciferase reporter construct transfection assays should be 

considered within the context of the effects of the biological test agent or cytokine used.

Undoubtedly, continued use of luciferase in situations such as the ISG15 promoter 

(Figure 3.5A, 3.5B) is appropriate where the effects of IFN are substantial and 

induction above background is readily discerned. Where the IFN induction is 

marginally significant or undetectable it may be possible to reduce the incubation times 
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with IFNα/β to 8h, as no significant type I IFN-associated luciferase inhibition was 

observed at this time point as was demonstrated in the IFN treatment time-course 

experiment (Figure 3.1D).

The type I IFN induced reduction in luciferase activity was not the result of cytotoxic 

effects of IFN. IFN treatment can cause up-regulation of genes involved in stress 

response and apoptosis (Taylor et al., 2004).  However, results in this chapter revealed 

no significant difference in the percentage of PI staining at 16h detected in the IFN-

treated versus control SK-MEL-28 melanoma cells (Figure 3.4A).  This is consistent 

with findings from other studies, where it has been reported that IFN-mediated 

induction of apoptosis in IFN-sensitive melanoma cell lines is a late response, occurring 

approximately 48h of IFNβ treatment (Chawla-Sarkar et al., 2001; Chawla-Sarkar et 

al., 2003).  Furthermore, the cytotoxicity assays, based on assaying reporter enzyme 

levels of cell supernatants, revealed that IFNβ treatment (for up to 48h) did not 

significantly alter the release of luciferase activity (Figure 3.3). Thus, the experimental 

results from PI staining and supernatant activity assays, when considered together, rule 

out the possibility that the observed IFNβ-mediated changes in luciferase activity were 

caused by compromised cell membrane permeabilization or associated cytotoxic effects 

of IFN.  

The type I IFN-mediated reduction in levels of luciferase activity was also unlikely to 

be mediated by effects of IFN at the transcriptional level.  With no difference in 

luciferase transcript levels detected between IFN-treated and untreated cells (Figure 

3.5C & 3.5D), it was concluded that the type I IFN-mediated reduction in levels of 

luciferase activity was most probably mediated by events occurring at the post-

transcriptional level. In addition, the inhibition of luciferase activity was unlikely to be 

the result of differences in the promoters controlling the reporter genes used in this 

study. Thus, the firefly luciferase and GFP reporter genes, both under the control of the 

EF-1α promoter, were both not inhibited by IFN. In addition, the Renilla luciferase 

reporter gene, under the control of SV40 Large T promoter, similar to the firefly 

luciferase reporter gene, was inhibited by IFN. 
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Regulation of protein synthesis is one mechanism that could explain the observed IFN-

mediated inhibition of luciferase activity.  The effects of IFN treatment on gene 

expression include downregulation of genes associated with protein synthesis (Taylor et 

al., 2004).  At the post-transcriptional level, it has been shown that expression of the 

ISG P56 by IFNβ causes the inhibition of overall cellular protein synthesis through 

inhibition of eIF-3 function in cells (Guo et al., 2000).  In addition, their study revealed 

that co-transfection of cells with a P56 expression vector and a luciferase reporter 

construct resulted in the inhibition of luciferase protein synthesis (Guo et al., 2000).  

The results provide evidence for the inhibitory action of IFNα and IFNβ on the levels 

of both firefly and Renilla luciferase reporter activity expressed in transfected cells. As 

the type I IFN-mediated reduction in luciferase activity required an incubation time 

greater than 8h, it follows that the suppression of the transfected reporter gene 

expression may well be mediated through the de novo synthesis of an ISG encoded 

protein intermediate, such as P56. The results are also in agreement with the proposal 

that the type I IFN acts at the level of luciferase protein synthesis or turnover.  Further 

studies will be required to determine the precise mechanism of the type I IFN mediated 

reduction in luciferase activity expressed in transfected cells and whether the effect is 

mediated by P56 expression or other IFN regulated activity affecting protein synthesis 

(Caraglia et al., 2004).

By 16-24h after type I IFN treatment, the degree of IFN mediated suppression in the 

firefly luciferase expression was found to be greater than that observed for Renilla

luciferase expression, whereas no significant effect was found on H3-GFP expression 

(Figure 3.1D, 3.2 & 3.7C). Therefore, in terms of data normalization, given that the 

percentage reduction in Renilla luciferase activity was less than that observed for the 

firefly luciferase, in this case, use of Renilla as the internal control standard would only 

have partly compensated for the influence of IFN treatment on the activity of the firefly 

reporter gene. As a consequence, standardizing the data in this manner would have 

produced inaccurate or misleading results when attempting to study gene regulatory 

elements, particularly if they were only weakly responsive to type I IFNs. Additionally, 

on the basis of the preliminary findings reported in Ghazawi et al., (2005) it follows 
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that caution must be applied with respect to the levels of Renilla vector DNA 

transfected as an internal standard in co-transfection experiments. It was demonstrated 

using a titration experiment (carried out by Cutler, S. J.), that the outputs from co-

transfected pEF-luc firefly luciferase and Renilla luciferase were reduced when the 

amounts of Renilla vector DNA used in transfection exceeded 40ng (Ghazawi et al., 

2005).   

The differences in the extent of type I IFN affecting the three different reporter genes 

indicates that IFN-mediated regulation occurred by a selective rather than by a general 

mechanism whereby total cellular protein synthesis was inhibited. In this event, 

translational regulation by type I IFN would be occurring in a targeted mRNA-specific 

manner (Macdonald, 2001).   Thus, the present model system could form a useful basis 

for the further analysis of the effects of type I IFNs on the selective 

transcription/translation coupling of the ISGs. In summary, this chapter raises a number 

of limitations and complications associated with use of dual luciferase reporter gene 

systems and the analysis of genetic regulation of type I IFN sensitive genes. The 

evidence supports a direct inhibitory effect of type I IFNs on the expression of both 

firefly luciferase and Renilla luciferase activity in studies where these transfection 

reporter assay systems are employed. Caution is therefore required in the interpretation 

of data from studies of IFN responsive gene regulation employing luciferase reporter 

systems.
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Chapter 4 : 

Differential binding of STAT1 versus STAT3 to DNA 

recognition elements
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4.1 Introduction 

The cytokines, IL-6 and have many unique functions in signalling to immune 

cells (Bach et al., 1997; Taga and Kishimoto, 1997; Heinrich et al., 2003) with IL-6 

considered a growth factor, whereas is mostly an inhibitor of cell growth. A 

long standing problem in cytokine biology has been understanding the mechanisms 

whereby the cytokines, such as IL-6 and , with their unique properties, signal in 

a specific manner to regulate their distinct sets of expressed genes. The major 

-6 are mediated through the JAK/STAT signalling 

pathways dependent on STAT1 and STAT3 activities, respectively.  However, in cells 

lacking STAT1,  activates STAT3 and conversely, in cells lacking STAT3, IL-6 

activates STAT1 (reviewed in Ramana et al., 2002; Stark, 2007). Two motifs of 

gp130 (Tyr905 and Tyr915), the signalling subunit of the IL-6 receptor, contribute to 

both STAT1 and STAT3 phosphorylation (Stahl et al., 1995; Gerhartz et al., 1996). 

The Tyr419 motif of murine IFNGR1 is required for both STAT1 and STAT3 

activation by IFN (Qing 

and Stark, 2004) and by analogy, this competitive binding may also apply to gp130. 

Qing and Stark (2004) reported that in STAT1-null mouse embryo fibroblasts

(MEFs), mediates a stronger and more prolonged activation of STAT3, and that 

SRC-family kinases were also required for the activation. Hence, the signal specificity 

problem is further compounded by studies where switching of the IFN -like response

to an IL-6 response occurs when STAT1 is deficient. Qing and Stark, (2004) also 

demonstrated that STAT3 activation by IFN (1000IU/mL) for 2-4h in STAT1-null 

MEFs induced the transcriptional expression of certain -regulated genes, such as 

SOCS3 (Gatto et al., 2004), as well as inducing multiple genes normally regulated 

only by IL-6, including C/EBP (Cantwell et al., 1998) and (Kojima et al., 

1996). In STAT1-null MEFs,  induced the transcriptional expression of the Myc

gene, encoding a transcription factor involved in proliferative responses.  This is 

unusual because expression of the Myc -activated STAT1 in 

the wild type MEFs (Ramana et al., 2000b) and Myc repression 

found in many different cell types (Asao and Fu, 2000; Ramana et al., 2000b).  

in STAT1-null immature myeloid 
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cells (Gil et al., 2001). In addition, it was reported that activated STAT3 antagonized

the proapoptotic effects of IFN- (Shen et al., 2001).  Thus, the 

possibility of changing to an IL-6-like response with IFN activating STAT3 in the 

absence of STAT1 must be considered as a consequence of STAT1 being deficient in

tumours.  As a result, it follows that IFN  treatment of cancer patients who have 

tumours or immune cells deficient in STAT1 would not initiate growth arrest and 

apoptosis of the cancer cells.  Rather, on the contrary, this situation would possibly 

result in promoting the proliferation and cell survival mediated by STAT3.

The converse process has also been found to occur in that switching of the IL-6 

response to an IFN -like response will result when STAT3 is deficient.  Thus, Costa-

Pereira et al., (2002) reported that in MEF’s deficient in STAT3, IL-6 mediates an 

- -

inducible genes were observed.  Intriguingly, some studies have reported that STAT1 

activated in response to IL-6 or OSM appears defective in mediating the transcription 

of STAT1-dependent genes (Costa-Pereira et al., 2002; Mahboubi and Pober, 2002).

The reasons for this are not clear but STAT1/3 heterodimers, as well as the relative 

abundance of STAT1 and STAT3 in cells may be possible mechanisms contributing 

to the differences in the function of STAT1 reported in these conflicting studies.

It should be noted that the mere presence of tyrosine phosphorylated and activated 

STAT protein is not necessarily sufficient to confirm their role in gene induction. 

Stable STAT binding and chromatin accumulation is required for transcriptional 

activation and many early reports failed to analyse this in their studies.  In addition, 

DNA-binding preferences that are evident from in vitro DNA-binding assays (such as 

EMSA), or DNA dissociation rates of STAT3 compared with STAT1 do not 

necessarily explain the STAT-specific preference and binding accumulation on a 

given promoter target in chromatin (Yang et al., 2003). Thus, unlike , IL-6 

activates transcription of the c-fos gene in normal cells. Yang et al., (2003) suggested 

a potential role for STAT3 interaction with other nuclear proteins present on the c-fos

promoter region as the basis for the selectivity of STAT binding and retention to 

chromatin. Similarly, although both STAT1 and not STAT3 can bind to the IRF-1

SBE in normal cells, only STAT1 efficiently activates IRF-1 gene transcription (Yang
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et al., 2003).  Thus, the differential transcriptional regulation by STAT1 and STAT3 

on the IRF-1 gene is consistent with the biological effects of IRF-1 as a proapoptotic 

protein (Tanaka et al., 1994) whereas c-fos gene expression is associated with cell 

proliferation and survival (Karin et al., 1997).   

The accumulating evidence indicates that STAT1 and STAT3 target gene selection 

and induction may be determined by preferences in their DNA sequence specificity. 

Hence, although homodimers of STAT1 and STAT3 can bind to sequences with the 

same palindromic core (TTCN3-4GAA), nevertheless, STAT1 and STAT3 can be 

distinguished based on a more refined analysis of their DNA sequence binding 

specificity. This is particularly relevant when examining low affinity DNA binding 

sites (Horvath et al., 1995; Ehret et al., 2001). However, no definitive studies have yet 

been reported in which the specific differences between STAT1 and STAT3 for SBEs 

has been defined. Thus, differences in DNA-binding preferences, and selective factor 

retention or activity could be one mechanism determining STAT specificity and 

activation of different promoters. It follows that these issues should be carefully 

considered when investigating gene regulation by STAT proteins.  Hence, the purpose 

of this section of the thesis was aimed at carrying out a detailed analysis comparing 

between STAT1- and STAT3-specific DNA binding sequences using purpose-

designed reporter gene expression constructs in studies of STAT1- and/or STAT3-

dependent gene activation and inducibility by cytokines such as IFN and IL-6.
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4.2 Results

4.2.1 Comparison between STAT1 and STAT3 DNA binding sites

A comparison of STAT Binding Element (SBE) sequences from published and 

characterised STAT1 and STAT3 regulated genes by visual inspection and alignment 

(shown in Table 4.1) revealed that these SBEs with canonical sequence 5’-

TTCNNNGAA-3’ commonly contained the palindromic TT-AA motif. In general the 

TT-AA palindromic motif was spaced apart by five to six intervening nucleotides. It 

was evident from STAT1/3 binding preferences to the MYC SBE (shown in Table 1) 

that a spacing of six intervening nucleotides was less favoured by STAT1.  

Intriguingly, several known SBEs conferring IL-6 responsiveness (also known as 

acute phase response elements; APREs), including JunB-, STAT3- and C/EBP -SBEs 

(shown in Table 4.1) contain a CA (CAG) 3’ half-site instead of the canonical GAA 

and selectively bind to complexes containing STAT3. This suggests that the AA 

dinucleotide was likely to be more important for STAT1 binding and activation 

whereas CAG favoured STAT3. 
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Table 4.1: Sequences of STAT1 and/or STAT3 binding sites (SBEs) from a 

number of studied cytokine-inducible genes. 

Relative binding 
to:Gene SBE

STAT1 STAT3

Reference(s)

Murine C/EBP TCG TT CCCAG CAG CA - + (Cantwell et al., 1998)

Rat TGT TT CCCAG  AA GTT + + (Cantwell et al., 1998)

Rat 2-m GAA TT CCCAG  AA GGA + + (Harroch et al., 1994; Liu and 
Fuller, 1995)

Human TIMP1 TGC AT CCAGG  AA GCC + ++ (Korzus et al., 1997)

Human MMP1 GGC TT TCTGG  AA GGG ++ + (Korzus et al., 1997)

IRF-1 GAT TT CCCCG  AA TGA ++ + (Pine et al., 1994; Yang et al., 
2003)

SOCS3 CAG TT CCAGG AA TCG +(+) + (Auernhammer et al., 1999; Gatto
et al., 2004)

Human MYC GGC TT GGCGGGAAAA + ++ (Kiuchi et al., 1999)

artificial SBE    TA TT CCTTT  AA GT + - (Lamb et al., 1995)

Murine STAT3 GAG TT CCTGGCAG TG - + (Ichiba et al., 1998)

Murine JunB CGC TT CCTGACAG TG - + (Coffer et al., 1995)

Human c-fos CAG TT CCCGTCAA TC + ++ (Yang et al., 2003)

Human ICAM-1 GGT TT CCGGG  AA AGC ++ + (Look et al., 1994; Caldenhoven
et al., 1995; Look et al., 1995; 
Naik et al., 1997)

Conclude: TT    N5 AA + +

TT    N6 AA + ++

    TT    N5    CA(G) - +

Binding (+) or lack of binding (-) of each SBE to STAT1 and STAT3. 
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4.2.2 Controls for STAT1- and STAT3-dependent gene activation

Based on the comparison of STAT binding sites from Table 4.1, control luciferase 

reporter constructs predicted to be activated specifically by STAT1 or STAT3 were 

developed and tested in various cell lines with differing expression levels of STAT 

proteins. In the context of reporter gene assays, multimerized STAT-binding 

elements have been shown to 

and IL-6, than using a single SBE (Lamb et al., 1995). Therefore, multiple copies of 

specific STAT binding elements were inserted into each of the DNA reporter 

constructs made in order to amplify the responses. 

4.2.2.1 STAT1-specific responsive luciferase reporter construct

A luciferase reporter construct, ICAM1-GAS-Luc (previously prepared by PhD 

students Samuel Cutler and Renata Zubilova in the Ralph laboratory), containing two 

copies of a STAT1-specific binding sequence (TTCCGGGAA) was based on the 

GAS element from the human ICAM-1 gene and the pGAS-TA-Luc commercial 

vector (Clontech). The ICAM1-GAS-Luc was characterised to be significantly 

responsive to IF -MEL-28 cells transfected with the ICAM1-GAS-Luc 

construct showed significant induction in response to IFNγ (1000 IU/ml) treatment, 

producing an approximately 44-fold increase in the luciferase activity above the basal 

level, but was not responsive to IL-6 stimulation (Figure 4.1).  The same IL-6

preparation was used in subsequent studies (for example Figure 4.4), where IL-6 was 

shown to be active, indicating that the ICAM1-GAS-Luc is not inducible by IL-6. In 

a titration experiment, increasing amounts of IFNγ from 50-1000 IU/ml showed a 

dose response with increasing luciferase activity induced and detected in the SK-

MEL-28 transfectants (Figure 4.2).  Thus, the ICAM1-GAS-Luc construct was 

confirmed to be useful as a control for studies of STAT1-specific gene activation and

inducibility by IFNγ.
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Figure 4.1: Characterisation of the ICAM1-GAS-Luc activity in SK-MEL-28.

SK-MEL-28 cells (3 x 104/well) were cultured in a 24-well tissue culture plate for 

approximately 24 hours prior to transfection. Cells were co-transfected with 1.5 µg 

ICAM1-GAS-Luc along with 0.01 µg µg phRL-SV40 (a control plasmid expressing 

Renilla luciferase) using Lipofectamine 2000. 24 hours after transfection, cells were 

treated with IFNγ (1000 IU/ml) or IL-6 (30 ng/ml) for approximately 18 h before 

measuring luciferase activity. Data are presented as the mean normalized luciferase 

activity (RLU); error bars represent SEM (n = 3).
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Figure 4.2: Dose response of Luciferase expression from the ICAM1-GAS-Luc to 

IFN

SK-MEL-28 cells (3 x 104/well) were cultured in a 24-well tissue culture plate for 

approximately 24 hours prior to transfection. Cells were transfected with 1.5 µg 

ICAM1-GAS-Luc along with 0.01 µg µg phRL-SV40 using Lipofectamine 2000. 24 

hours after transfection, cells were treated with IFNγ (50, 100, 200, 300, 500 or 1000 

IU/ml) for approximately 18 h before measuring luciferase activity. Data are 

presented as the mean normalized luciferase activity (RLU) ± SEM (n=6).
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4.2.2.2 STAT3-specific responsive luciferase gene reporter construct

Two luciferase reporter constructs, JunB-Luc (previously prepared by Samuel Cutler 

and Renata Zubilova in the Ralph laboratory) and JunB-TA-Luc (prepared in this 

study by annealing complementary oligonucleotides as follows: 5’-

CTTCCTGACA(×2)GTGACGCGAAGCAGATCTGGGTATAAA-3’ and 5’GATCT

TTATACCCAGATCTGCTTCGCGTCACTGTCAGGAA(×2)GGTAC-3’), each 

reporter containing two copies of a STAT3 specific sequence, were examined for their 

inducibility by IL-6 stimulation.  The GAS element (TTCCTGACA(G); Table 4.1) in 

these constructs comprises the STAT3-specific binding sequence from the JunB

promoter region (Coffer et al., 1995; Cantwell et al., 1998).  However, analysis of the 

first reporter construct JunB-Luc in SK-MEL-28 transfectants indicated no significant 

increase in the luciferase activity in response to IL-6 (30 ng/ml) stimulation (Figure 

4.3).  The IL-6 induced transcriptional activation of several genes, including STAT3

and JunB was shown previously to require both STAT3 and CRE-binding proteins 

(Coffer et al., 1995; Ichiba et al., 1998). The JunB-TA-Luc construct containing an 

additional CRE-like site from the JunB promoter region (Coffer et al., 1995; Cantwell

et al., 1998) and a TATA box was significantly responsive (P = 0.0021) to IL-6 in 

HepG2 transfectants, producing a 2 fold upregulation (Figure 4.4). JunB-TA-Luc was 

less inducible by  and by cAMP. Combined treatment of IL-6 and cAMP 

produced a synergistic effect with approximately 4.5 fold upregulation (Figure 4.4; P

= 0.0019).  Thus, this construct was confirmed to be useful as a control for 

inducibility by IL-6 in studies of STAT3-dependent gene activation. The results also 

indicated that the HepG2 cells used were IL-6 responsive. 
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Figure 4.3: Characterization of the JunB-Luc activity in SK-MEL-28.

