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Summary 

 

The p53 tumor suppressor has a critical role in maintaining the integrity of the genome and 

loss-of-function p53 alterations are common in human tumours. In melanoma, p53 mutations 

are found in only 20% of advanced tumours, but there is compelling evidence that p53 

function is deregulated in this cancer via alterations in upstream p53 regulators. For instance, 

over half of all melanomas overexpress the negative p53 regulators mdm2 and mdm4 and 

mutations in the CDKN2A locus (which encodes for p53 regulator, p14ARF) occur in most 

melanomas and increases melanoma risk.  

 

The clinical success of targeted therapies in melanoma has renewed interest in p53 

reactivation as a complementary therapy that may potentiate response. The notion of 

stimulating functional p53 is particularly appealing in melanoma since most tumours 

accumulate wild-type p53. In this thesis, we examine the role of p53 function in modulating 

melanoma responses to selective inhibitors of the mitogen activated protein kinase (MAPK) 

pathway. MAPK signalling is a critical driver of melanomagenesis and is constitutively 

activated in most melanomas via oncogenic mutations in the BRAF kinase or its upstream 

regulator NRAS. The selective inhibition of MAPK signalling has revolutionized the 

treatment of patients with BRAF-mutant melanoma, improving the progression-free and 

overall survival rates, compared with chemotherapy. These clinical responses are limited 

however and most patients progress on selective MAPK inhibitors within one year of 

commencing therapy. Defining modulators and predictors of response are required in order to 

improve clinical outcomes, and we focused on the potential role of p53 signalling in 

modulating melanoma cell responses to MAPK inhibitors.  
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It has been postulated that one important role for p53 in melanoma is mediating oncogene-

induced senescence. The senescence program is considered a physiological tumour 

suppressor mechanism that maintains premalignant melanocytic naevi in a permanent growth 

arrested state. The detection of senescence cells in vivo involves a series of predictive 

markers that are not exclusive to the senescence program, but collectively indicate the onset 

of senescence. We re-examined the role of senescence in melanocytic naevi in Chapter 2 of 

this thesis (published in the Journal of Investigative Dermatology). We sought to clarify 

whether eight commonly used markers of oncogene-induced senescence, including p53 

expression, distinguish naevus cells from individual epidermal melanocytes and melanomas. 

We found that these predictive senescence markers were not exclusive to naevus cell and 

were found in normal and malignant melanocytes. Thus we concluded that it cannot be 

reasonably inferred that naevi are permanently growth arrested via senescence. 

 

In our cultured melanocyte model of oncogene-induced senescence, we noted the rapid and 

near complete down-regulation of p53 upon expression of the constitutively active 

BRAF
V600E

. In Chapter 3 of this thesis, we explored the nature of this downregulation and 

confirmed that it was due to the suppression of p53 transcription, did not involve altered p53 

protein stability and was specific to the BRAF oncogene. We applied whole genome 

microarray analyses to identify potential transcription regulators of p53 and investigated p53 

signalling in response to MAPK inhibition in a panel of melanoma cell lines. This work led 

us to propose that BRAF-mediated p53 downregulation may have therapeutic implications, 

and this was explored in Chapter 4. 

 

We sought to establish whether wild-type p53 is upregulated in response to MAPK inhibition 

and whether p53 modulates melanoma responses to the MAPK inhibitor trametinib. We 
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confirmed that p53 function was induced by trametinib in KRAS-driven colorectal and BRAF 

mutant melanoma cell lines. We found that p53 activity was not required for trametinib 

sensitivity in our cell models, but the loss of p53 correlated with diminished trametinib 

sensitivity in the HCT116 colorectal cells. To establish the influence of p53 in melanoma, we 

suppressed p53 expression and exposed cells to trametinib. We confirmed that p53 loss 

suppressed trametinib-mediated induction of the p53 transcriptional target p21
Waf1