SK-MEL-28 cells (3 x 104/well) were cultured in a 24-well tissue culture plate for 

approximately 24 hours before transfection. Cells were transfected with 1.5 µg JunB-

Luc along with 0.01 µg µg phRL-SV40 using Lipofectamine 2000. 24 hours after 

transfection cells were treated with IL-6 (30 ng/ml) for approximately 18 h before 

measuring luciferase activity. Data are presented as the mean normalized luciferase 

activity (RLU); error bars represent SEM (n = 3). 
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Figure 4.4: Characterisation of the JunB-TA-Luc activity in HepG2 cells.

HepG2 cells (4 x 104/well) were cultured in a 24 x 2ml plate approximately 24h 

before they were transfected with 1µg JunB-TA-Luc along with 7ng phRL-SV40 

using 1.5µl JetPEI™. Approximately 24h after transfection, cells were treated with 

 (1000IU/mL), cAMP (0.3mM), IL-6 (10ng/mL) alone or cAMP and IL-6 for 18 

hours before assaying the luciferase activity. Data are presented as the mean 

normalized luciferase activity (RLU); error bars represent SEM (n = 4).
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4.2.3 Relative levels of STAT1 and STAT3 in different cell lines 

Inducible reporter constructs activated specifically by STAT1 or STAT3 were 

developed and tested in various cell lines with differing expression levels of STAT 

proteins.  STAT1 and STAT3 basal expression levels in melanoma cell lines with 

differing responsiveness to interferon were used as targets for transfection analyses. 

Total cell lysates were prepared from these cell lines and were analyzed by 

immunoblotting with antibodies to STAT1, STAT3 and α-tubulin (a house-keeping 

protein). The cell lines investigated included the human SK-MEL-28, SK-MEL-3 and 

MM96 melanoma cell lines with well characterized differences in responsiveness to 

interferon and a cell line established (using surgical biopsies of metastases removed 

from regional lymph nodes) from an IFN-resistant melanoma patient (Patient 1; 

Patient 1 cell lysates were a kind gift from Samuel Cutler). STAT1 and STAT3 levels 

were also determined in the human hepatocellular carcinoma cell line (HepG2) 

previously shown to express high levels of STAT3, the human prostate cancer cell 

line (PC3) deficient in STAT3 (Figure 4.5) (Spiotto and Chung, 2000), the human 

fibrosarcoma cell line expressing STAT1 (2fTGH; wild type) and a derivative sub-

line lacking STAT1 (U3A; Figure 4.5) (Pellegrini et al., 1989; McKendry et al., 1991; 

Muller et al., 1993). The relative levels of STAT1 and STAT3 were determined using 

Western blotting and comparing the ratios of densitometric values obtained for 

STAT1 and STAT3, respectively, to the densitometric values obtained for α-tubulin 

(Table 4.2). As expected, STAT1 and STAT3 proteins were not detected by 

immunoblotting in the U3A and PC3 cell lines, respectively (Figure 4.5).  STAT1 and 

STAT3 protein expression levels were both particularly high in HepG2 cells (Figure 

4.5).  Of the melanoma cell lines, the IFN-sensitive SK-MEL-28 cells contained the 

highest levels of STAT1, the less IFN-sensitive SK-MEL-3 cells contained 

intermediate levels and the IFN-resistant MM96 and melanoma Patient 1 cells 

contained the lowest levels of STAT1.  Conversely, STAT3 protein levels detected 

were the highest in Patient 1 cells and the lowest in SK-MEL-28 cells relative to the 

other melanoma cells (Table 4.2). From these results, no clear relationship between 

levels of STAT1 versus STAT3 proteins was observed in the cell lines examined. 
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Figure 4.5: STAT1 and STAT3 basal expression levels in different cell lines 

including melanoma cell lines with various sensitivities to interferon.

Total cell lysates of 1 x 107 cells prepared in 1 x RIPA buffer were subjected to 

immunoblotting. The primary antibodies used were: Panel A) mouse monoclonal anti-

STAT1; Panel B) mouse monoclonal anti-STAT3; Panel C) mouse monoclonal anti-

-tubulin. The secondary antibody used was an affinity purified, horseradish 

peroxidase (HRP) conjugated sheep anti-mouse IgG.
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Table 4.2: STAT1 and STAT3 levels in different cell lines including melanoma 

cell lines with various sensitivities to interferon.

Cell line §Densitometric 

value of STAT1/α-

tubulin 

†Densitometric 

value of STAT3/α-

tubulin

Ratio of STAT1/ 

STAT3

SK-MEL-28 1.48 0.17 8.7

SK-MEL-3 0.39 0.79 0.49

MM96 0.22 0.28 0.79

Patient 1 0.01 1.31 0.0076

HepG2 1.15 3.74 0.31

PC3 0.67 0.00 N/A

2FTGH 0.20 0.72 0.28

U3A 0.00 0.29 N/A

Chemi-DocTM XRS molecular imaging system (BIO-RAD) was used for 

luminescence detection and image acquisition. The Volume Tools in Quantity One® 

software was used to analyse boxed band intensities. The densitometric values shown 

were calculated by subtraction of background from the raw intensity values using the 

local background function of Quantity One®. Densitometric values for STAT1 or 

STAT3 were normalized relative to that of α-tubulin as loading control. 

§ Values derived from analysis of Fig 4.5 A

† Values derived from analysis of Fig 4.5 B
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4.2.4 -6 

Earlier in this chapter, responsiveness of SK-MEL-28 cells to IFNγ was demonstrated 

using the ICAM1-GAS-Luc reporter construct (Figure 4.1 and Figure 4.2).  Similarly,

sensitivity of HepG2 cells to IL-6 was demonstrated using the JunB-TA-Luc construct 

(Figure 4.4). Having characterised a range of different cell lines for their levels of 

STAT protein expression, the STAT1- and STAT3-specific reporter vectors 

developed in this study were then used for charactering the responsiveness of the 

-6.  In this manner, the cell responsiveness to 

these cytokines should provide support for the cytokine signalling specificity and its 

relationship to the relative levels of STAT1 and STAT3 in the different cell lines.

-6 treatments were investigated in the cell lines

2fTGH, U3A and PC3, given the specific deficiencies in STAT1 or STAT3. Cells 

transfected with the ICAM1-GAS-Luc construct were treated with

(1000IU/mL), cAMP (0.3mM) or IL-6 (20ng/mL) whereas cells transfected with the 

JunB-TA- -6 alone or cAMP plus IL-

6 for 18 hours. Gene reporter analysis of 2fTGH cells transfected with the ICAM1-

GAS-Luc construct showed significant induction (P <

approximately 15 fold upregulation (Figure 4.6A).  PC3 cells (STAT3 null) also 

showed a significant upregulation (P < 0.001) of the ICAM1-GAS-Luc in response to 

mulation (Figure 4.6C). Thus, the ICAM1-GAS-Luc construct was induced

by By contrast, 

U3A cells which are derived from 2fTGH, and lack STAT1, showed no increase in 

Figure 4.6B). This result supports a 

requirement for STAT1 to preferentially bind and activate the STAT binding site in 

the ICAM1-GAS-Luc construct.

No significant reporter induction was detected after 2fTGH cells transfected with 

ICAM1-GAS-Luc or JunB-TA-Luc constructs were treated with IL-6 (Figure 4.6A). 

Similarly, IL-6 stimulation of U3A cells produced a slight upregulation in luciferase 

activity from the ICAM1-GAS-Luc and no increase from the JunB-TA-Luc construct 

(Figure 4.6B).  The activity of the IL-6 cytokine had been previously validated using 

the JunB-TA-Luc construct in the IL-6 responsive cells, HepG2 (Figure 4.4). 
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Therefore, it was concluded most likely that 2fTGH and U3A cells were not sensitive 

to IL-6 stimulation. However, 2fTGH and U3A were significantly responsive to 

cAMP treatment. IL-6 stimulation of PC3 cells lacking STAT3 produced no 

significant change in luciferase activity from the JunB-TA-Luc construct (Figure 

4.6C), suggesting that the STAT binding site in this construct preferentially binds to 

STAT3. A significant increase in luciferase activity was obtained after -6 

stimulation of PC3 cells transfected with the ICAM1-GAS-Luc construct. Since PC3 

cells lack STAT3 it is likely that this upregulation is mediated through STAT1 

activation. From these preliminary data, it would appear that the relative abundance of 

STAT1 and STAT3 in cells may be possible mechanisms contributing to the 

differences in the STAT1 and STAT3 activities, as well as affecting cell 

-6.
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Figure 4.6: STAT reporter assays and inducibility by IFN  and IL-6 stimulation.

2fTGH (A), U3A (B) or PC3 (C) cells (4 x 104/well) were cultured in a 24 x 2ml plate 

approximately 24h before they were co-transfected with 1µg ICAM1-GAS-Luc or 

JunB-TA-Luc along with 7ng phRL-SV40 using 1.5µl JetPEI™. Cytokine treatment 

was started approximately 24h after transfection. Cells transfected with the ICAM1-

GAS-Luc construct were treated with  (1000IU/mL), cAMP (0.3mM) or IL-6

(20ng/mL) whereas cells transfected with the JunB-TA-Luc construct were treated 

-6 alone or cAMP and IL-6 for 18 hours before assaying the 

luciferase activity. Data are presented as the mean normalized luciferase activity 

(RLU); error bars represent SEM (n = 4).
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4.2.5 STAT1 and STAT3 Constitutive Overexpression and Activity 

STAT molecules are frequently constitutively activated in many cancers (reviewed in 

Bromberg and Darnell, 2000). Constitutively active forms of STAT molecules are 

particularly useful in studies investigating regulation of gene expression and the role 

of persistent STAT activation in tumourigenesis. For example, Bromberg and Darnell 

et al (1999) engineered a constitutively active form of STAT3 molecule to test the 

potency of STAT3 as a sole cellular transforming agent. The effects of overexpression 

of constitutively active forms of STAT1 (STAT1C) and STAT3 (STAT3C) on the

STAT-specific reporter vectors developed in this study were examined. The STAT1C 

expression vector, STAT1C/FLAG/pRc/EF-1α (Sironi and Ouchi, 2004) was kindly 

donated by Dr. Toru Ouchi and Dr. Juan Sironi. STAT1C contains cysteine 

substitutions for residues Arg656 and Asn658 within the C-terminal loop of the 

STAT1 SH2 domain. STAT1C expression in this construct is under the regulation of 

the highly active EF-1α promoter. The STAT3C expression vector, MSCV-STAT3C, 

a retroviral construct, was kindly donated by Professor Daniel Link (Washington 

University School of Medicine, St Louis, Missouri; (McLemore et al., 2001)). In this 

construct, STAT3C had been modified by substituting cysteine residues for both 

A661 and N663 of the murine STAT3 protein generating the mutation described by 

Bromberg and Darnell (1999). The two cysteine substitutions in the STAT1- or 

STAT3-SH2 domains were initially thought to produce constitutively active forms of 

STAT1 and STAT3 proteins. However, recent reports indicate that tyrosine 

phosphorylation is still required for STAT1C and STAT3C functional activation in 

cells (Li and Shaw, 2006; Liddle et al., 2006). 

In order to produce high level constitutive STAT3C expression pEF-neo-N9-STAT3C 

was constructed. As for STAT1C, in this construct STAT3C expression was placed 

under the control of the highly active EF-1α promoter. The pEF-neo-N9-STAT3C 

construct was generated by excising the STAT3C cDNA fragment from MSCV-

STAT3C vector at EcoRI sites and the fragment was then inserted in pCRScript Amp 

SK+ (Stratagene) using the same restriction sites. STAT3C cDNA fragment was 

excised from PCR-Script-(Amp) at NotI and ClaI sites and religated into pEF-neo-N9, 

that was amplified in ER2925 (Dam-and Dcm-) and restriction digested with NotI and 

ClaI, an enzyme sensitive to overlapping Dam DNA methylation. The pEF-neo-N9-
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STAT3C construct was confirmed by sequencing and functional assays using reporter 

gene analysis.   

4.2.5.1 The transcriptional activity of STAT1C in reporter assays

The transcriptional activity of STAT1C was examined in the presence or absence of 

I -transfection experiments with the STAT1-specific 

reporter vector, ICAM1-GAS-Luc. Three cell lines were selected for this study: 293T 

(a human embryonic kidney derived and readily transfectable cell line); MM96 (a 

STAT1 low level expressing melanoma cell line); and the HepG2 cell line which

expressed high STAT3 levels. Cells were co-transfected using FugeneHD and 

ICAM1-GAS-Luc together with either empty pGL3-Basic vector or with the STAT1C 

expression vector, STAT1C/FLAG/pRc/EF-1α. The combination of ICAM1-GAS-

Luc plus empty pGL3-Basic vector was required to equalise for the total amount of 

DNA used per transfection and was called control. Approximately 20 hours after 

transfection MM96 and HepG2 cells were treated with 1000 I

293T cells was initiated as early as 4 hours after transfection for a further 18 hours 

before measuring luciferase activity.  Two-way ANOVA of the 293T data showed a 

significant effect (P < 0.0001) revealing that the STAT1C expression vector greatly 

(6.4 fold induction) enhanced the basal rate of transcription from the STAT binding 

site of the ICAM1-GAS-Luc construct (Figure 4.7A) and also indicated that STAT1C

was constitutively active. The reporter alone control transfected 293T cells were 

significantly responsive to -test; 

P

of luciferase expression from the ICAM1-GAS-Luc construct in the 293T 

transfectants. A significant STAT1C effect (Two-way ANOVA; P < 0.0001) was also 

obtained for MM96 transfectants, where the STAT1C expression vector enhanced the 

basal rate of transcripti

treatment on ICAM1-GAS-Luc expression was also significant (P < 0.0001), 

producing a 9.2 fold and 5 fold induction above the level of the control cells (pGL3-

Basic vector) with the STAT1C expression vector transfected MM96 cells, 

treatment (P < 0.0001; Figure 4.7C). However, no significant additional effect of 
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STAT1C (P > 0.3) was observed in this cell line. These results would suggest that the 

endogenous levels of STAT1 in the HepG2 cell line are already saturating for 

expression. 
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Figure 4.7: The transcriptional activity of STAT1C in STAT-specific reporter 

assays.

Cells grown until approximately 80% confluent in 24-well plates were transiently co-

transfected with the ICAM1-GAS-Luc (0.8µg) together with either the STAT1C 

construct or pGL3-Basic vector (control) to give a total amount of 2µg DNA in 

addition to 7ng of the plasmid encoding Renilla luciferase (phRL-SV40) using 

FuGENE® HD (6µl). (A) Approximately 4 hours after transfection, 293T cells were 

and HepG2 (C) cells was initiated approximately 20 hours after transfection for a 

further 6 hours before measuring luciferase activity. Data are presented as the mean 

normalized luciferase activity (RLU); error bars represent SEM (n = 4).

ICAM1-GAS-Luc

Control STAT1C
0

5000

10000

15000

20000

R
L

U

A

B

C

MM96

293T

HepG2

Control STAT1C

Control STAT1C
0

10000

20000

30000

40000

50000

R
L

U

Control STAT1C
0

10000

20000

30000

40000

R
L

U

Control STAT1C

IFNγ
Untreated

Control STAT1C
0

5000

10000

15000

20000

R
L

U

A

B

C

MM96

293T

HepG2

Control STAT1C

Control STAT1C
0

10000

20000

30000

40000

50000

R
L

U

Control STAT1C
0

10000

20000

30000

40000

R
L

U

Control STAT1C

IFNγ
Untreated



113

4.2.5.2 The transcriptional activity of STAT3C on JunB and MYC promoter regions 

in gene reporter assays:

The effect of IL-6 on the transcriptional activity of STAT3C was examined in HepG2 

cells using transient co-transfection experiments with two different STAT3-activated 

reporter vectors that were developed in this study. The first STAT3-activated vector 

used was JunB-TA-Luc and the second vector was a MYC promoter reporter vector 

(2kb-MYC-promoter-Luc).  The second vector was selected to examine the effect of 

STAT3C expression on the promoter of the specific cell growth regulating target 

gene, MYC. Cells were co-transfected using FugeneHD with either the JunB-TA-Luc 

vector or the 2kb-MYC-promoter-Luc vector together with the empty pGL3-Basic 

vector or the STAT3C expression vector (pEF-neo-N9-STAT3C). Approximately 20 

hours after DNA transfection, HepG2 cells were treated with cAMP (0.3mM) or IL-6

(20ng/mL) for a further 6 hours before measuring luciferase activity. 

Analysis of the normalized luciferase data (RLU) indicated that in the HepG2 cells 

the presence of the STAT3C expression vector had no significant effect on the basal 

rate of transcription from the STAT binding site of the JunB-TA-Luc construct

(Figure 4.8). However, there was a significant synergistic effect of IL-6 treating the 

STAT3C transfected HepG2 cells (P < 0.0001). Hence, upon IL-6 stimulation, the 

luciferase expression in cells expressing STAT3C was remarkably enhanced, 

producing approximately a 30 fold upregulation of luciferase activity, compared to 

approximately only a 5 fold IL-6 induced upregulation of the JunB-TA-Luc reporter 

in transfected control cells (Figure 4.8). Six hours of cAMP treatment alone had no 

noticeable effect on expression. Similar results observed for JunB-TA-Luc were also 

obtained for HepG2 cells transfected with a 2kb-MYC-promoter-Luc which contains a 

well characterized STAT3 binding site (Figure 4.9) (Kiuchi et al., 1999). Once again, 

a strong synergistic effect was observed when STAT3C expression was combined 

with IL-6 stimulation (P < 0.0001). Upon IL-6 treatment, the luciferase expression in 

cells expressing STAT3C was markedly enhanced, producing approximately a 41 fold 

upregulation of reporter activity compared to approximately 2.5 fold induction of 

luciferase expression in control cells. Thus, these results support the hypothesis that 

STAT3C activates transcription from the STAT binding sites in the JunB-TA-Luc and 
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2kb-MYC-promoter-Luc constructs and IL-6 stimulation produces a synergistic effect 

on the transcriptional activity of STAT3C, presumably by further promoting its 

activation by tyrosine phosphorylation. 
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Figure 4.8: The transcriptional activity of STAT3C on the JunB promoter 

analysed in STAT-specific reporter assays.

HepG2 cells grown until approximately 80% confluent in wells of 24-well plates were 

transiently co-transfected with JunB-TA-Luc (0.8µg) together with either the 

STAT3C construct or pGL3-Basic vector (control) to give a total amount of 2µg DNA 

in addition to 7ng of the phRL-SV40 plasmid using FuGENE® HD (6µl). 

Approximately 20 hours after transfection, cells were treated with cAMP (0.3mM) or 

IL-6 (20ng/mL) for a further 6 hours before measuring luciferase activity. Data are 

presented as the mean normalized luciferase activity (RLU); error bars represent SEM 

(n = 4).
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Figure 4.9 STAT3C upregulates transcription from a 2kb human MYC promoter 

region in reporter assays.

HepG2 cells grown until approximately 80% confluent in wells of 24-well plates were 

transiently cotransfected with 2kb-MYC-promoter-Luc (0.8µg) together with either 

the STAT3C construct or pGL3-Basic vector (control) to give a total amount of 2µg 

DNA in addition to 7ng of the phRL-SV40 plasmid using FuGENE® HD (6µl). 

Approximately 20 hours after transfection cells were treated with IL-6 (20ng/mL) for 

a further 6 hours before measuring luciferase activity. Data are presented as the mean 

normalized luciferase activity (RLU); error bars represent SEM (n = 4).
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4.3 Discussion 

Differences in DNA-binding preferences can determine STAT protein specificity and 

activation of different gene promoters. Relatively few studies have been reported 

which compare the DNA sequence binding specificity of different STAT proteins. In 

this report, we compared STAT1- and STAT3-specific DNA-binding sequences from 

several STAT-regulated genes.  The investigation also included a comparison of the 

relative levels of STAT1 and STAT3 protein expression in several different cell lines, 

including human melanoma cells. Several different gene reporter and expression 

constructs were prepared, some of which served as positive controls for the studies of

STAT1- and/or STAT3-dependent gene activation and inducibility by the two 

cytokines, IL-6 and IFNγ. 

A comparison among the reported STAT1 and STAT3 cis-acting elements (Table 4.1) 

from different STAT-responsive genes indicated several characteristics by which 

STAT1 differs from STAT3. Based on Table 4.1, firstly, there is the issue of the 

spacing separating the binding half sites and for both STAT1 and STAT3, half-sites 

spaced between five to six base pairs apart (TTN(5-6)AA) are observed. Thus, STAT1 

has been reported to show a reduced preference for TTN6AA binding sites 

(TTN5C/GAA), such as the MYC STAT3 binding site, with half-sites spaced apart by 

six base pairs (Table 4.1) (Kiuchi et al., 1999). Becker et al. (1998) suggested that the 

difference in preference of STAT proteins for sites in which the two palindromic 

halves are spaced differently is more likely related to the capacity of these proteins to 

reorient their DNA-binding domains with respect to the dimerization interface to 

accommodate the extra base pair spacing. 

A second important specificity difference observed is the capacity of STAT3 to bind 

TTN5CAG palindromes with the 3’ CA(G) half-site, which would appear to be not 

recognised by STAT1 (Table 4.1). This suggests that the AA dinucleotide in the core 

TT-AA palindrome is important for STAT1 binding and activation whereas CA(G) 

particularly favours STAT3. This variation in the DNA binding preference could be 

explained by variations of specific DNA-interacting amino acid residues in STAT1 

and STAT3. Amino acid sequence alignment indicates that residues Cys468 and 

Arg417 in STAT3 are replaced with Ser462 and Lys413 in STAT1, respectively. 
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However, Arginine and Lysine have similar side chain polarities (Figure 4.10A). In 

contrast, cysteine (C) has a non-polar side chain while serine (S) has a hydroxy side 

group. Becker et al. (1998) indicated based on analysis of a crystal structure of the 

-DNA complex that the Cys468 residue of STAT3 contributes to a 

hydrophobic pocket that accommodates the methyl groups of thymines in the core 

TT-AA palindromic half-site base pairs (Figure 4.10B). Meanwhile, Chen et al.

(1998) suggested that the Asn460 residue of STAT1, which is also conserved in 

STAT3 (Asn466), is likely to be involved in the selection for the two A:T base pairs 

at the AA half-site in the core TT-AA palindrome (Figure 4.10C). 
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Figure 4.10 STAT1 and STAT3 interaction with DNA.

A) Section of amino acid sequence alignment of the core regions of human STAT1 

(alignment from Figure 1, Becker et al., 1998) and shows 

identical numbering also applies to the human STAT3 as shown. Blue closed circle 

indicates DNA-interacting amino acid residues in STAT1 and STAT3. Non-conserved

DNA-interacting amino acid residues, Cys468 in STAT3 and Ser462 in STAT1 are

boxed. B) A ribbon representation of the interaction of one STAT3 monomer with 

DNA.  Polar interactions are indicated by dashed lines. Cys468 residue contributes to 

a hydrophobic pocket (modified from Becker et al., 1998). C) A ribbon representation 

of the DNA binding domain structure and the DNA interacting regions of STAT1 

(reproduced from Chen et al., 1998). 
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Variations in the preference for the AA half-site base pairs in the core TT-AA 

palindrome and the selective binding of CA(G) half-site to STAT3 complexes could 

also be explained by sequence divergence in the C-terminal region of STAT 

molecules and their homodimer stability. Lin et al. (2009) speculated that the 

conformational changes that occur in the DNA-binding domain, which is related to 

the flexibility of the DNA-binding domain and the dimerization (SH2) domain, might 

explain the differential binding of STAT1 and STAT3 to DNA recognition elements. 

Molecular dynamics simulation studies observed a significant domain motion in the 

STAT3 dimer, compared to the STAT1 dimer, driven by enhanced STAT3 dimer 

stability and binding to the DNA (Lin et al., 2009). It has been reported that dimer 

stability is an important determinant of the differential DNA binding activity of 

(Park et 

al., 2000). Additional studies are needed to address how the STATs distinguish 

between different DNA target sequences. 

The variation observed in sequence preferences (Table 4.1) was utilized in designing 

reporter vectors activated specifically by STAT1 or STAT3. The ICAM1-GAS-Luc 

was found stimulation of cells that were 

characterized to express significant levels of STAT1 (SK-MEL-28, 2fTGH and PC3). 

In contrast, U3A cells, which are STAT1 deficient, showed no increase in luciferase 

expression from the ICAM1-GAS-Luc after  treatment. These data indicates that 

r of this STAT binding element is most likely restricted to 

STAT1 activity. Additionally, only a slight increase (1.2 fold upregulation) in

luciferase activity was observed in IL-6 stimulated U3A cells transfected with the 

ICAM1-GAS-Luc compared with 15 fold increase by  in the 2fTGH wild type 

cells (Figure 4.6). Unfortunately, these cells were found to be poorly responsive to IL-

6. Nevertheless, the data suggests that the STAT binding site in the ICAM1-GAS-Luc

construct preferentially favours STAT1 binding. Thus, the ICAM1-GAS-Luc 

construct is useful as a control for studies where STAT1-dependent gene activation 

and inducibility by IFNγ is assessed.
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The luciferase reporter construct, JunB-Luc, containing two copies of a STAT3 

specific sequence (TTCCTGACA, containing a CA half-site) from the JunB promoter 

region, was not inducible in SK-MEL-28 by IL-6 stimulation (Figure 4.3). This 

construct was not examined in HepG2, an IL-6 sensitive cell line. In contrast the 

JunB-TA-Luc construct was IL-6 responsive in HepG2 cells (Figure 4.4). The second 

GAS sequence in the JunB-TA-Luc construct contains a 3’ CAG half-site, an 

additional CRE-like site from the JunB promoter region and a TATA box. A CAG 3’-

GAS half-site is observed in several SBEs (Table 4.1; including JunB-, STAT3- and 

C/EBP -SBEs) that selectively bind to complexes containing STAT3. In addition, the 

IL-6 stimulation of cells lacking STAT3 produced no significant changes in luciferase 

expression from the JunB-TA-Luc vector (Figure 4.6C), and the JunB-TA-Luc 

construct was less responsive to  treatment (Figure 4.6C). Cantwell et al., (1998)

demonstrated that by replacing the C/EBP  STAT3 binding site with SBE’s featuring 

AA in their AA half-sites significantly increased responsiveness

observations considered together support the proposal that the STAT binding site in 

the JunB-TA-Luc construct preferentially favours STAT3 binding and activation. This 

is further supported by Kojima et al. (1996) who demonstrated that in IL-6 stimulated 

HepG2 cells both monoclonal and polyclonal anti-STAT1 antibodies failed in super-

shift assays to affect the complexes bound to a probe containing the JunB STAT3 

binding site, whereas a polyclonal antibody against STAT3 did significantly shift the 

DNA-STAT complex.

A synergistic effect was produced from the JunB-TA-Luc construct following the 

combined treatment with both IL-6 and cAMP (Figure 4.4).  It has been reported that 

a significant IL-6 induced transcriptional activation of the JunB gene requires both 

STAT3 and CRE-binding proteins (Coffer et al., 1995; Kojima et al., 1996). STAT

interaction with other DNA binding proteins has been shown to occur in several 

STAT regulated gene promoters (reviewed in Darnell, 1997).  Furthermore, in the 

context of reporter gene assays used in functional studies of and/ IL-6 inducible 

genes, minimal promoters and frequently the minimal JunB promoter containing the 

TATA sequence, are often cloned downstream of DNA promoter regions under 

investigation (Coffer et al., 1995; Lamb et al., 1995; Kojima et al., 1996; Ichiba et al., 

1998) Thus, it is concluded that this construct is useful as a control for IL-6-

inducibility studies of STAT3-dependent gene activation.
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The activity of STAT1C and STAT3C was examined in transient co-transfection 

experiments using the STAT-specific gene reporter vectors. Overexpression of 

STAT1C in HepG2 cells, which express relatively high endogenous levels of both 

STAT1 and STAT3 (Figure 4.5), showed no significant effect on the basal level of 

expression obtained from the ICAM1-GAS-Luc construct (Figure 4.7). However, 

significant STAT1C effects on the basal level of expression were obtained in 293T 

and MM96 cells, suggesting that STAT1C constitutively activates transcription from 

the STAT binding site in the ICAM1-GAS-Luc construct in cells with low 

endogenous STAT1. The ICAM1-GAS-Luc construct was inducible by 

stimulation of 293T, MM96, and particularly HepG2 cells (Figure 4.7). 

stimulation of 293T cells produced lower levels of activity from the ICAM1-GAS-

Luc construct, particularly in STAT1C transfected cells, where the basal level of 

expression from the ICAM1-GAS-Luc construct was already very high (Figure 4.7A). 

Tyrosine phosphorylation is obligatory for functional activation of STAT1C and 

STAT3C (Liddle et al., 2006). The activity of the constitutive STAT1C observed in 

unstimulated cells is speculated to be due to low-level basal phosphorylation that 

might also vary between different cell lines depending on autocrine levels of signal 

transduction. This might explain some of the variation in the STAT1C activity 

observed in the three different cell lines and suggests that the basal phosphorylation 

present in 293T is probably higher compared to the MM96 and HepG2 cell lines. 

Liddle et al. (2006) suggested the existence of a dynamic process within the cell, 

under unstimulated conditions, that involves both basal STAT phosphorylation and 

dephosphorylation. It has been demonstrated that STAT3C is tyrosine phosphorylated 

in MEF under basal conditions (Liddle et al., 2006) and that STAT1C and STAT3C 

display prolonged phosphorylation in cytokine-stimulated cells (Sironi and Ouchi, 

2004; Liddle et al., 2006). The elevated STATC, especially STAT3C activity 

observed in the IL-6 cytokine treated cells (Figure 4.8, 4.9) is consistent with these 

other reports (Li and Shaw, 2006; Liddle et al., 2006). Li and Shaw (2006) reported 

that the enhanced activity of STAT3C is due to elevated phospho-STAT3C dimer 

DNA-binding affinity resulting in a slower off-rate which protects it from 

dephosphorylation. An oncogenic role for constitutive activation of STAT3 in many 
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cancers has been reported and the generation of STAT3C, a constitutively active 

version of STAT3, contributed to the understanding of STAT protein function and its 

role in cancer. However, the results obtained here are consistent with the hypothesis 

that the relative affinities of the STAT molecules for binding to the GAS-like 

elements together with the relative cellular abundance of STAT1 versus STAT3 and 

variations in the phosphorylation levels reflecting their activation in cells are all likely

to dictate the STAT1 versus STAT3 response, as well as the outcome of cytokine 

stimulation. Further studies will be required to examine the different activities of 

STAT1 versus STAT3 and whether a reciprocal relationship exists in their 

transcriptional gene activation. Future studies which directly address the nature of 

binding site specificity will be required to determine which STAT protein directly and 

specifically binds to the consensus binding sites identified in this study. Such studies 

could include EMSA and Scatchard binding curve analysis. Although ChIP assays are 

also useful for this purpose, this method investigates the binding of transcription 

factors to promoter regions rather than to specific sites. The future studies should also 

address the activation states of the STAT proteins by investigating their 

phosphorylation status.
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Chapter 5 : 

The role of STAT5 in cancer cells and the regulation of the 

human MYC promoter by IFNγ
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5.1 Introduction

Aberrant expression of MYC is a major contributor to cell transformation and 

oncogenesis and MYC expression is deregulated in a variety of human tumours 

(Marcu et al., 1992). Similarly, constitutive activation of Signal Transducer and 

Activator of Transcription 5 (STAT5), a transcription factor that promotes cell 

proliferation and survival, contributes to oncogenesis (reviewed in Calo et al., 2003).  

STAT5 is constitutively activated in many leukemias and lymphomas (reviewed in 

Calo et al., 2003) and in several solid tumours including breast cancer (Nevalainen et 

al., 2004), prostate cancer (Li et al., 2004; Li et al., 2005), squamous cell carcinoma 

of the head and neck (SCCHN) (Xi et al., 2003; Koppikar et al., 2008) and melanoma 

(Mirmohammadsadegh et al., 2006). The focus of this chapter was to examine 

whether STAT5 was involved in the deregulated expression of MYC in melanoma. 

In general, patients with metastatic melanoma involving regional lymph nodes have a 

poor prognosis (Balch et al., 2001) and the currently approved adjuvant therapy, 

-2b, is associated with toxicity and has only modest clinical benefits (reviewed 

in Mocellin et al., 2010). Thus, there has been a need for the development of 

biomarkers with prognostic implications, predictive of therapeutic outcomes,

including survival and the risk of recurrence in cancer patients. Several studies have 

previously investigated the significance of MYC as a prognostic marker in melanoma 

(Ross and Wilson, 1998; Grover et al., 1999; Chana et al., 2002; Ramsden et al., 

2007). Ramsden et al. (2007) undertook a prospective analysis of MYC levels in 

malignant melanoma and found that MYC positivity was an independent factor in 

predicting poor survival. A recent study of gene expression analysis in melanoma 

lymph node samples from patients treated with high dose -2b showed a trend 

towards lower survival time in patients with a high ratio of MYC: STAT1 mRNA 

expression.  A similar trend was observed in patients with a high ratio of STAT5A: 

STAT1 mRNA expression (personal communication: Ralph, S.J. & Mellick, A.S.). 

Thus, these studies identified correspondingly high levels of MYC and STAT5A

mRNA expression relative to STAT1 as prognostic markers for survival and 

responsiveness of malignant melanoma patients to high dose -2b therapy. 
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The MYC gene is induced rapidly and transiently in many cell types treated with 

different proliferative signalling factors (reviewed in Wierstra and Alves, 2008). 

Interferons (IFNs) inhibit cell growth in a STAT1-dependent manner that involves 

suppressing MYC expression (Ramana et al., 2000b). Although the IFNs suppress the 

growth of many cell types (Balkwill and Taylor-Papadimitriou, 1978; Lin et al., 

1986), also promotes the growth of certain cells (Caux et al., 1992; Shiohara et 

al., 1993; Asao and Fu, 2000). MYC -induced 

activation of cell proliferation (Asao and Fu, 2000). Intriguingly, in those cell types 

whose growth is also activated by expression of the MYC gene is induced (Asao 

and Fu, 2000; Ramana et al., 2000b). 

In addition to activating STAT1, which is required for the IFNγ-induced 

antiproliferative effects (Bromberg et al., 1996), IFNγ also activates STAT3 and both 

STAT5A and STAT5B (Meinke et al., 1996; Woldman et al., 2001). However, the 

biological effects of IFNγ-triggered activation of STAT3 and STAT5 have not been 

very well defined. STAT5A and STAT5B proteins can be differentially activated,

contributing to cell-type-restricted signalling (Meinke et al., 1996). Although, both

activated STAT5A and STAT5B can bind to the same DNA element, nonetheless, 

they show differences in their kinetics of DNA binding, contributing to the differences 

in STAT5A and STAT5B DNA binding activity (Nelson et al., 2004). In addition, a 

single amino acid difference in the STAT5 proteins is crucial for the differential 

binding of STAT5A and STAT5B to DNA recognition elements (Boucheron et al., 

1998). 

Recent reports indicated that in human melanoma cell lines, STAT5 contributes to 

pro-survival by inhibiting apoptosis (Hassel et al., 2008). In addition, STAT5 

contributes to -induced STAT1 

activation (Wellbrock et al., 2005). Mirmohammadsadegh et al. (2006) showed that 

STAT5 phosphorylation in melanoma cells is important for survival and observed a 

significant upregulation of STAT5B transcripts and phosphorylation of STAT5 in 

human melanoma metastases. It has been suggested that STAT5 promotes 

tumourigenesis through induction of genes important for cell cycle progression and/or 

survival, including MYC and bcl-x (reviewed in Calo et al., 2003). STAT5-mediated 
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cell proliferation and induction of Myc, bcl-2, and bcl-x has been shown to depend on 

its trans-activation domain (TAD) (Lord et al., 2000), indicating a requirement for the 

ability to activate transcription.

STAT5 is implicated in the regulation of the MYC gene. Overexpression of STAT5A 

enhances the induction of the Myc gene (Lord et al., 2000) and expression was 

upregulated in the Ba/F3-1*6 cell line expressing a constitutively active form of 

STAT5A (Nosaka et al., 1999; Rascle et al., 2003). It has also been reported that the 

STAT5-mediated expression of Myc in response to IL-2 stimulation is an immediate 

early response and is independent of de novo protein synthesis (Lord et al., 2000; 

Moon et al., 2004), suggesting that STAT5 interacted directly with the Myc promoter. 

However, no functional STAT5 binding element(s) have yet been described in the 

MYC promoter. An IL-2-responsive element containing a GAS palindromic core 

sequence, TTCCAATAA, is present in the 5 -flanking region of the MYC gene and

has been confirmed to bind STAT4 (Grigorieva et al., 2000). Furthermore, STAT5 

was found not to be associated with the STAT3 binding site of the MYC promoter 

(Kiuchi et al., 1999).