, but p53 

loss did not significantly alter melanoma cell sensitivity to trametinib. Further analyses 

revealed that trametinib was a weak inducer of p53, when compared to the hdm2 antagonist 

nutlin-3, and we proposed that the level of p53 function induced by trametinib was not 

sufficient to contribute to melanoma cell sensitivity. This work raises the possibility that 

potent p53 inducers, such as nutlins and chemotherapy, may prove effective in wild-type p53 

melanomas when used in combination with MAPK inhibitors. This is particularly relevant as 

several current melanoma trials are now combining cell cycle regulators (CDK4/6 inhibitors) 

with MAPK inhibitors, and several advanced cancers are currently being trialed with p53 

gene therapies and hdm2 inhibitors.  
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Chapter 1. Introduction 

  

1.1  Melanoma 

Melanoma is an aggressive cancer that develops from the malignant transformation of 

melanocytes. These cells produce melanin, are responsible for pigmentation and 

predominantly reside in the epidermis and in hair follicles. Cutaneous melanoma accounts for 

more than 90% of diagnosed melanomas (McLaughlin et al., 2005) with rare forms arising 

from melanocytes located in acral sites (palms of hands, soles of feet, and nail beds), in 

mucosal membranes (mouth, nose, anorectal and volvovaginal sites) and in ocular tissues 

(choroid, iris, conjunctiva and retina). Cutaneous melanomas are further classified based on 

ultraviolet (UV) exposure into melanomas found on skin with chronic sun-induced damage 

(CSD) and melanomas found on skin without signs of chronic sun-induced damage (non-

CSD; Curtin et al., 2005; Maldonado et al., 2003). 

 

1.1.1 Epidemiology 

Australia has the highest rate of melanoma in the world, with one in seventeen Australians 

diagnosed with melanoma before the age of 85. In the twenty years between 1986 and 2006, 

the incidence of melanoma doubled (AIHW, 2010) and in 2012, more than 12500 cases were 

diagnosed (AIHW, 2012). Melanoma represents 10% of all diagnosed cancers and is the 

fourth most commonly reported cancer in Australia (behind prostate, breast and bowel 

cancers). For young Australians between the ages of 15 and 39, melanoma remains the 

commonest cancer (AIHW, 2010).  
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A number of melanoma risk factors have been discovered and these include age, gender (1.7 

times higher risk in males than females and 2.5 times greater mortality in males; AIHW, 

2012), complexion (two times higher risk of developing melanoma in individuals with fair 

skin, fair hair, freckling and who tan poorly), high naevi or dysplastic naevi counts (7.6 fold 

greater risk in individuals with high naevi count (>100) compared to individuals with few 

naevi count (<10); Garbe et al., 1994), family or personal history of melanoma, immune 

suppression (e.g. HIV patients), xeroderma pigmentosum (an inherited condition causing 

extreme sensitivity to UV radiation) and exposure to UV radiation (reviewed in Bataille et al., 

2008).  

 

UV exposure is strongly correlated with melanoma incidence and is a major risk factor in 

non-familial melanoma (Garibayan and Fischer, 2010). Increasing melanoma incidence 

occurs in high-risk individuals living at lower latitudes (Whiteman et al., 2008; Coory et al., 

2006) and is associated with behaviour and social attitudes toward sun exposure and tanning 

beds (Leiter and Garbe, 2008; Boniol et al., 2012). Genetic analyses of melanomas have also 

confirmed the prevalence of UV-induced DNA damage (Pleasance et al., 2010; Hodis et al., 

2012; Alexandrov et al., 2013). The relationship between UV exposure and melanoma is a 

complex one and although acute childhood exposure to UV is associated with greater risk, 

individuals with a good tanning response may be protected against the damage caused by UV 

(Gandini et al., 2005). Curiously, the common UV-induced genetic alteration (C>T 

transition) is not a mutation found in either NRAS or BRAF, the most frequent oncogenic 

drivers in melanoma (Hodis et al., 2012). 
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1.1.2 Prognosis and treatment 

With early detection, localized melanoma with no signs of spread elsewhere in the body 