This study further investigated the role of STAT5A, with the emphasis on IFNγ-

induced STAT5, in the regulation of the human MYC promoter in cancer cells. The 

focus was on STAT5A because previous studies in the laboratory had identified co-

association of high levels of MYC and STAT5A mRNA expression relative to STAT1

as prognostic markers for the poor survival and responsiveness of malignant 

melanoma patients to high dose -2b therapy. It was hypothesised that STAT5 

interacted directly with the MYC promoter. Visual inspection identified a putative 

STAT5 responsive element containing the STAT Binding Element (SBE) palindromic 

core sequence, TTCTCTGAA, within the proximal human MYC promoter. This 

sequence was located downstream from the MYC P2 and upstream from the CTG 

(CUG) translation initiation start site in exon 1 (Figure 5.1). Functional 

characterization included the use of STAT5 overexpression, cytokine induced 

activation, luciferase reporter assays of MYC promoter regions, in vitro site directed 

mutagenesis and ChIP assay analysis to verify STAT5 interaction with this promoter 

region. The findings presented in this chapter contribute more fully to the 
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understanding of the molecular mechanism by which IFNγ and STAT5 regulate MYC

gene expression in cancer cells. 

Figure 5.1: Schematic representation of the human MYC promoter.

Part of the human MYC gene with the first two exons, three promoters (P1, P2 and P3; 

P0 is not shown), as well as the CTG (CUG) and ATG (AUG) translation initiation 

start sites. A putative STAT5 binding site with the sequence TTCTCTGAA is also 

indicated. SBE: STAT Binding Element.
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5.2 Results

5.2.1 Generation of the A375-STAT5A human melanoma cell line

This study investigated the role of STAT5 in the regulation of the human MYC

promoter and A375, a melanoma cell line, was selected for study among other 

melanoma cell lines because this cell line was previously shown to be responsive to 

the activation of STAT5 by (Wellbrock et al., 2005) and EGF 

(Mirmohammadsadegh et al., 2006). To elucidate the role of STAT5 in the regulation 

of the human MYC promoter, A375-STAT5A was established as a cell line derived 

from A375 stably transfected to overexpress STAT5A. Wellbrock et al., (2005)

demonstrated that S  much stronger in A375 

cells transfected to overexpress STAT5A.           

5.2.1.1 STAT5A expression vector

The human STAT5A expression vector, STAT5A-pCi, was kindly donated by Dr 

Warren J. Leonard (Lin et al., 1996). In order to rapidly and efficiently produce stable 

expression of STAT5A in the transfected A375 cells, the pEFIRES-P-STAT5A was 

first constructed. In this construct, STAT5A expression was placed under the control 

of the highly active EF-1α promoter. In addition, the selectable marker in this vector 

was puromycin which acts rapidly to kill non-transfected cells. The presence of an 

internal ribosome entry site (IRES) in this vector allows for the transcription of both 

STAT5A cDNA and the puromycin resistance gene (pac) as a single mRNA. Thus, 

this ensures that any cells that are puromycin resistant also overexpress STAT5A. The 

pEFIRES-P-STAT5A construct was generated by excising the STAT5A cDNA 

fragment from STAT5A-pCi vector at XhoI and NotI sites and the fragment was then 

inserted in pEFIRES-P (Hobbs et al., 1998) using the same restriction sites. The 

pEFIRES-P-STAT5A construct was confirmed by restriction digestion and functional 

assays using Western Blotting and reporter gene analysis.   
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5.2.1.2 Stable transfection of A375 with the STAT5A expression vector

First, the responsiveness of the A375 melanoma cell line was determined to various 

puromycin concentrations, ranging from 0.5 - 5 µg/mL. Treatment of A375 cells 

(established in culture a day before treatment at 6 x 104 cells/well in a 24-well tissue 

culture plate) with 5, 4 or 3µg/mL puromycin resulted in 100% cell death after 

approximately 24 hours. Treatment with 2 and 1µg/mL puromycin required

approximately 2 and 4 days respectively, to produce 100% cell death. A375 cells were 

less sensitive to 0.5µg/mL puromycin. Thus, puromycin treatment at 1 or 2µg/mL 

concentrations was efficient at killing A375 cells, and these levels were therefore 

chosen to select for transfectants. In addition, it was noted that during selection by 

puromycin at these concentrations it was preferable no to subject the cells to stressful 

conditions such as overgrowth. 

A375 cells (~ 6 x 104/well) were cultured in a 24-well tissue culture plate for 

approximately 24 hours prior to transfection. Cells were transfected with 3µg 

pEFIRES-P-STAT5A using FuGENE® HD (9ul). Puromycin treatment of A375 

transfectants was initiated at 1µg/mL, approximately 24 hours after transfection. The 

puromycin concentration was increased to 2µg/mL in fresh media at approximately 48 

hours after transfection. When transfected cells had formed small colonies, by

approximately one week after transfection and puromycin selection, they were then 

passaged and maintained in 1µg/mL puromycin thereafter. In addition to the 

establishment of pooled clones of A375-STAT5A, clone 1 and clone 2 were also 

isolated by serial dilution from the initial A375-STAT5A cell passage.  

The establishment of the A375 derivative sub-line A375-STAT5A was confirmed by 

Western blotting and reporter gene assays. A clear difference in the STAT5 level of 

expression was observed by Western blot analysis of A375-STAT5A versus the 

parental cell line, A375 (Figure 5.2). Once the overexpression of STAT5 protein in 

A375-STAT5A was confirmed by Western Blot analysis, reporter gene assays were 

conducted to examine the transcriptional activity of the overexpressed STAT5. 

Initially, the ICAM1-GAS-Luc which was characterised to be responsive to 

(refer to chapter 4) was utilized for this experiment. A375 and A375-STAT5A cells 

were transfected with the ICAM1-GAS-
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stimulation of cells was initiated 9 hours after transfection for a further 17 hours. 

stimulation, the luciferase expression of the ICAM1-GAS-Luc reporter in 

A375-STAT5A cells stably transfected to overexpress STAT5A was appreciably 

enhanced, producing 4 fold upregulation (by T-test; P < 0.001; Figure 5.3) of 

luciferase activity, compared to approximately 1.4 fold upregulation (by T-test; P < 

0.05) in the A375 parental cells. These results indicated that the A375-STAT5A cell 

line overexpressed STAT5, which was transcriptionally activated upon cytokine 

stimulation. Therefore, the A375-STAT5A cell line was used in this study to further 

investigate the role of STAT5 in the regulation of the human MYC promoter.  
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Figure 5.2: STAT5A overexpression in A375-STAT5A cells.

Total cell lysates of 1 x 107 cells prepared in 1 x RIPA buffer were subjected to 

immunoblotting. The primary antibodies used were mouse monoclonal anti-STAT5 

(A-9; sc-74442, Santa Cruz Biotechnology; recommended for the detection of 

STAT5A and STAT5B) and mouse monoclonal anti- -tubulin. The secondary 

antibody used was an affinity purified, horseradish peroxidase (HRP) conjugated 

sheep anti-mouse IgG.
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Figure 5.3: The transcriptional activity of STAT5A in STAT-specific reporter 

assays.

A375 and A375-STAT5A cells grown until approximately 80% confluent in 24-well 

plates were transiently co-transfected with the ICAM1-GAS-Luc (0.5µg) and a 

control plasmid expressing Renilla luciferase (phRL-SV40; 30ng) using GenJet™ 

(1.2µl). Approximately 9 hours after transfection, cells were treated with 1000 IU/mL 

Data are presented as the 

mean normalized luciferase activity (RLU); error bars represent SEM (n = 4).
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5.2.2 Cytokine activation of STAT5 

STAT5 phosphorylation by cytokine stimulation of several different cancer cell lines

(including A431 and A375) was assessed by Western blot analysis. STAT5 activation

has been shown to be induced by a spectrum of cytokines and growth factors 

including IL-2, IL-3, IL-5, IL-6, IL-7, IL-9, 

epidermal growth factor (EGF), prolactin (PRL), granulocyte macrophage colony-

stimulating factor (GM-CSF) and erythropoietin (EPO) (reviewed in Grimley et al., 

1999). Cytokine activation of STAT5A and STAT5B entails the phosphorylation of 

Tyr694 and Tyr699, respectively (reviewed in Grimley et al., 1999).

5.2.2.1 EGF activation of STAT5 in A431 

The A431 squamous cell carcinoma cell line is extremely sensitive to EGF 

stimulation because they express very high levels of endogenous EGF receptor 

(EGFR), an approximately 170kDa protein. A431 cells are commonly used as a 

positive control for EGF stimulation and tyrosine phosphorylation of EGFR (Grahn 

and Isseroff, 2004) and are a useful model for studying EGFR downstream signalling 

cascades. It has been demonstrated that EGFR-STAT5 signalling induced MYC

expression (Yang et al., 2008). In the present study, activation of STAT5 by EGF in 

A431 cells was confirmed by Western immunoblotting analysis. A431 cells were 

treated with 20ng/mL EGF for 15min and strongly induced tyrosine phosphorylation 

of a protein of approximately 170kDa in size, as well as phosphorylation of STAT5 at 

Tyr694 (Figure 5.4). The phospho-STAT5 (P-STAT5) antibody (C11C5; Cell 

Signalling) utilised in this study only specifically detects STAT5A phosphorylation at 

Tyr694.
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Figure 5.4: EGF induced tyrosine phosphorylation of STAT5A in A431 cells.

Total A431cell lysates of 1 x 107 cells treated or untreated with 20ng/mL EGF for 

15min prepared in 1 x RIPA buffer were subjected to immunoblotting. The primary 

antibodies used were mouse monoclonal anti-phosphotyrosine PY20; rabbit 

monoclonal anti-phospho-STAT5A (Tyr694; C11C5; Cell Signalling); mouse 

monoclonal anti- -tubulin. The secondary antibodies used were affinity purified, 

horseradish peroxidase (HRP) conjugated sheep anti-mouse IgG and an affinity 

purified, HRP conjugated sheep anti-rabbit IgG.
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AT5 in A375 cell lines

In general, STAT5 tyrosine phosphorylation is not usually considered as part of the 

STAT5 activation has been reported to 

occur in a number of cell types (and in Grimley et al., 1999; reviewed in Gough et al., 

2008). Adach et al. (2009) demonstrated STAT5A phosphorylation on Tyr694 in 

nontransformed astrocytes after et al. (1996)

reported the -mediated activation of STAT5A in promonocytic U937 cells. 

-mediated signaling is considered to be cell type-specific, depending 

on the differential patterns of STAT activation, including STAT5A and STAT5B,

observed in different cells (reviewed in van Boxel-Dezaire and Stark, 2007). The 

A375 cell line is particularly responsive to IFN stimulation (Kortylewski et al., 2004; 

Wellbrock et al., 2005). In addition, it has been indicated that the A375 cell line is 

responsive to EGF stimulation. Mirmohammadsadegh et al. (2005; 2006) showed that 

STAT5 was phosphorylated within 15 minutes in A375 cells treated with 10 or 100 

ng/ml EGF. Therefore, activation of STAT5 by in this 

study using the A375 cell line.

Phosphorylation of STAT5A on Tyr694 after EGF (20ng/mL) stimulation of A375 or 

A375-STAT5A cells for 15min could not be detected by immunoblotting analysis 

(Figure 5.5A). In addition, EGF stimulation of A431 cells dramatically induced 

tyrosine phosphorylation of an approximately 170kDa protein corresponding to the 

EGFR, but not in the A375 cells (Figure 5.5B). Therefore, these results are 

inconsistent with the observations reported by Mirmohammadsadegh et al. (2005; 

2006), where EGF stimulation of A375 cells resulted in EGFR and STAT5 

phosphorylation. However, it could not be determined whether STAT5A, STAT5B or 

both, was being phosphorylated in response to EGF stimulation in the studies of 

Mirmohammadsadegh et al as the specificity of the P-STAT5 antibody they used was 

not shown.  In comparison, the P-STAT5 antibody (C11C5; Cell Signalling) reported 

here was known to be specific for detecting phosphorylated STAT5A. Hence, it is

possible that phosphorylation of STAT5B could explain the differences in the 

observed STAT5 phosphorylation in A375 by EGF. 
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the A375 cell line overexpressing STAT5A 

was confirmed by Western immunoblotting analysis. Phosphorylation of STAT5 at 

Tyr694 after /mL) stimulation for 15min was detectable in the A375-

STAT5A cells but not in A375 cells (Figure 5.6). STAT1 phosphorylation was 

observed in both A375 and A375- (Figure 5.6), 

75 

and A375-STAT5A were utilized for subsequent experiments, where the STAT5 role 

in the regulation of the MYC promoter in response to stimulation with different 

cytokines was investigated. Other cell lines, such as MM96 and SK-MEL-28 

melanoma cell lines, which express different levels of STAT5 and MYC (Figure 5.7), 

were also included in these studies.  
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Figure 5.5: EGF does not induce detectable tyrosine phosphorylation on STAT5 

in A375-STAT5A cells.

Total cell lysates prepared from 1 x 107 cells treated or untreated with 20ng/mL EGF 

for 15min were subjected to immunoblotting. The primary antibodies used were (A) 

rabbit monoclonal anti-phospho-STAT5 (Tyr694; C11C5, Cell Signaling), mouse 

monoclonal anti-STAT5 (A-9; sc-74442, Santa Cruz Biotechnology) and mouse 

monoclonal anti- -tubulin; (B) mouse monoclonal anti-phosphotyrosine, PY20. The 

secondary antibodies used were affinity purified, horseradish peroxidase (HRP) 

conjugated sheep anti-mouse IgG and affinity purified, HRP conjugated sheep anti-

rabbit IgG. This experiment was repeated at least twice.
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Figure 5.6:  induces tyrosine phosphorylation of STAT5 in A375-STAT5A 

cells. 

Total cell lysates of 1 x 107 cells treated or untreated with 1000IU/mL  for 15min

were prepared in 1 x RIPA buffer and were subjected to immunoblotting. The primary 

antibodies used were mouse monoclonal anti-STAT1 PY701 (BD Transduction 

Laboratories); rabbit monoclonal anti-phospho-STAT5 (Tyr694; C11C5, Cell 

Signaling); rabbit polyclonal anti-STAT5A (L-20; sc-1081, Santa Cruz 

Biotechnology); mouse monoclonal anti- -tubulin. The secondary antibodies used 

were affinity purified, horseradish peroxidase (HRP) conjugated sheep anti-mouse 

IgG and affinity purified, HRP conjugated sheep anti-rabbit IgG. This experiment was 

repeated at least twice.
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5.2.3 The expression levels of MYC and STAT proteins in melanoma cell lines

The protein expression levels of MYC, in A375, 

A375-STAT5A, SK-MEL-28 and MM96 melanoma cell lines, the latter two lines

with significant differences in cellular responsiveness to IFN, were examined. Total 

cell lysates were prepared and analyzed by immunoblotting with antibodies to 

and α-tubulin (as a house-keeping protein). The 

relative expression levels of MYC and each STAT protein were determined by 

comparing the ratios of densitometric values obtained to those for α-tubulin (Table 

5.1). 

A375-STAT5A overexpresses STAT5A by at least 6.8 fold compared to the parent 

cell line, A375 (Figure 5.7; Table 5.1). The MYC protein level was approximately 2 

fold higher in A375-STAT5A compared to the A375 cell line (Figure 5.7; Table 5.1). 

However, this observed difference in MYC expression was not consistently obtained 

over repeated experiments. SK-MEL-

compared to the other melanoma cell lines examined. Unexpectedly, the STAT5A 

protein was not detectable in the MM96 interferon-resistant melanoma cell line 

whereas STAT5B and MYC protein expression levels were noted to be particularly 

high in this cell line (Figure 5.7). Other studies have reported comparable expression 

levels of STAT5A and STAT5B proteins in the MM96 cell line (Wellbrock et al., 

2005).  In addition, Wellbrock et al. (2005) showed that STAT5 expression was 

enhanced in this cell line, compared to melanoma cell lines that were reportedly 

sensitive to interferon. 
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Figure 5.7: Expression levels of MYC and STAT proteins in different melanoma 

cell lines. 

Total cell lysates from approximately 1 x 107 cells cultured in 10% FCS were 

prepared in 1 x RIPA buffer and subjected to immunoblotting. The primary antibodies 

used were rabbit polyclonal anti- p91 (C-24, Santa Cruz Biotechnology); 

rabbit polyclonal anti-STAT5A (L-20; sc-1081, Santa Cruz Biotechnology); rabbit 

polyclonal anti-STAT5B (cat: 71-2500, Invitrogen); rabbit polyclonal anti-MYC 

(N262, sc-764, Santa Cruz Biotechnology) and mouse monoclonal anti- -tubulin. The 

secondary antibodies used were affinity purified, horseradish peroxidase (HRP) 

conjugated sheep anti-mouse IgG and affinity purified, HRP conjugated sheep anti-

rabbit IgG. This experiment was repeated at least twice.
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Table 5.1: Analysis of relative STAT1, STAT5A, STAT5B and MYC expression 

levels in melanoma cell lines.

Relative densitometric values

Cell line
STAT1α/α-

tubulin 

STAT5A/α-

tubulin

STAT5B/α-

tubulin

MYC/α-

tubulin

A375 0.20 0.20 0.82 0.14

A375- STAT5A 0.15 1.36 1.09 0.27

SK-MEL-28 0.34 0.36 0.84 0.14

MM96 0.21 0.01 1.87 0.35

Chemi-DocTM XRS molecular imaging system (BIO-RAD) was used for 

luminescence detection and image acquisition. The Volume Tools in Quantity One® 

software were used to analyse boxed band intensities. The densitometric values shown 

were calculated by subtraction of background from the raw intensity values using the 

local background function of Quantity One®. Densitometric values for STAT1, 

STAT5A, STAT5B and MYC were normalized relative to that of α-tubulin as loading 

control. 
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5.2.4 Luciferase reporter assays examining the function of the STAT5 site in the 

human MYC promoter.

The induction of DNA reporter constructs containing different numbers of copies of 

the MYC putative STAT5 binding element were examined in response to activation by 

different cytokines. Synthetic oligonucleotides containing three tandem copies of the 

MYC putative STAT5 element (TTCTCTGAA) were subcloned into the pGL3-basic 

vector to produce the 3*STAT5-Luc construct. The putative STAT5 elements in this 

construct were each separated by ten intervening bases, consistent with the STAT-

specific commercially available vectors (eg. pGAS-TA-Luc, Clontech). A 6*STAT5-

Luc construct, containing six copies of the MYC putative STAT5 element, was also 

produced by performing a second round of oligonucleotide cloning.

The 3*STAT5-Luc and 6*STAT5-Luc reporter constructs were shown to be highly

inducible by either EGF or IFNγ treatment (Figure 5.8) when A431 cells were 

transfected with the constructs using GenJet™. Initially, conditions of low serum 

(0.1%) were used to reduce the effects of activation by serum-derived growth factors. 

Approximately 21h after transfection, A431 cells were serum starved in phenol-red 

free media containing only 0.1% FCS for 9h before stimulation with EGF (50ng/mL) 

or  (1000IU/mL) for a further 12h. EGF and IFNγ induced similar levels of 

luciferase from the 3*STAT5-Luc and the 6*STAT5-Luc constructs. Thus, EGF or 

IFNγ stimulation of the 3*STAT5-Luc transfected A431 cells produced 

approximately a 5.5 fold upregulation (P < 0.05) of luciferase activity (Figure 5.8A). 

The induction produced in response to EGF or IFNγ stimulation of the 6*STAT5-Luc 

transfected A431 cells was much greater with an approximately 20 fold upregulation 

(P < 0.01) of luciferase activity (Figure 5.8A). Thus, the results showed a 

considerable increase in the transcriptional activition in response to EGF or IFNγ

treatment when multiple copies of the MYC STAT5 binding element were present. 

Inducibility of the 6*STAT5-Luc construct by EGF in A431cells was also examined 

under higher serum conditions, where transfected cells were stimulated with 50ng/mL

EGF for 18h in media containing 1% FCS. These treatment conditions were also 

found effective, again producing a significant upregulation (11 fold; P < 0.001) in the 
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transcriptional activity from the 6*STAT5-Luc construct (Figure 5.8B), albeit not as 

large as the increase over control obtained when the serum level was only 0.1%. 

The level of induction by IFNγ or IFN from the 6*STAT5-Luc vector was found to 

be much greater in A375 cells stably transfected to overexpress STAT5A.  A375 and 

A375-STAT5A cells were transfected with the 6*STAT5-Luc construct and were 

stimulated with 1000IU/mL  16h. Upon IFNγ stimulation, the 

luciferase expression in A375-STAT5A cells overexpressing STAT5A was markedly 

enhanced, producing a 41.5 fold upregulation (P < 0.001) of reporter activity 

compared to an approximately 27.5 fold induction (P < 0.01) of luciferase expression 

in A375 cells (Figure 5.9A). A significant, albeit modest P < 0.05; 

1.34 fold) of the 6*STAT5-Luc was only obtained in the A375-STAT5A cells, with 

no induction detected in the A375 cells (Figure 5.9B). Thus, in the context of reporter 

assays, the results indicate that IFNγ induces a much greater transcriptional activation

from the MYC

Although IFNγ activate STAT1, the results in figure 5.9 suggest that IFNγ

transcriptional activation is most likely being mediated through STAT5A due to the 

enhanced gene reporter expression obtained in the A375-STAT5A cells. To further 

validate this point, the 6*STAT5-Luc construct was examined in the U3A cell line 

lacking STAT1 (Figure 4.5) by co-transfecting cells in these experiments with the 

STAT1C and STAT5A expression vectors. Hence, U3A cells were co-transfected 

with the 6*STAT5-Luc construct along with either STAT1C/FLAG/pRc/EF-1α, 

pEFIRES-P-STAT5A or a mock vector using GenJet™; and 22h after transfection,

the cells were stimulated with 50ng/mL EGF for a further 7.5h. U3A cells transfected 

with the mock vector showed no induction by EGF (Figure 5.10). Transfection with 

the STAT1C expression vector only slightly increased luciferase expression driven by 

the MYC-SBE with no significant difference in the presence or absence of EGF 

(Figure 5.10). In contrast, overexpressing STAT5A in U3A cells significantly (3.6 

fold; P < 0.001) increased the basal level of luciferase expression from the 6*STAT5-

Luc construct, which was further enhanced by approximately a further 40% (P < 0.01) 

in response to EGF stimulation (Figure 5.10). Hence, these results support the specific 

role of STAT5A in recognising the SBE with the sequence TTCTCTGAA in the MYC
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proximal promoter region. In addition, IFNγ and EGF both appear capable of 

activating STAT5A to bind to this SBE.
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Figure 5.8: 3*STAT5-Luc and 6*STAT5-Luc are inducible by EGF and IFNγ

treatment of A431 cells. 

A431cells (4 x 104/well) were cultured in a 24 x 2ml plate approximately 24h before 

they were transfected in growth media containing 1% FCS with 0.5µg 3*STAT5-Luc 

or 6*STAT5-Luc along with 30ng phRL-SV40 using 1.2µl GenJet™. A)

Approximately 21h after transfection, the cells were starved in phenol-red free media 

containing 0.1% FCS for 9h, before initiating EGF (50ng/mL) or  (1000IU/mL) 

treatment. EGF or  were added to the starvation media for a further 12h before 

assaying the luciferase activity. B) Approximately 5h after transfection with 

6*STAT5-Luc, EGF (50ng/mL) was added to the A431 cells in fresh media 

containing 1% FCS for a further 18h and then harvested for luciferase reporter assay. 

Data are presented as the mean normalized luciferase activity (RLU); error bars 

represent SEM (n = 3).
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Figure 5.9: 6*STAT5-Luc induction by IFNγ in A375 cells overexpressing 

STAT5A. 

A375 or A375-STAT5A cells (4 x 104/well) were cultured in a 24 x 2ml plate 

approximately 24h before they were co-transfected with 0.5µg 6*STAT5-Luc along 

with 30ng phRL-SV40 using 1.2µl GenJet™. A)  (1000IU/mL) and B)

(1000IU/mL) treatment were initiated approximately 6.5h after transfection in fresh 

media containing 1% FCS and treated cells incubated for 16h before harvesting and 

luciferase reporter assay. Data are presented as the mean normalized luciferase 

activity (RLU); error bars represent SEM (n = at least 3).
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Figure 5.10: 6*STAT5-Luc induction by EGF in U3A cells overexpressing 

STAT1C or STAT5A. 

U3A cells grown until approximately 80% confluent in 24-well plates were transiently 

co-transfected with the 6*STAT5-Luc construct (0.25µg) together with either the 

STAT1C construct (1.2ug STAT1C/FLAG/pRc/EF-1α), the STAT5A construct 

(1.2ug pEFIRES-P-STAT5A) or a mock vector (1.2ug pGL3-Basic DNA) and a 

calibration control plasmid expressing Renilla luciferase (phRL-SV40; 25ng) using 

GenJet™ (2µl). Approximately 22h after transfection, EGF (50ng/mL) treatment was 

initiated in fresh media containing 1% FCS for a further 7.5h before harvesting and 

luciferase reporter assay. Data are presented as the mean normalized luciferase 

activity (RLU); error bars represent SEM (n = 3).
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5.2.5 Analysis of the human MYC promoter region by reporter assays

The previous section (5.2.4) above had established that DNA reporter constructs 

containing multiple copies of the MYC putative STAT5 binding element were

inducible by EGF and IFNγ stimulation and that STAT5A overexpression further 

enhanced this induciblity. However, the human MYC promoter is very complex and 

contains multiple promoters and transcription initiation sites (reviewed in Wierstra 

and Alves, 2008). Therefore, to further investigate the role of the MYC STAT5 

binding element within the context of the MYC promoter region, different MYC

promoter reporter constructs, including a construct containing mutations introduced 

into the STAT5 element, were prepared and analysed for their responses to EGF 

and/or 

5.2.5.1 Reporter assays of the MYC promoter regions

The MYC promoter reporter constructs listed in Figure 5.11 were examined using the 

human carcinoma cell line, A431, which has previously been shown to be EGF and 

IFN  responsive (Figure 5.8). A431 cells were transfected with the MYC promoter 

luciferase constructs using GenJet™. After 16h of EGF (50ng/mL) or 

(1000IU/mL) treatment the luciferase activity in cell lysates was assayed. Results 

showed that each of the MYC promoter reporter constructs examined was significantly 

inducible by EGF in A431 cells (P < 0.05; Figure 5.11B & C). In particular, the three 

luciferase reporter constructs +170/+549-Luc, +219/+549-Luc and Proximal SBE P-

Luc, containing only MYC promoter regions downstream from the P2 promoter,

showed the highest induction by EGF (Figure 5.11). 

EGF activation of the luciferase reporter constructs +170/+549-Luc and +219/+549-

Luc produced at least a 3.5 fold increase over basal levels compared to a 2 fold 

upregulation from the FL-Luc or the -1800/+187-Luc constructs and a 2.5 fold 

increase from the +67/+549-Luc or the +67/+187-Luc constructs. The luciferase 

reporter constructs +219/+549-Luc and Proximal SBE P-Luc, containing only MYC

promoter regions downstream from the P2 promoter, were also significantly (P <

0.05) induced by IFN  (Figure 5.11C). EGF and IFN  induced a greater increase in 

reporter expression from the Proximal SBE P-Luc construct, with a 5.3 fold and 4.6 
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fold upregulation, respectively, compared to 2.9 fold and 3.1 fold upregulation, 

respectively, produced from the longer +219/+549-Luc construct (Figure 5.11C). 

The reporter activity measured after  (1000IU/mL) stimulation of cells 

transfected with the Proximal SBE P-Luc construct was upregulated by 1.33 fold (P < 

0.01) in A375 compared to 1.85 fold (P < 0.0001) in A375-STAT5A cells (Figure 

5.12). Therefore, these results indicate that P0, P1 and/or P2 MYC promoters are not 

necessary for EGF or IFN mediated induction of the promoter region containing the 

STAT5 binding site located upstream from the translation initiation site. In addition, 

the IFN mediated induction of the MYC proximal SBE promoter can be further 

enhanced in A375 cells stably transfected to overexpress STAT5A. Furthermore, the 

reporter activity measured after  (1000IU/mL) stimulation of cells transfected 

with the Proximal SBE P-Luc construct was upregulated by 1.33 fold (P < 0.01) in 

A375 compared to 1.85 fold (P < 0.0001) in A375-STAT5A cells (Figure 5.12). 
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Figure 5.11: Induction of the MYC promoter by EGF and IFNγ in A431 cells. 

A) Diagrammatic representation of the human MYC gene. B & C) Diagrammatic 

representation of MYC luciferase reporter constructs aligning these to the MYC gene 

and its features. The MYC promoter is inducible by EGF in A431 cells (B & C). 

Luciferase reporter constructs containing MYC promoter regions downstream from the 

P2 promoter (A) are inducible by EGF and IFN  in A431 cells (C). A431 cells 

(approximately 4 x 104/well) were cultured in a 24 x 2ml plate approximately 24h 

before they were transfected in growth media containing 1% FCS with the MYC

promoter luciferase constructs (0.5µg) togethor with 30ng phRL-SV40 using 1.2µl 

GenJet™. EGF (50ng/mL) and  (1000IU/mL) treatments were initiated 

approximately 5h after transfection and incubated for a further 16h before harvesting 

and assaying the luciferase activity. Data are presented as the mean normalized 

luciferase activity (RLU); error bars represent SEM (n = at least 3). SBE-putative 
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Figure 5.12: Levels of induction by IFN  from the MYC proximal SBE promoter 

are greater in cells overexpressing STAT5A.

A375 or A375-STAT5A cells (approximately 4 x 104/well) were cultured in a 24 x 

2ml plate approximately 24h before they were co-tansfected using 1.2µl GenJet™ in 

growth media containing 1% FCS with the Proximal SBE P-Luc construct (0.5µg) 

together with 30ng phRL-  (1000IU/mL) treatment was initiated 6h after 

transfection in growth media containing 1% FCS and samples incubated for a further 

16h before harvesting and assaying the luciferase activity. Data are presented as the 

mean normalized luciferase activity (RLU); error bars represent SEM (n = 4).
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5.2.5.2 In vitro MYC STAT5 site-directed mutagenesis 

The site-directed mutant SBE constructs were used to further investigate the role of 

the STAT5 binding element in the EGF and IFN  mediated induction of the MYC

proximal promoter region. EGF and/or IFN  induction of the Proximal SBE-mut P-

Luc construct with the TTCTCTGAA to GTCGCTGAC (base changes are

underlined) mutation were compared with that of the wild type Proximal SBE P-Luc 

construct. The MYC reporter constructs were transfected into A375, MM96 or A431 

cells and luciferase activity was measured 16h after EGF (50ng/mL) or 

(1000IU/mL) treatment. 

The wild type Proximal SBE P-Luc construct was induced by IFN  in all three cell 

lines tested (Figure 5.13). Hence, an increase in reporter activity was obtained in 

response to IFN  treatment of A375 (1.33 fold induction, P = 0.002; Figure 5.13A), 

MM96 (1.99 fold induction, P < 0.0001; Figure 5.13B) and A431 (4.7 fold induction, 

P = 0.0028; Figure 5.13C) cells transfected with the wild Proximal SBE P-Luc 

construct. Mutations introduced into the STAT5 binding element in the MYC

proximal SBE significantly reduced the level of activation induced by IFN . Thus, by 

comparison, cells containing the Proximal SBE-mut P-Luc construct with the 

mutation showed a decrease in the levels of induction by IFN  to 1.17 fold in A375 

cells (P = 0.038; Figure 5.13A), 1.395 fold in MM96 cells (P = 0.093; Figure 5.13B)

and 2.27 fold in A431 cells (P = 0.0064; Figure 5.13C). These results demonstrate 

that the STAT5 binding site at nucleotides +490 to +498 (relative to P1) in the human 

MYC promoter is functionally important. Surprisingly, no noticeable difference 

between the Proximal SBE P-Luc and Proximal SBE-mut P-Luc reporter activities 

was observed in response to EGF stimulation of A431 cells (Figure 5.13D). Thus, it 

would appear from these results that at least in some cancer cell lines, the STAT5 

binding site in the MYC promoter contributes to and is important for transcriptional 

activation in response to IFNγ treatment.
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Figure 5.13: Luciferase reporter analyses of the Proximal SBE-mut P construct.

The putative STAT5 binding site in the MYC promoter region downstream from the 

P2 promoter was mutated and subcloned into the pGL3–firefly luciferase backbone 

and the reporter activity was examined in A375 (A), MM96 (B) or A431 cells (C and 

D) . Cells were co-tansfected with the Proximal SBE P-Luc construct or the Proximal 

SBE-mut P-Luc construct (0.5µg) along with 30ng phRL-SV40 using 1.2µl GenJet™. 

 (1000IU/mL) and EGF (50ng/mL) treatment was initiated approximately 6h 

after transfection in growth media containing 1% FCS and samples incubated for a 

further 16h before harvesting and assaying the luciferase activity. Data are presented 

as the mean normalized luciferase activity (RLU); error bars represent SEM. MM96 

data in (B) are representative of two independent experiments (total n = 8); (A) and 

(D): n = 4; (C): n = 3.
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5.2.7 Chromatin Immunoprecipitation (ChIP) analysis confirms that STAT5A

binds to the MYC proximal SBE promoter.

Previous studies have indicated that the MYC gene is a target of STAT5 (reviewed in 

Wierstra and Alves, 2008) but have not molecularly defined the mechanism for this 

targeting.  To confirm whether or not STAT5 was able to directly bind to the MYC

promoter region, chromatin immunoprecipitation (ChIP) was performed using a 

STAT5A-specific antibody (sc-1081, Santa Cruz Biotechnology, Santa Cruz, CA, 

USA) to capture the STAT5A-bound chromatin. Mouse whole IgG antibody (Sigma) 

was also used with (1000IU/mL) stimulated (for 30min) A375-

STAT5A cell samples. Formaldehyde-cross-linked chromatin was sonicated (8 × 

20sec) to generate a mean DNA fragment size of approximately 0.4–1.5 kb (Figure 

5.14). Purified DNA from immunoprecipitates and pre-immunoprecipitation 

chromatin fragment pools (input DNA samples), which represent the amount of 

chromatin used in each ChIP, were analyzed by quantitative real-time PCR. The 

results were expressed as percentage of input DNA. Binding of STAT5A to the 

Cytokine-Inducible SH2 Protein (CISH) promoter, a known STAT5 target gene 

(Matsumoto et al., 1997; Verdier et al., 1998; LeBaron et al., 2005; Fang et al., 2008),

was used as a positive control. Primers used were specific for the STAT5 binding site-

containing region in the MYC promoter (MYC proximal SBE promoter Forward: 5’-

CCGAGCAAGGACGCGACTCTC-3’; and Reverse: 5’-

GTGGACTTCGGTGCTTACCT-3’), the STAT5 binding sites-containing region in 

the CISH promoter (CISH promoter positive control Forward: 5’-

CGTCGCGATTGGTCAGCTCG -3’; and Reverse 5’-

CTTTGTCTGCCGCGTTCCAG-3’) and negative control primers (MYC downstream 

negative control target Forward: 5’- CCTCTGTTGAAATGGGTCTGG-3’; and 

Reverse 5’- CTACCTCTCACCTTCTCACC-3’). The negative control primers used 

were specific for a region approximately 5kb downstream from the MYC proximal 

SBE promoter, in which STAT5 binding would not be expected to occur based on the 

DNA sequence. PCR amplification of the purified DNA from immunoprecipitates and 

input DNA was allowed to proceed to end point with 40 real-time amplification cycles 

(Figure 5.15A, B & C).
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The ChIP assay confirmed that the proximal SBE promoter sequence did bind 

STAT5A in vivo in response to -

-inducible STAT5A binding. Activation of STAT5A by 

an approximately 18 fold increase (8.64 % of input DNA 

compared to 0.48 % of input DNA from the control untreated sample) after the

immunocapture of the STAT5A-bound MYC proximal SBE promoter region (P <

0.005; Figure 5.15D). This induction was three times greater than that obtained for the 

negative control target region for STAT5 binding. An approximately 6 fold increase 

was obtained from the MYC downstream region used as the negative control for 

STAT5 binding (3.34% of input DNA compared to 0.58 % of input DNA for the 

background; Figure 5.15D). Although, chromatin fragmentation by sonication 

generated a mean fragment size of approximately 0.4–1.5 kb (Figure 5.14), it is 

possible that the observed increase in immunocapture of STAT5A-bound DNA 

fragments from the MYC downstream region (negative control) was caused by the

presence of fragments that extended to include the MYC STAT5 binding site.

Successful chip results were obtained from the positive control for STAT5 binding

based on the genomic promoter region of CISH which contains four adjacent STAT5 

binding sites. STAT5A binding to the CISH control region markedly increased upon 

stimulation and STAT5A immunoprecipitation, producing 97 fold upregulation 

(32.99 % of input DNA compared to 0.34 % of input DNA for the background; P <

0.005; Figure 5.15D  observed upon mouse IgG 

immunoprecipitation (P > 0.2; Figure 5.15D). Thus, the results show that increased 

STAT5A was associated with the promoter of the MYC gene response element in 

A375-STAT5A cells upon treatment with -

bound chromatin was specific, -

stimulated cells using the STAT5 antibody and not when the control mouse IgG 

antibody was used. 
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Figure 5.14: Confirmation of chromatin cross-linking and sonicated DNA 

fragmentation analysed by agarose gel electrophoresis.

Formaldehyde-cross-linked chromatin was sonicated 8 × 20sec to generate a mean 

fragment size of approximately 0.4–1.5 kb. Samples of cross-linked chromatin were

analysed on 1.5% agarose gel following sonication (A) or following sonication and 

reverse cross-linking and protein degradation (B), performed by sample incubation at 

65ºC for 4h with 0.3M NaCl and 3ng RNase A and then at 45ºC with 7

K added for 4h or overnight.
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Figure 5.15:  STAT5A directly interacts with the MYC proximal SBE promoter. 