(Stage I) can be effectively cured by surgical resection. Until recently the prognosis for 

individuals with advanced melanoma (non-resectable Stage III/IV) was poor, with a median 

survival time of only 6 – 9 months (Gogas et al., 2007) and a ten-year survival rate of less 

than 10% (Balch et al., 2001). This high mortality rate reflected the lack of effective 

treatment for metastatic melanoma; prior to 2011, dacarbazine (a DNA alkylating agent) was 

considered the best systemic treatment for Stage IV patients (Eggermont and Kirkwood, 

2004) with objective (complete plus partial) response rates of only 15% (Lui et al., 2007). 

 

The recent development of immunotherapies and selective targeted inhibitors has led to 

significant improvements in prolonging the life of patients with metastatic melanoma (Table 

1.1). The immune checkpoint inhibitor Ipilumimab (YERVOY®) was the first of these drugs 

to prolong the survival of melanoma patients, and was approved by Australia’s Therapeutic 

Goods Administration (TGA) for the treatment of patients living with advanced melanoma in 

July 2011. Ipilumimab is a monoclonal antibody that binds and blocks the cytotoxic T-

lymphocyte-associated antigen 4 (CTLA4), a protein receptor found on the surface of T-cells. 

Binding of ipilumimab to CTLA4 enhances cytotoxic T-cell activation and proliferation and 

promotes the immune-mediated clearance of cancer cells. In melanoma, the objective 

response for ipilumimab is 11%, and although immune-related adverse effects, including 

diarrhea and colitis, can be severe most are reversible with appropriate treatment (Hodi et al., 

2010; Fellner et al., 2010).  
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The T-cell regulatory molecule and key modulator of tumor immune tolerance, Programmed 

death-1 (PD1), as well as its ligand (PD-L1) have also become compelling targets for 

inhibition. Early trials of the anti-PD1 monoclonal antibodies, nivolumab (Bristol-Myers 

Squibb) and pembrolizumab (formerly lambrolizumab; Merck) have demonstrated rapid and 

durable responses with reasonable safety profiles in patients with malignant melanoma. 

Nivolumab has produced 61% one-year and 44% two-year survival rates (Wolchok et al., 

2013) and similarly, pembrolizumab has shown 38% response rates (Hamid et al., 2013) and 

a reported 69% one-year survival rate (Ribas et al., 2014). 

 

The selective BRAF enzyme inhibitors, vemurafenib (Zelboraf®; Plexxikon) and dabrafenib 

(Tafiniar®; GlaxoSmithKline) received TGA approval for the treatment of late-stage 

melanoma in June 2012 and September 2013, respectively. Both drugs are reversible, ATP-

competitive inhibitors of the melanoma-associated and oncogenic BRAF
V600E/K 

mutant 

protein and both prolong the progression-free and overall survival of late-stage BRAF
V600

-

mutant melanoma patients (Chapman et al., 2011; Falchook et al., 2012; Flaherty et al., 2010; 

Hauschild et al., 2012). In the phase III clinical trials, the overall survival of patients with 

BRAF
V600

-metastatic melanoma was significantly prolonged with vemurafenib compared to 

dacarbazine (13.6 months versus 9.7 months) and objective responses occurred in 50% of 

patients. Treatment with BRAF inhibitors is well tolerated, although a range of cutaneous 

side effects, including squamous cell carcinomas are common but treatable (Sosman et al., 

2012; Chapman et al., 2011). The downstream MEK inhibitor trametinib (Mekinist®; 

GlaxoSmithKline) also prolongs progression-free and overall survival of BRAF
V600

-mutant 

melanoma patients. The combination of dabrafenib and trametinib therapy has demonstrated 

higher patient response rates and longer PFS with less skin toxicities compared to dabrafenib 

monotherapy (Flaherty et al., 2012; Sosman et al., 2013). The concurrent inhibition of BRAF 
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and MEK is now the standard of care for BRAF
V600

-mutant patients with late-stage 

melanoma, and the combination of dabrafenib and trametinib was approved by the TGA for 

advanced melanoma in March 2014. 