ChIP assays were performed on unstimulated or  (1000IU/mL for 30min)

stimulated A375-STAT5A cells. After formaldehyde-cross-linking and sonication of 

samples, chromatin extract aliquots each from equivalent to 106 cells was used for 

each immunoprecipitation. Aliquots of chromatin extract, each from an equivalent of

105 cells, were allocated for use as input DNA controls representing pre-

immunoprecipitation chromatin fragment pools. The input DNA was isolated after 

reversing the DNA-protein cross-linking in preparation for PCR as control DNA. The 

other chromatin aliquots were precleared and each one incubated with either 5 µg of 

anti-STAT5A (Santa Cruz Biotechnology) or 5 µg of purified mouse whole IgG 

(Sigma) and immunoprecipitated with Immobilized Protein A/G (Pierce; of 50% 

slurry) mixed with sheared herring sperm ssDNA. Immunoprecipitates were washed, 

then chromatin was eluted, the cross-links were reversed and protein was digested. 

Next, purified DNA from each of the immunoprecipitates and from the input DNA 

samples were analysed by real-time PCR. A) The specificity of PCR amplification

using the MYC proximal SBE promoter primers was tested in reactions containing 

intact genomic DNA or sheared herring sperm DNA. B & C) CISH and MYC control 

PCR (B) or immunoprecipitated extracts (C) analysed at the end point as PCR 

products of 40 real-time amplification cycles using input DNA or immunoprecipitates 

as templates were analysed on a 1.5% agarose gel. D) ChIP results obtained as shown 

in (C) from quantitative real-time PCR analysis (triplicate reaction for each sample) 

are represented as the relative percentage of input DNA that was precipitated and 

amplified by PCR from each sample. Similar results to those shown (with n = 3 

replicate Q-PCR reactions for each sample) were reproduced in a repeat experiment. 
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5.2.8 Transcriptional activity of the MYC proximal SBE promoter 

Collectively, ChIP assays and reporter gene analyses described in the previous 

sections had provided evidence for the direct involvement of STAT5A in occupying 

the MYC proximal SBE regulatory region and suggested an important and specific role 

for STAT5A in the activation of MYC gene expression by . ChIP assays indicated 

that the association of STAT5A with the promoter of the MYC gene response element 

was clearly inducible by IFNγ. In addition, the STAT5 binding site in the MYC

promoter conferred significant induction of luciferase reporters in response to IFNγ

treatment. A previous study by Asao and Fu (2000) had shown that 

MYC mRNA expression within 30 min (and lasted for a further 1.5h) after cell 

stimulation. Therefore, to further investigate a role for MYC mRNA expression 

was analysed by Q-  (1000IU/mL for 1h) stimulated 

A375 and A375-STAT5A cells. The cells were grown in complete RPMI media until 

70% confluent before they were grown in reduced serum in RPMI media containing 

10% conditioned media (to provide possible growth factors) and only 1% FCS for 

24h. After 24h of reduced serum conditions, the cells were either left unstimulated or 

stimulated with  (1000IU/mL) for a further 1h before extracting total RNA. RNA 

was extracted using the High Pure RNA Isolation Kit (Roche). The Transcriptor First 

Strand cDNA Synthesis Kit (Roche) was used with oligo-dT in cDNA synthesis 

reactions at 50ºC for 60min. The IQTM SYPER Green Supermix (Bio-Rad) was used 

in the real-time PCR performed in the IQ iCycler System (Bio-Rad). The primers 

(MYC P3 F & MYC R; Table 5.2) used were designed to be specific for DNA 

sequences in the second exon of MYC, downstream from the P3 promoter, and would 

therefore account for all the transcripts derived from the different MYC promoters. 

18SrRNA was used as the reference gene control.

The results (Figure 5.16) showed that in the absence of  similar levels of MYC

mRNA expression were detected from either A375 or A375-STAT5A cells (P > 

0.55). This result indicates that the overall transcriptional activity of the MYC

promoter(s) was similar in both cell lines when maintained under similar growth 

conditions. However, the MYC mRNA expression levels in A375 and A375-STAT5A

cells stimulated with  were markedly different. Thus, the results (Figure 5.16) 

from  stimulated cells indicated a significant down-regulation of MYC mRNA 
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expression in A375 cells stimulated with  (P < 0.0437; by 2.8 fold), but a 2.5 

fold upregulation of MYC gene expression was observed in the -treated A375-

STAT5A cells (P < 0.0027). Therefore,  induced different responses in A375 

versus A375-STAT5A cells, overexpressing STAT5A, implicating a role for STAT5A 

in the differential -mediated regulation of MYC gene expression. The -

mediated repression of Myc has previously been reported to be dependent on STAT1, 

which interacts directly with a GAS site (-1107 to -1099 relative to murine Myc P1) in 

the Myc upstream promoter (Ramana et al., 2000b). 
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Figure 5.16: Effect of on the relative MYC promoter transcriptional 

activation in A375 versus A375-STAT5A cells.

Levels of endogenous MYC mRNA expression were determined by preparing cDNA 

and analysis by real-time PCR. A375 and A375-STAT5A cells were grown in 

complete RPMI media until 70% confluency before they were placed under 

conditions of reduced serum (1%) for 24h and then

for a further 1h before extracting total RNA. The MYC primers MYC P3 F & MYC R 

(Table 5.2) were used for the PCR reactions. Results shown are the mean values for 

the relative transcript levels ± SE (n = 3).
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Transcription from the MYC gene is controlled by the use of four different promoters

termed P0, P1, P2 and P3 (Figure 5.17). The current study identified a functional 

STAT5A binding site in the proximal region downstream from the MYC P2 promoter, 

different from the STAT1 GAS (at -1107 to -1099 relative to murine Myc P1) 

characterized by Ramana et al. (2000b). Hence, it was of interest to investigate the 

relative activities of the different MYC promoters in -mediated regulation of 

MYC gene expression. Therefore, Q-PCR was performed using cDNA samples 

prepared from  (1000IU/mL for 1h) stimulated A375 and A375-

STAT5A cells (section above), to examine the relative levels of mRNAs initiating 

from the different MYC promoters. In the previous experiment, Q-PCR was performed 

using primers (MYC P3 F & MYC R; Table 5.2) specific to DNA sequences 

downstream from the P3 promoter, thereby allowing for the amplification of MYC

transcripts generated from P3 as well as the 5’ preceding P0, P1 and P2 promoters. To 

determine the relative transcript levels initiated from the P1, P2 and P3 MYC

promoters, forward primers (Figure 5.17 & Table 5.3) were designed to encompass 

each of the promoter regions (the P3 primers used in the previous experiment were 

also utilized in this experiment). A common reverse primer (MYC R) designed from 

the P3 region was used in all Q-PCR reactions (Figure 5.17). No primers were 

designed for the P0 promoter because it only produces a small percentage of the MYC

transcripts (reviewed in Wierstra and Alves, 2008).  Nevertheless transcripts initiating 

from the P0 promoter would be detected by the primers specific to any of the 

downstream promoter regions. An additional forward primer in the proximal SBE 

region, downstream from the STAT5 binding site and at the 3’end of exon 1 (Figure 

5.17 & Table 5.2) was also included in the Q-PCR reactions. All PCR primers were 

used under the assumption that they primed with equal efficiencies. 

The specificity of the PCR products obtained at end point was confirmed by melt 

curve analysis and gel electrophorsesis (Figure 5.18). The results, depicted in Figure 

5.19, show the relative transcript levels detected by Q-PCR amplification from the 

MYC transcripts using specific primers for P1, P2, Proximal SBE and P3 promoter 

regions. No significant differences (all P-values > 0.55; Figure 5.19) were observed in 

the levels of MYC mRNA expression initiating from each of the promoters in A375 

versus A375-STAT5A cells in the absence of  stimulation, indicating that the 

basal levels of transcriptional activity from each MYC promoter were similar in the 
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two cell lines. In comparison,  suppressed transcription of MYC in A375 cells 

from P1, P2, proximal SBE and P3 (P-values < 0.05; Figure 5.19). These results 

indicated that the -mediated decrease in MYC transcript levels in A375 cells was 

mostly regulated via the MYC upstream promoter regions. In contrast,  treating 

A375-STAT5A cells increased the transcription from P2, proximal SBE, P3 (P-values 

< 0.05), but not P1 (P > 0.3; Figure 5.19). Quantitative comparison revealed that the 

MYC transcript levels initiating from the P1 and P2 regions in A375 cells decreased 

significantly in response to  by approximately 14 and 3.9 fold, respectively 

(Figure 5.19), compared with only an approximately 3 fold downregulation from the 

proximal SBE or P3 regions. This result is intriguing because the STAT1 site 

involved in the -mediated downregulation of Myc is located 1107 to 1099 base 

pairs upstream from P1 in the murine Myc promoter (Ramana et al., 2000b). 

Furthermore, P1 did not significantly contribute to the -mediated increase in 

MYC transcript levels in A375-STAT5A, whereas a 2.45 fold increase in transcript 

levels was observed from the P2 and other downsteam promoter regions in response 

to  (Figure 5.19). Therefore, these results suggested that the -mediated 

upregulation of MYC transcription in A375-STAT5A was most likely being initiated

from nearby to the P2 promoter. 

As indicated above, the basal levels of transcripts from each of the MYC promoters 

did not differ significantly between A375 and A375-STAT5A cells under the growth 

conditions used. The contribution of each transcript to the total was deduced by 

subtracting the relative amounts of the preceding ones initiated more 5’ upstream. For 

example, the relative transcript level generated from the P3 promoter in Figure 5.20 

was deduced by subtracting the relative transcript levels detected from the preceding 

promoter (the proximal SBE region) from the transcript levels detected initiating at 

the P3 promoter (Figure 5.19). Surprisingly, the proximal SBE promoter showed the 

greatest level of basal transcriptional activity in the control untreated A375 cells. 

Thus, the proximal SBE promoter was determined in this manner to account for the 

majority of approximately 77% of the MYC transcripts in these cells compared to 

approximately only 7% and 2.5% transcribed from the P2 and P1 promoters 

respectively. The 2.5% of transcripts calculated for the P1 promoter will also include 

the transcripts emanating from the P0 promoter. No transcripts were from the P3 

promoter in the A375 cells. This observation conflicts with previous reports indicating 
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that the P1 and P2 promoters give rise to approximately 95% of the MYC transcripts 

(Ryan and Birnie, 1996). However, a shift in the MYC promoter usage that results in 

abrogated P0/P1/P2 use has been observed in some tumour cells (Spencer and 

Groudine, 1990, 1991; Hoover et al., 1995). Nevertheless, this discrepancy could be 

due to inefficiency in the RNA reverse transcription and cDNA synthesis procedures. 

The presence of G:C rich regions or secondary structures in the target mRNA can 

result in truncated products. Nonetheless, preliminary results suggested the presence 

of MYC transcript(s) initiating from the proximal SBE promoter region, thereby 

warranting further investigation. 
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Figure 5.17: Schematic representation of the location of the primer annealing 

sites in the human MYC gene. 

Shown are the first and second exons of the human MYC gene, the four promoters 

(P0, P1, P2 and P3) and the CTG (CUG) and ATG (AUG) translation initiation sites. 

The corresponding annealing sites of the primers in the human MYC gene are 

indicated by arrows.

Table 5.2: Primers specific for the human MYC gene 

*G (C in the sense strand) of MYC R is +2302 relative to P1 promoter and +124 from 

start of exon 2 (the first and second exons of MYC are separated by a 1624bp intron).

Primer (F: forward, R: 

reverse)

Sequence 5’-3’ Amplicon 

size (bp)

MYC P1 F GGAGGGATCGCGCTGAGTATA 563

MYC P2 F AGGGAGATCCGGAGCGAATAG 415

MYC proximal SBE (P) F TCGGGTAGTGGAAAACCAG 143

MYC P3 F CCCTCAACGTTAGCTTCACCAA 105

MYC R *GCTGCTGCTGCTGGTAGAAGT
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Figure 5.18: Validation of the specificity of DNA products by end point analysis 

of real-time PCR products prepared using primers (Table 5.2) specific for

different sites in the MYC gene promoter.

A) PCR products were analysed by gel electrophorsesis (1.5% agarose) and visualized 

by ethidium bromide staining (Marker, molecular weight markers). B) Bio-Rad IQ-

cycler melt curve output for the PCR products.
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Figure 5.19: The relative levels of each of the transcripts initiating from the 

different MYC promoter regions in A375 versus A375-STAT5A cells.

A) Schematic representation of the location of the primer annealing sites in the human 

MYC gene. B) Levels of MYC mRNA expression were determined by preparing 

cDNA and analysing by real-time PCR. A375 and A375-STAT5A cells were grown 

in complete RPMI media until 70% confluency when they were placed under 

conditions of reduced serum (1%) for 24h and were then stimulated with 1000IU/mL 

A common reverse primer was 

utilized in all PCR reactions in combination with specific forward primers targeting 

the different MYC promoter P1, P2, proximal SBE and P3 regions (Figure 5.17; Table 

5.2). The relative transcript values obtained from Q-PCR were normalized against the 

relative values obtained for the P1 MYC promoter from untreated A375 cells. Results 

show the mean values for the relative transcript levels ± SE (n = 3). Transcript levels 

detected from the P3 promoter region represent the combined total values of all the

MYC transcripts. Transcript levels detected from the proximal SBE region includes 

transcripts generated from P1 and P2 promoters. Transcript levels detected from the 

P2 promoter will include those transcripts generated from P1. F: forward primer, R: 

reverse primer.
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Figure 5.20: The relative levels of transcripts generated from each of the 

different MYC promoter regions in A375 cells. 

The relative transcript levels generated from P1, P2, proximal SBE and P3 promoters 

were determined based on the data in Figure 5.19 from untreated A375 cells data. 

Thus, the relative transcript levels generated from each promoter were deduced by 

subtracting the combined transcript levels from the preceding (5’ upstream) promoter 

regions. 
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5.2.8 Use of 5’RACE to confirm the STAT5 SBE as the initiation site for MYC

transcription. 

Since the proximal SBE promoter region showed the greatest transcriptional activity 

level in A375 cells, it was hypothesised that MYC transcript(s) would initiate from 

this promoter region. The technique of 5’ Rapid Amplification of cDNA Ends 

(5’RACE; or “anchored” PCR) is used routinely to isolate and characterize the 5’ends 

from low-abundance mRNAs by amplification of nucleic acid sequences from 

between a defined internal site in the transcript template and the unknown 5' end site 

of initiation (Frohman et al., 1988). For this purpose, A375 cells were grown in 

complete RPMI media until 70% confluency before they were placed in reduced 

serum in RPMI media containing 10% conditioned media and 1% FCS for 24h. After 

24h of reduced serum conditions, cells were either left untreated or stimulated with 

 (1000IU/mL) for a further 1h before extracting total RNA. RNA was extracted 

using the High Pure RNA Isolation Kit (Roche Applied Science). The 5’RACE

System for Rapid Amplification of cDNA Ends (InvitrogenTM) was utilized in order to 

capture the 5’end MYC mRNA sequences. The 5’RACE System provides reagents for 

synthesis of first strand cDNA by the SuperScriptTM II reverse transcriptase (a 

derivative of M-MLV RT with reduced RNase H activity), purification of first strand 

cDNA and homopolymeric tailing. The first strand cDNA was synthesised from total 

RNA using a MYC gene-specific primer (GSP1; 5’-CCGCTCCACATACAGTC-‘3). 

The 5’RACE System also provides an Abridged Anchor Primer (AAP) which was 

used in combination with a nested GSP2 MYC gene specific primer (MYC R, Figure 

5.17; Table 5.2, 5’-GCTGCTGCTGCTGGTAGAAGT-‘3), to anneal to sites located 

within the cDNA product to enable nested PCR amplification of the dC-tailed cDNA. 

The PCR amplification products were then analysed by agarose gel electrophoresis. 

To enrich for specific 5’RACE and to increase the specificity for the target gene, re-

amplification of diluted PCR products was performed using the 5’RACE System 

Abridged Universal Amplification Primer (AUAP) primer and a second nested MYC

primer, GSP3 (5’-CCGAGTCGTAGTCGAGGTCAT-‘3), inside from GSP2. GSP1, 

GSP2 and GSP3 were designed to be specific for sequences in the second exon of 

MYC, as antisense primers for PCR. The 5’RACE products were then analysed by 

agarose gel electrophoresis and DNA sequencing with the GSP3 primer. 
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Two PCR amplifications of dC-tailed cDNA were performed under different 

conditions. In the first PCR reaction, 0.5M betaine (a PCR enhancing agent that 

facilitates DNA strand separation and overcomes G:C effects on secondary structures) 

was used and primer annealing was performed at 53ºC for 35sec. To increase the PCR 

amplification specificity, the second PCR reaction was performed under more 

stringent conditions in which 0.7M betaine was used and primer annealing was 

performed at 60ºC for 30sec. 1:100 dilutions were prepared from the first and second 

reaction products, and 7.5µl from the diluted products was used in a 50µl final PCR 

with the nested primer, GSP3 together with the AUAP primer. 

The 5’RACE nested amplification products were analysed by agarose gel 

electrophoresis (Figure 5.21). The predicted band sizes for transcripts generated from 

the transcription initiation sites of P1 and P2 promoters of MYC are 624bp and 452bp, 

excluding the length of the added dC-tail. However, no products of this size could be 

detected by agarose gel electrophoresis analysis (Figure 5.21). A higher molecular 

weight size band (approximately 700bp, indicated by the arrow in Figure 5.21 A1) 

was visible in the PCR reaction prepared from A375 cells in the absence of  

stimulation. Thus, it is more likely that this PCR product corresponds to transcripts 

initiated from one of the multiple transcription initiation sites near to the MYC P0 

promoter rather than the P1 promoter. However, this PCR product was not further 

analysed by sequencing. In the same PCR reaction (Figure 5.21 A1), a very faint 

band, slightly smaller than 200bp in size (indicated by the arrow in Figure 5.21 A1), 

was also visible. This DNA size is close to the predicted molecular weight of PCR 

products corresponding to transcripts generated from the proximal SBE region of the 

MYC gene. A similar sized band was also detected in the second group of PCR 

reactions (Figure 5.21 B3) prepared from A375 cells in the absence of 

stimulation. This band was further analysed by DNA sequencing (Figure 5.22). The 

higher molecular weight DNA band observed in Figure 5.21 A1 was not detected in 

the second reaction product, possibly because of the increased stringency used in the 

PCR from the initial dC-tailed cDNA. This also might explain why no bands were 

detected in Figure 5.21 B4. A single DNA band only (Figure 5.21 A2) was detected in 

PCR reactions from preparations of -stimulated A375 cells. This DNA band was 

less than 200bp and was further analysed by DNA sequencing (Figure 5.23). 
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The sequencing results (Figure 5.22 & 5.23) showed that both sequences aligned to 

the MYC gene sequences in the proximal SBE region. Moreover, the sequences 

contained regions of exon1 and exon2 from MYC and lacked sequence from intron1 

(the exon1/exon2 boundary is indicated in Figure 5.22 & 5.23). These observations 

indicate that the sequences obtained corresponded to spliced mRNA, not DNA. 

DNA sequencing of the band obtained by 5’RACE (Figure 5.22) from untreated A375 

cells showed that the transcript was initiated from the G or C nucleotide (+488 or 

+489 relative to the MYC P1 transcription initiation site respectively). Although the G

nucleotide occurs at this position (+488 relative to the MYC P1 transcription initiation 

site) in the MYC gene, nevertheless it could also represent the first C nucleotide added 

to cDNA during the dC-tailing process. Interestingly, the proposed transcription 

initiation site(s) in this transcript directly preceded the STAT5 SBE sequence (Figure 

5.22). Sequence analysis of the human chr8:128,748,663-128,748,921 using the 

UCSC Genome Browser v233 (http://genome.ucsc.edu/cgi-bin/hgTracks) revealed the 

existence of a full length mRNA transcript (GeneBank accession: BC058901; 

chr8:128817984-128822840) and several Expressed Sequence Tags (ESTs; including 

ESTs with GeneBank accessions: BU186344, AW937823, BU186240 and 

BM772802) corresponding to mRNA transcripts that also started within the proximal 

SBE region of the MYC promoter region. The full length mRNA (BC058901) 

sequence, isolated from a human testis embryonal carcinoma, started with a C 

nucleotide +487 relative to MYC P1 transcription initiation site. ESTs are DNA 

sequences (usually 100 to 800 nucleotides long) generated by sequencing cDNA from 

both directions in a single-pass run to obtain 5' and 3' ESTs (reviewed in Nagaraj et al., 

2007). Sequence analysis of one 5’EST (GeneBank accession: BU186344; author: 

NIH-MGC http://mgc.nci.nih.gov/) obtained from sequencing cDNA prepared from a 

human testis embryonal carcinoma cell line showed that this sequence started with the 

G nucleotide +488 relative to MYC P1 transcription initiation site, further supporting 

the validity of the MYC transcript obtained from the untreated A375 cells using 

5’RACE PCR. 

DNA sequence analysis (Figure 5.23) of the 5’RACE product from the -

stimulated A375 cells showed that this transcript initiated with the nucleotide T (+530 

relative to the MYC P1 transcription initiation site). This MYC transcript initiation site 

http://mgc.nci.nih.gov/)
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in -stimulated A375 cells is 42 base pairs downstream from the MYC

transcription initiation site obtained from the untreated A375 cells. Therefore, these 

preliminary results suggest that  treating A375 cells induced a shift in the 

transcription initiation site in the proximal SBE promoter to a site slightly further 

downstream. 

Figure 5.21: Agarose gel analysis of 5’ RACE nested amplification products of 

the human MYC transcripts.

The nested amplification products were analysed by gel electrophoresis in a 1.7 % 

agarose gel and were visualized by ethidium bromide staining (M, molecular weight 

markers). 5’ RACE was performed on RNA extracted from untreated (A1 & B3) or 

 (1000IU/mL for 1h) stimulated (A2 & B4) A375 cells. A) The template used for 

nested PCR amplification was obtained from an initial PCR of dC-tailed cDNA. The 

PCR contained 0.5M betaine and primer annealing was performed at 53ºC for 35sec. 

B) The template used for nested PCR amplification was obtained from an initial PCR 

of dC-tailed cDNA that contained 0.7M betaine and primer annealing was performed 

at 60ºC for 30sec.   
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Figure 5.22: DNA sequencing chromatogram result of the 5’RACE product 

obtained from RNA extracted from untreated A375 cells.

The DNA band in Figure 5.21 B3, the product of 5’RACE nested amplification PCR, 

was purified from the gel and sequenced. The G nucleotide stretch is complementary 

to the dC-tail added to the cDNA to create a binding site for the abridged anchor 

primer (5’RACE AAP). This figure indicates that transcription was initiated from the 

nucleotides C or G (+488 or +489 relative to the MYC P1 transcription initiation site, 

shown between the two dashed lines). The STAT5 SBE site and the MYC CTG 

(CUG) translation initiation site are boxed. The arrow indicates the MYC exon1/exon2 

boundary.   
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Figure 5.23: DNA sequencing chromatogram of the 5’RACE product obtained 

from RNA extracted from -stimulated A375 cells.

Two DNA chromatograms were aligned in order to extract a readable DNA sequence. 

Sequencing reactions suffered from polymerase slippage in areas of T or G nucleotide 

stretches. The DNA band in Figure 5.21 A2 was purified from the agarose gel and 

sequenced. The G nucleotide stretch is complementary to the dC-tail added to the 

cDNA. This figure indicates that the MYC transcript initiated from the nucleotide T 

(+530 relative to MYC P1 transcription initiation site, shown after the dashed lines). 

The arrow indicates the MYC exon1/exon2 boundary.   
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 5.3 Discussion 

The deregulated expression of the MYC gene is a major contributor to cell 

transformation and oncogenesis. Similarly, constitutive activation of STAT5 also 

contributes to oncogenesis (reviewed in Calo et al., 2003) and STAT5 was previously 

implicated in the regulation of the Myc gene (Lord et al., 2000; Moon et al., 2004). It 

has also been suggested that STAT5 promotes tumourigenesis through induction of 

genes important for cell cycle progression and/or survival, including MYC and bcl-x

(reviewed in Calo et al., 2003). This report further investigated the molecular 

mechanisms by which STAT5 directly regulates MYC in cancer cells. The 

investigation particularly focused on the -induced STAT5A regulation of the 

MYC proximal promoter in melanoma cells.

The present study has identified and characterised a functional STAT5 responsive 

element with a GAS-like palindromic core sequence TTCTCTGAA existing within 

the proximal human MYC promoter, downstream from the MYC P2 and upstream 

from the CTG corresponding to the CUG translation initiation start site in exon1 

(Figure 5.1). This STAT5 element conferred significant induction by IFNγ and EGF 

in luciferase reporter assays. When multiple copies of the MYC STAT5 binding 

element were present, a considerable increase in the luciferase reporter transcriptional 

activity was observed in response to EGF or IFNγ. Stimulation of A431 cells 

transfected with 3*STAT5-Luc or 6*STAT5-Luc produced an approximately 5.5 and 

20 fold increase in luciferase reporter activity, respectively in response to either EGF 

or IFNγ (Figure 5.8A). These data provides the first piece of evidence for the role of 

the STAT5 SBE in regulating MYC gene expression.

Additional support was provided by analysis of reporter constructs containing 

different regions of the MYC promoter. The shorter more 3’ proximal MYC promoter 

fragments are likely to contribute most of the promoter activity because the absolute 

values obtained for the levels of reporter expression from these, when induced with 

EGF or IFNγ, were similar to the values from the full length 2kb promoter (Figure 

5.11). In addition, the ratios of EGF- or IFNγ-induced levels relative to the basal 

control from the shorter 3’ proximal reporter constructs were significantly greater 

compared to ratios from the longer promoter constructs. These studies suggested that 
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the more 5’ upstream MYC P0, P1 and P2 promoter regions do not play a major role 

in the EGF or IFNγ induction of the MYC promoter. 

A431 cells were responsive to EGF stimulation, which was detectable by STAT5 

phosphorylation at Tyr694 (Figure 5.4). However, EGF activation of STAT5A in the 

A375 or A375-STAT5A cells was not detectable by anti-phosphotyrosine Western 

blotting analysis (Figure 5.5A). These results are inconsistent with the observations

reported by Mirmohammadsadegh et al. (2005; 2006), where EGF stimulation of 

A375 cells resulted in EGFR and STAT5 phosphorylation. It is known that the cell 

culture environment used for in vitro culturing can affect cell characteristics. 

Therefore, it is possible that these conflicting results may stem from variations in the 

A375 cell line characteristics, such as levels of EGFR expression. Furthermore, an 

analysis of the related literature shows contradictory data on the expression of EGFR 

in normal human melanocytes (Grahn and Isseroff, 2004; Mirmohammadsadegh et 

al., 2006; Szabad et al., 2007).

The results from a comparison of reporter induction in the A375 versus A375-

STAT5A cells implicated STAT5A in the regulation of the MYC gene. The level of

induction by IFNγ from reporter constructs containing the MYC STAT5 SBE was 

found to be much greater in A375 cells stably transfected to overexpress STAT5A

(Figure 5.9A & Figure 5.12). This is in agreement with observations from previously 

reported studies where overexpression of STAT5A enhanced the induction of the Myc

gene (Lord et al., 2000). Western blot analysis detected phosphorylation of STAT5A 

in response to IFNγ stimulation of A375-STAT5A cells, but not in A375 cells (Figure 

5.6).  The results from Figure 5.2, 5.5 and 5.6 analysing levels of STAT5 and its 

phosphorylation by immunoblotting suggest that A375 cells have a very low level of 

endogenous STAT5 protein expression because of the inability to detect any sign of 

this protein in these cells. STAT5A was readily detectable in those cell lines 

transfected to overexpress this protein indicating that the anti-STAT5 antibody used to 

detect it was working successfully. Similar levels of phosphorylated STAT1 were

observed in both A375 and A375-STAT5A cells stimulated (Figure 5.6), 

whereas A375-STAT5A cells overexpressing STAT5A showed significantly 

increased induction by  from the MYC gene reporter constructs. Therefore, the 
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results implicated STAT5A in the enhanced induction of the downstream MYC

promoter regions containing the STAT5 binding site. In addition, studies with the 

6*STAT5-Luc construct in the U3A cell line, which lacks STAT1 (Figure 4.5), in 

transient co-transfection experiments with the STAT1C expression vector, showed no 

appreciable effect of STAT1C with or without EGF stimulation (P > 0.05; Figure 

5.10). In contrast, overexpressing STAT5A in the U3A cells significantly (P < 0.001) 

enhanced the basal level of luciferase expression from the 6*STAT5-Luc construct, 

which was further increased by approximately 40 % (P < 0.01) in response to EGF 

stimulation (Figure 5.10). Moreover, without STAT5A overexpression, 6*STAT5-

Luc was not inducible by EGF, indicating a greater involvement for STAT5A over 

STAT1 in the regulation of the MYC proximal SBE. 

IFN  induction of the proximal SBE promoter construct carrying the TTCTCTGAA 

to GTCGCTGAC (mutation underlined) mutation was significantly reduced by 12 % 

in A375, 30 % in MM96 and 52 % in A431 (Figure 5.13), revealing the functional 

importance of the STAT5 binding site (+490 to +498 relative to P1) in the human 

MYC promoter. In MM96, an interferon resistant melanoma cell line, STAT5B and 

MYC protein expression levels were particularly high (Figure 5.7). The STAT5B role 

in the regulation of MYC was not investigated in this study, and therefore the possible 

involvement of STAT5B in the regulation of the proximal SBE promoter can not be 

excluded. Interestingly, the mutations introduced into this SBE site did not affect the 

EGF induction of the proximal SBE promoter construct in A431 cells (Figure 5.13D).

These results suggest that the proximal SBE promoter region contains an additional 

EGF responsive element. EGF induction of MYC has been suggested to occur through 

other signalling pathways involving the Ras/Raf1/MEK/ERK1/2 cascade (reviewed in 

Wierstra and Alves, 2008). AP-1, NF- B, MYC, STAT3, ETS1,  ETS2 and E2F, 

which regulate the MYC promoter are potential targets of Ras/Raf signalling

(reviewed in Wierstra and Alves, 2008). Interestingly, a study by Ramana et al.

(2000b) indicated a role for Raf-1 in a STAT1-independent pathway and inhibiting 

Raf-1 activation abrogated the IFNγ-dependent induction of Myc gene expression in 

STAT1-null cells. A functional NF- B binding site is present downstream from the P2 

promoter of MYC. However this site is located close by to the 5’ end of the sequences 

that were included in the proximal SBE construct. A search for transcription factor 
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binding sites (using TFSEARCH ver 1.3) indicated possible p300 and myogenic 

determination factor (MyoD) sites within the sequences of the MYC proximal SBE 

construct. EGF induces phosphorylation of p300 through the activation of ERK2

(Chen et al., 2007) and increases p300 recruitment to certain gene promoters (Chen et 

al., 2008) and p300 acts as a transcriptional coactivator and cooperates with multiple 

transcriptional factors such as MyoD (Yuan et al., 1996; Bedford et al., 2010). Hence, 

it is probable that the EGF induction of the MYC proximal SBE promoter region 

involves additional EGF responsive element(s) and/or transcription factors mediated 

through alternative signalling pathways such as Ras/Raf1/MEK/ERK1/2.

ChIP assays performed using a STAT5A-specific antibody (sc-1081) and untreated or

stimulated A375-STAT5A cells showed that STAT5A became associated with 

the MYC gene response element in A375-STAT5A cells after  treatment.

 an 18 fold increase in STAT5A

bound to the proximal SBE promoter region of the MYC gene (Figure 5.15D). Thus, 

this evidence strongly supports the proximal SBE binding STAT5A in vivo in 

response to . Although previous studies demonstrated an 

involvement of STAT5 in the regulation of the MYC gene, no STAT5 binding site has 

previously been identified in the MYC promoter (reviewed in Wierstra and Alves, 

2008). The STAT5-mediated expression of MYC in response to IL-2 and IL-3 

stimulation was previously shown to be an immediate early response and was 

independent of de novo protein synthesis (Lord et al., 2000; Rascle et al., 2003; Moon

et al., 2004; Basham et al., 2008). In addition, the IL-2-induced transcriptional 

regulation of the Myc gene was mediated by the trans-activation domain of STAT5A

(Lord et al., 2000). These other observations also support the results of this study and

indicate that STAT5 interacts directly with the MYC promoter. 

The promoter region of CISH, a known STAT5 target gene that contains four adjacent 

STAT5 binding sites (Matsumoto et al., 1997; Verdier et al., 1998; LeBaron et al., 

2005; Fang et al., 2008), was dramatically increas stimulation, 

producing approximately 97 fold greater STAT5 binding above control (Figure 

5.15D). This indicated that the -induced STAT5A in A375-STAT5A cells

regulates the CISH promoter. Interestingly, the activity of CISH (CIS), an inhibitor of 
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cytokine-signalling, has been reported to negatively modulates STAT5 activation

(Matsumoto et al., 1997). 

 inhibited MYC mRNA expression in A375 cells and conversely, enhanced MYC

mRNA expression in A375-STAT5A (Figure 5.16), implicating a role for STAT5A in 

the differential -dependent regulation of MYC gene expression

previously to induce MYC gene expression independent of STAT1 activity (Asao and 

Fu, 2000; Ramana et al., 2001). Additionally, the Q-PCR analyses (Figure 5.19) 

showed that the -dependent suppression of MYC transcription in A375 cells 

affected the levels of expression from upstream promoter regions. Hence, the MYC

transcript levels detected in the P1 and P2 regions in A375 cells decreased in response 

to  by 14 and 3.9 fold (Figure 5.19), respectively, compared to only a 3 fold

downregulation observed from the proximal SBE or P3 regions. The well 

characterized Myc upstream STAT1 GAS site (Ramana et al., 2000b) may be 

contributing significantly to the action of  in repressing transcription from the 

upstream MYC promoter regions. Other studies have reported that MYC is also 

repressed by promyelocytic leukemia zinc finger (PLZF) protein (McConnell et al., 

2003), a component of the IFN response (Xu et al., 2009), by binding to sequences in 

the MYC upstream promoter.

By comparison, the results from the comparative Q-PCR analyses (Figure 5.19) 

suggested that the -induced upregulation of MYC transcription in A375-STAT5A 

was most likely initiated from the P2 promoter region. Given that -induced MYC

gene expression is independent of STAT1 activity (Asao and Fu, 2000; Ramana et al., 

2001) and that the STAT1 GAS site located in the promoter region upstream from P2 

did not significantly contribute to the -induced upregulation of MYC transcript 

level in A375-STAT5A, it follows that STAT1 and this region does not play a 

significant role in the regulation of MYC gene expression, at least in the contest of 

melanoma cells. Rather, the increased transcript level detected arising from the P2 

promoter region in response to  and also from the proximal SBE region (Figure

5.19) would implicate a major role for this proximal promoter region in regulation of 

MYC gene expression. Furthermore, the evidence herein also shows an important 

-induced MYC expression.
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-mediated antiproliferative responses have previously been shown to depend on 

STAT1 (Bromberg et al., 1996), and STAT1 was established to interact directly with 

a GAS site in the Myc upstream promoter to suppress Myc expression (Ramana et al., 

2000b). The results presented in this chapter revealed that  repressed the MYC

promoter in A375, but not in A375-STAT5A cells. Very few studies have explored 

the molecular basis for STAT5 activation by the IFNGR. Woldman et al. (2001)

showed that the STAT1 binding motif of the IFNGR1 was also capable of signalling 

by STAT5 activation. n many types 

 stimulating responses when STAT1 

function is abolished (Asao and Fu, 2000) in which case,  induces MYC gene 

expression (Asao and Fu, 2000)  was also shown to induce rapid transient MYC

mRNA expression in serum-starved STAT1-null fibroblasts (U3A), but not in wild-

type cell MYC

gene expression (Ramana et al., 2000b). 

The basal level of STAT1 protein expression (Figure 5.7) and the IFNγ-mediated 

activation of STAT1 were found to be similar in both the A375 and A375-STAT5A

cell lines (Figure 5.6). Hence, it is unlikely that overexpression of STAT5A in the 

A375-STAT5A cells affected STAT1 activity. In addition to activating STAT1, IFNγ

can also activate STAT5A and STAT5B (Meinke et al., 1996; Woldman et al., 2001)

in a cell-type specific manner (reviewed in Meinke et al., 1996; van Boxel-Dezaire 

and Stark, 2007), although the biological effects of this IFNγ-induced activation of

STAT5 have been unknown. Asao and Fu (2000) suggested that the net effect of

in mediating either proliferative or antiproliferative signalling in cells is determined 

by the relative strengths of the opposing signals induced by the ligand activated 

receptor. Therefore, the relative cellular abundance and activation of STAT1 versus 

STAT5 most likely determines expression of 

MYC, which then regulates cell proliferation. In summary at this point, the combined

results presented in this chapter from gene reporter assays, ChIP analyses and 

 act as a

cytokine with both MYC inducing and suppressing activities, where MYC repression is 

dependent on STAT1. Moreover, STAT5A is implicated in -induced MYC

expression. These results support an important and specific role for STAT5 in the 
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regulation of the MYC promoter, and that STAT5 overexpression contributes to the 

deregulation of MYC expression in cancer cell types, such as melanoma. The role of 

STAT5B in the regulation of MYC was not particularly investigated in this study and 

remains to be determined.

5’RACE and sequencing analyses revealed a MYC transcript was produced in 

untreated A375 cells with the nucleotide initiating G or C, at either position +488 or 

+489 respectively, relative to the MYC P1 transcription initiation site (Figure 5.22). 

The MYC transcript obtained from -stimulated A375 cells started with the 

nucleotide T (+530 relative to MYC P1 transcription initiation site; Figure 5.23). 

These preliminary results suggested the presence of novel transcriptional start sites, 

including a novel IFNγ-inducible transcriptional start site, in the proximal SBE 

promoter region of the human MYC promoter. Thus, the proposed transcription 

initiation site(s) in this transcript, in untreated A375 cells, is downstream from the P2 

promoter and just upstream from the STAT5 SBE sequence of the MYC gene (Figure 

5.22). 

Several mRNA transcripts appear to start within the proximal SBE region of the 

human MYC promoter region. The sequence of the full length MYC mRNA transcript, 

isolated from a human testis embryonal carcinoma, with the GeneBank accession

BC058901 (UCSC Genome Browser v233; http://genome.ucsc.edu/cgi-bin/hgTracks), 

starts with a C nucleotide +487 relative to MYC P1 transcription initiation site. In 

addition, several ESTs (GeneBank accessions: BU186344, AW937823, BU186240 

and BM772802; UCSC Genome Browser v233) start within the proximal SBE region 

of MYC. The sequence of one 5’EST (GeneBank accession: BU186344; author: NIH-

MGC http://mgc.nci.nih.gov/) from a human testis embryonal carcinoma cell line 

starts with the G nucleotide +488 relative to MYC P1 transcription initiation site, 

further validating the MYC transcript obtained from the untreated A375 cells using 

5’RACE PCR. 

Surprisingly, the proximal SBE promoter showed the highest transcriptional activity 

level in the A375 cells (Figure 5.19). Thus, the proximal SBE promoter gave rise to 

approximately 77% of the MYC transcripts, compared to approximately 7% 

http://genome.ucsc.edu/cgi-bin/hgTracks)
http://mgc.nci.nih.gov/)
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transcribed from the P2 and 2.5% transcribed from the P1 and P0. This observation 

conflicts with reports indicating that in normal cells most of the MYC transcripts (75–

90%) were identified to initiate at P2 (reviewed in Wierstra and Alves, 2008).

However, a shift in the MYC promoter usage that results in abrogated P0/P1/P2 

transcription ratio has been observed in some tumour cells (Spencer and Groudine, 

1990, 1991; Hoover et al., 1995).

Intriguingly, 5’RACE and sequencing analyses also suggested that  induced a 

shift in the transcription initiation site in the proximal SBE promoter to a site 

downstream from the MYC STAT5 binding site in A375. The result (Figure 5.23) for 

the -stimulated A375 cells revealed a MYC transcript that starts with the 

nucleotide T (+530 relative to MYC P1 transcription initiation site), which is 42 base 

pairs downstream from the MYC proximal SBE region transcription initiation site 

observed in untreated A375 cells. Therefore, these results suggested the presence of a 

novel IFNγ-inducible transcriptional start site in the proximal SBE promoter region of 

the human MYC promoter in A375. The -dependent downregulation of MYC

expression in A375 cells was mostly mediated through upstream promoter regions of 

MYC (Figure 5.19). Hence, it is reasonable to propose that STAT5 occupancy, 

binding and association at the SBE site in the proximal SBE promoter of MYC in 

response to  shifts the transcriptional machinery to a site further downstream 

from the transcription initiation site observed in the proximal SBE region in -

unstimulated A375 cells.

Several sequences in the P2 promoter are involved in the regulation of MYC

expression by transcription factors, such as MBP-1 and E2F, both of which can 

repress its expression (reviewed in Wierstra and Alves, 2008). In addition, promoter-

proximal pausing of RNA Pol II has been shown to occur as a rate-limiting 

mechanism for MYC gene transcription (Krumm et al., 1995). The pause positions of 

Pol II in the MYC P2 promoter were close to the transcription start site and 

downstream of P2 between positions +17 and +52 relative to P2 (Wolf et al., 1995). 

Hence, downstream activation more 3’ to P2 at the proximal SBE promoter would be 

predicted to bypass the negative regulatory influences of both the transcriptional 
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pausing and the repressor activities. This in turn could affect the relative cellular 

abundance of transcripts initiating from the downstream promoter regions. 

Krumm et al., (1995) reported that transcriptional pausing of transcription complexes 

was abolished by deletion of both the TATA box and sequences at the transcription 

initiation site of the P2 promoter. However, these deletions did not inhibit the 

synthesis of full-length MYC transcripts. The MYC proximal SBE promoter, unlike P1 

and P2, does not contain the classical TATA box as a start site. Many IFN-modulated 

genes, such as ISG20 (Gongora et al., 2000), C1 inhibitor (C1INH) (Zahedi et al., 

1994), PKR (Kuhen et al., 1998) and ADAR1 (George and Samuel, 1999), have 

commonly been identified to lack TATA element(s). Therefore, these observations in 

relation to both the lack of TATA box required for ISGs and TATA as unnecessary 

for MYC

STAT5 shown in the present study.

The MYC CTG (CUG) translation start codon (Figure 1.6) was found present in the 

MYC transcript detected in the -unstimulated A375 cells (Figure 5.22), but not in 

the MYC transcript detected in the -stimulated A375 cells (Figure 5.23). It 

follows that CUG-initiated MYC 1 protein synthesis would not be possible from this 

later transcript and it has been reported that the MYC 1 expression is lost in many 

tumours (reviewed in Hann, 1995). At high cell densities or after treating cells with 

depleted media, translation of the CUG-initiated MYC 1 protein appears to be 

activated due to methionine deprivation (Hann et al., 1992). Moreover, 

overexpression of MYC 1 can inhibit cell growth, while overexpression of MYC 2, 

whose synthesis is AUG initiated, has been shown to cause tumourigenesis (reviewed 

in Hann, 1995). Therefore,  stimulation of A375, which induced a shift in the 

transcription initiation site in the proximal SBE promoter to a site downstream from 

the MYC STAT5 binding site and the CTG (CUG) translation start codon, could 

potentially alter MYC 1 and MYC 2 levels of expression in the A375 melanoma cell 

line.   

In summary, the results presented in this chapter provide evidence supporting a direct 

involvement of STAT5A in binding to and regulating the MYC proximal SBE 

regulatory promoter. The results also suggest an important role for IFNγ signalling in 
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regulating STAT5A-mediated expression of the MYC gene initiating from the 

proximal SBE promoter region or close by. Collectively, the evidence supports the 

proposal that STAT5A overexpression contributes to the deregulation of MYC

expression in cancer cells. Hence, the findings presented in this chapter contribute

significantly to a greater understanding of the molecular basis by which STAT5A

directly regulates MYC and promotes proliferative signalling in cancer cells.  
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Chapter 6 : 

Concluding remarks



192

6.1 Discussion 

Reporter assays have been routinely used to determine the activity and to functionally 

characterize transcription factors and their involvement in promoter or enhancer 

binding. IFN signalling and the investigation of IFN target genes has been extensively 

characterised in a variety of cell models, utilizing reporter assay systems. In the 

studies described in chapter 3, treatment with type I IFN was found to significantly 

reduce the levels of Photinus pyralis firefly and Renilla luciferase activity. IFN 

treatment did not alter luciferase mRNA levels and the IFN-associated reduction in 

luciferase activity was not due to IFN mediated cell cytotoxicity. The type I IFN-

mediated reduction in luciferase activity required an incubation time greater than 8h. 

Thus, the IFN-induced reduction in levels of luciferase activity detected in reporter 

assays was most likely mediated via a post-transcriptional mechanism. It is possible 

that the de novo synthesis of an ISG encoded protein intermediate, such the 

expression of the ISG P56 by IFNβ in cells causes the inhibition of overall protein 

synthesis by inhibiting eIF-3 function (Guo et al., 2000). Thus, these studies highlight 

the importance of careful monitoring when using reporter gene assays in the context 

of low levels of response and cytokine mediated regulation of target genes, 

particularly by the Type I IFNs.

Gene reporter assays also provide useful tools in studies examining cytokine 

stimulation of STAT-dependent promoters. A component of this study (chapter 4)

compared STAT1- and STAT3-specific DNA-binding sequences from several STAT-

regulated genes. An important specificity difference was observed in the capacity of 

STAT3 to bind TTN5CAG palindromes with one CA(G) half-site as these sites can 

not be recognised by STAT1. This difference observed in sequence preferences was 

utilized in designing reporter vectors, ICAM1-GAS-Luc and JunB-TA-Luc, activated 

preferentially by STAT1 or STAT3, respectively. It has been suggested that variation 

in the DNA binding preference could be explained by variations of specific amino 

acid residues in STAT1 versus STAT3 for their ability to recognise and interact with 

the DNA (Becker et al., 1998; Chen et al., 1998; Park et al., 2000; Lin et al., 2009). 

Previous studies established that STAT3 can be activated by -

specific manner (reviewed in van Boxel-Dezaire and Stark, 2007), although this 

activation is more obvious in murine than in human cells (Costa-Pereira et al., 2005). 
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In addition, STAT1 can be activated by IL-6 when STAT3 is deficient (Costa-Pereira

et al., 2002; reviewed in Ramana et al., 2002; reviewed in Stark, 2007). Thus, the 

biological responses in each particular cell type to cytokines most likely depends on 

the relative level of activation of the different STATs as well as their DNA binding 

preferences and the specific genes they induce. Additional studies are needed to 

address specifically the mechanistic aspects of how the STATs distinguish between 

these different DNA target sequences (refer to section 4.3). 

A major focus of this study as outlined in the previous chapters has been to determine 

the relationship between STATs, predominantly STAT1 versus STAT5 and their role 

in regulating the MYC gene. The MYC gene, which is crucial to the regulation of cell 

growth, contains multiple STAT-dependent regulatory sites. Although, previous 

evidence had implicated a role for STAT5 in the regulation of the MYC gene, no 

functional STAT5 binding element(s) had previously been described to exist in the 

MYC promoter. Only an IL-2-responsive element in the 5 -flanking region of the MYC

gene had been confirmed to bind to STAT4 (Grigorieva et al., 2000). Furthermore, 

STAT5 was found to not noticeably associate with the STAT3 binding site of the 

MYC promoter (Kiuchi et al., 1999). In this study (chapter 5), a novel functional 

IFNγ-responsive STAT5 binding element with the GAS palindromic core sequence 

TTCTCTGAA (+490 to +498 relative to P1 promoter) was identified and 

characterized in the human MYC proximal promoter. ChIP assays and reporter gene 

analyses provided evidence for the direct involvement of STAT5A in occupying the 

MYC proximal SBE regulatory region and suggested an important involvement of 

STAT5A activity in the regulation of MYC gene expression. Evidence from studies of 

others also supports this observation because it was demonstrated that the STAT5-

mediated expression of Myc in response to IL-2 stimulation is an immediate early 

response and was independent of de novo protein synthesis (Lord et al., 2000; Moon

et al., 2004). Furthermore, the IL-2-induced transcriptional regulation of the Myc gene 

was mediated by the TAD of STAT5A (Lord et al., 2000).

5’RACE analysis revealed the presence of cellular transcripts that initiated near to the 

STAT5-binding region of the human MYC promoter in A375 cells. A shift in the 

transcriptional start site in the STAT5-binding region of the MYC promoter was 
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observed in response to IFNγ. Several mRNA transcripts, including the full length 

MYC mRNA transcript (isolated from a human testis embryonal carcinoma) with the 

GeneBank accession BC058901 and the ESTs with the GeneBank accessions, 

BU186344, AW937823, BU186240 and BM772802, start within the proximal SBE 

region of the human MYC promoter region. Surprisingly, analysis of the MYC

promoters (P0 – P3) showed that the proximal SBE promoter had the greatest 

transcriptional activity level in A375 cells. This observation conflicted with previous 

reports indicating that in normal cells most of MYC transcripts initiated at P2 

(reviewed in Wierstra and Alves, 2008). However, a shift in the MYC promoter usage 

and the P0/P1/P2 transcription ratio has also been previously noted to occur in other

tumour cells, such as multiple myeloma and Burkitt’s lymphomas (Hoover et al., 

1995; Spencer & Groudine, 1990, 1991).

In chapter 5, the results of Q-PCR analysis showed that  induced the down-

regulation of MYC mRNA expression in A375 cells whereas the inverse upregulation 

of MYC mRNA expression occurred in A375-STAT5A cells overexpressing 

STAT5A. These results implicate a role for STAT5A in the -mediated regulation 

of MYC gene expression and that STAT5 overexpression contributes to the 

deregulation of MYC expression in cancer cells. can mediate growth stimulating 

responses when the STAT1 function has been abolished (Asao and Fu, 2000) and can 

induce MYC gene expression in certain cell types (Asao & Fu, 2000; Ramana et al., 

2000b). 

It has been suggested that 

signalling is determined by the relative strengths of positive or negative growth 

signals that are induced (Asao and Fu, 2000). Therefore, the relative cellular 

abundance and activation of STAT1 and STAT5 might determine whether 

induces or suppresses the expression of MYC and thereby affects cell proliferation. 

Few studies have examined the molecular basis for STAT5 activation by the IFNGR.

The phosphorylated Tyr440 in the human IFNGR1 chain has been shown to serve as a 

docking site for STAT1 (reviewed in Bach et al., 1997; Greenlund et al., 1994; 

Greenlund et al., 1995). Woldman et al. (2001) also showed that the STAT1 binding 

motif of the IFNGR1 was sufficient for STAT5 activation. However, Ramana et al. 



195

(2001) demonstrated that the STAT1 docking site, Tyr440 of IFNGR1 was not 

required for -regulated, STAT1-independent, Myc induction. Nevertheless, Gil et 

al (2001)  receptor and JAK1 associated with the IFNGR1 were

required for the induction of STAT1-independent -dependent gene expression. 

Hence, a likely explanation for the difference in -mediated responses in cells 

with variations in the levels of STAT1 and STAT5 expression would therefore be that 

STAT1 and STAT5 compete for binding to the same motif on the IFNGR1. 

 plays a role in promoting 

inflammation-associated cancer (Matsuda et al., 2005; Hanada et al., 2006; Zaidi et 

al., 2011). In addition, recent studies indicated that STAT1 and STAT3 play an 

important role in inflammation-mediated tumour promotion (Ernst et al., 2008; 

Bollrath and Greten, 2009; Bollrath et al., 2009; Porta et al., 2009). The

and its underlying mechanism of action during tumour development and the function 

of STATs in this context require further investigation.

STAT5 regulates the gene encoding the inhibitor of cytokine-signalling, CIS

(Matsumoto et al., 1997). Upregulation of CIS in melanoma cells overexpressing

STAT5 diminishes -mediated STAT1 activation (Wellbrock et al., 2005).

Nonetheless, CIS also inhibits JAK-STAT5 signalling, by interacting with activated 

cytokine receptors (Paukku & Silvennoinen, 2004). Hence, it is unlikely that 

dysregulated CIS expression can be a single predominant factor explaining the 

changes in STAT1 or STAT5 and their function in cancer such as melanoma.  

The results obtained in the current study have implicated an important role for 

STAT5A in the -induced MYC expression. A major clinical implication that 

expressing high levels of STAT5 relative to STAT1 is more likely to produce an 

adverse effect by promoting MYC gene expression, tumour growth and malignancy.

Further support for this comes from a recent study (personal communication, Mellick 

and Ralph; Figure 6.1) identifying high levels of MYC and STAT5A mRNA 

expression relative to STAT1 as prognostic markers for reduced survival and 

responsiveness of malignant melanoma patients given high dose -2b therapy. 

Advanced melanomas that are clinically not responsive to have been frequently 

characterized to show defective STAT1 signalling. STAT5 overexpression in 
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-resistant has also been reported (Wellbrock et al., 

2005). Interestingly, STAT5 levels are upregulated by high-dose -2b in 

lymphocytes of patients treated for melanoma that has undergone nodal metastasis

(Wang et al., 2008). was shown to activate STAT5 in melanoma 

cells (Wellbrock et al., 2005) and STAT5 phosphorylation in melanoma was mediated 

via the SRC and JAK1 tyrosine kinases (Mirmohammadsadegh et al., 2006). 

Wellbrock et al. (2005) revealed that in human melanoma cell lines, STAT5 

contributes to their interferon resistance and counteracted -induced activation 

of STAT1. Fur

of the MYC gene in STAT1-deficient tumour cells (Ramana et al., 2000b). 

It can be concluded from the studies presented in this thesis that the relative 

expression levels of STAT1 versus STAT5 in cancer cells is likely to determine 

whether IFN induces or suppresses the expression of MYC. In addition, the MYC 

protein is likely to play an important -induced signalling to promote 

cell proliferation. For example, Asao and Fu (2000) demonstrated that the expression 

of a dominant-negative MYC in Ba/F3-6 cells (a subclone of the bone marrow-

derived murine IL-3-dependent pro-B cell line, Ba/F3) expressing the Y701F mutant 

and non-functional STAT1 molecule reduced the cell proliferative effects induced by 

suggest that MYC function is important for the IFN- -induced 

cell proliferation in the Y701F STAT1 cells. A study by Blakely et al. (2005)

provided evidence linking MYC induction in mammary epithelium with activation of 

the JAK2-STAT5 signalling pathway in a developmental stage-specific manner. In 

their study in mice, it was shown that tetracycline inducible expression of MYC in 

mammary epithelium during particular stages of pregnancy resulted in a significant 

increase in the tyrosine phosphorylation of STAT5A and STAT5B. Considered 

together with the results presented in this thesis that STAT5 overexpression has a 

major role in regulating expression of the MYC gene, their result implies, in turn, that 

MYC activation could also somehow lead to increased STAT5 activation. For 

example, a loop could be established in cancers whereby MYC expression induces a 

factor that acts in an autocrine manner on the cells to stimulate STAT5 signalling, 

thereby further increasing the levels of MYC expression. Further studies will be 

required to examine these possibilities.   
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Figure 6.1: Kaplan Meier survival curves.

The curves are based on (A) MYC/STAT1 ratio and (B) STAT5/STAT1 ratio of gene 

expression for patients with Stage III melanoma high dose -2b therapy who 

reached endpoint (personal communication, Mellick and Ralph). Survival curves 

based on MYC/STAT1 ratio of gene expression for all patients showed a significant 

difference in survival outcomes (P < 0.05, results not shown). Those with high MYC

levels and ratios 90 fold greater than for STAT1 or above had a very poor prognosis 

(median survival time of only 465 days). However, patients with a low MYC/STAT1

ratio (< 90 fold) showed prolonged survival and had not yet reached the median 

survival time.

Finally, this study has successfully identified a novel functional STAT5 binding site 

in the human MYC proximal promoter and demonstrated an important and specific 

role for STAT5A in the regulation of the MYC promoter. Furthermore, the findings 

presented in this thesis contribute to the understanding of the molecular basis by 

which STAT5A overexpression can contribute to the deregulation of MYC expression 

in cancer cells.
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6.2 Future directions

Further studies are required to confirm in a more definitive manner wether the 

reporter vectors, ICAM1-GAS-Luc and JunB-TA-Luc, are specifically activated by 

STAT1 or STAT3, respectively. Co-transfection experiments with vectors expressing 

the constitutively active STAT forms, STAT1C or STAT3C, indicated that the 

ICAM1-GAS-

JunB-TA-Luc was inducible by STAT3C and IL-6 stimulation. However, the 

specificity of the ICAM1-GAS-Luc needs to be further verified using IL-6 stimulation 

of cells co-transfected with STAT3C, and conversely, the specificity of the JunB-TA-

-transfected with 

STAT1C.

Further studies are also required to confirm the relative transcriptional activities of the 

different MYC promoters and their contribution needs to be further investigated by Q-

PCR. Additionally, 5’RACE and sequencing analyses in the A375 cells suggested that 

to a start site downstream from the MYC STAT5 binding site. It would be of interest 

-induced shift in this 

transcription initiation site. Therefore, future studies should, for example, compare 

5’RACE of A375 with that of A375-STAT5A cells. Finally, the role of STAT5B in 

binding and activation of the MYC STAT5 proximal SBE should be investigated by 

overexpression studies and ChIP analyses.
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