 

Table 1.1: Current treatments for advanced melanoma 

Agent Target Effect Reference 

Ipilimumab 
CTLA-4 

antagonist 
OR 11%, Improved OS 

Reviewed in  

Fellner et al., 2012 

Nivolumab* PD-1 antagonist 
OR 30%; prolonged 

remissions in some 
Hodi et al., 2014 

MK-3475* PD-1 antagonist OR 41%; appears to be durable Robert et al., 2013 

Vemurafenib BRAFV600 
OR 48%; Increase in PFS and 

OS  
Chapman et al., 2011 

Dabrafenib BRAFV600 OR 52%; Increase in PFS 
Reviewed in  

Menzies et al., 2014 

Trametinib MEK 
OR 22%; Increase in PFS and 

OS 

Reviewed in  

Menzies et al., 2014 

Dabrafenib+Trametinib 
BRAFV600 and 

MEK 

OR 76%; Increase in PFS and 

OS 

Reviewed in  

Menzies et al., 2014 

Imatinib*, Sorafenib, 

Sunitinib*, Dasatinib, 

Nilotinib* 

Mutant c-KIT Minimal activity   

OR, objective response; PFS, progression-free survival; OS, overall survival; CTLA-4, cytotoxic T-lymphocyte 

antigen 4; PD-1, programmed death 1; *, investigational drug/agent. Table adapted from Yushak (2013). 

Improvements in OS and PFS compared to chemotherapy. 

 

Despite the dramatic clinical responses in melanoma patients treated with targeted therapies, 

most patients will progress within 10 months. Multiple mechanisms of intrinsic and acquired 

resistance have been described (reviewed in Chen and Davies, 2014; see Table 1.2) and 

alternative combinatorial therapies that overcome resistance are being evaluated (reviewed in 

Haarberg and Smalley, 2014). For example, inhibition of ERK1/2, the kinases downstream of 

BRAF and MEK may prove very effective in combination with BRAF inhibitors (Carlino et 

al., 2014). Combining targeted molecular therapies with immunotherapy is also being 

explored for the treatment of melanoma patients. Inhibition of BRAF induces the expression 
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of tumour-specific antigens and this may enhance the activation of antigen-specific cytotoxic 

T-cell responses that can be further augmented with immunotherapy (Ribas et al., 2013). 

 

Table 1.2: Common mechanisms of resistance to BRAF inhibitors in melanoma 

Mechanism Reference 

MAPK reactivation 
 

   Increased expression of CRAF Montagut et al., 2008 

   NRAS, MEK1, MEK2 mutation Nazarian et al., 2010; Rizos et al., 2014 

   Activation of receptor tyrosine kinases     

 (EGFR, PDGFRβ, IGF1R, MET) 

Girotti et al., 2013; Nazarian et al., 2010;  

Villanueva et al., 2010  

   BRAF gene amplification Shi et al., 2012 

   Alternate BRAF splicing Poulikakos et al., 2011 

 Increased expression COT1 Johannessen et al., 2010 

Activation of AKT pathway  
 

   PTEN loss Paraiso et al., 2011 

   AKT1 mutation Shi et al., 2014 

Others 
 

   NF1 loss Nissan et al., 2014; Whittaker et al., 2013 

   MITF upregualation Van Allen et al., 2014 
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1.2 Senescence 

The oncogene-induced senescence (OIS) program is of particular interest in melanoma.  

Melanocytic naevi consist of cells that frequently carry oncogenic BRAF
V600

 mutations 

(Pollock et al., 2003), and it has been proposed, that naevus cells are permanently growth-

arrested via OIS (Michaloglou et al., 2005). Considering that OIS may prevent the malignant 

transformation of naevus cells, the activation of senescence may have therapeutic utility in 

melanoma. 

 

Senescence is a state of irreversible proliferative arrest that is unresponsive to normal 

mitogenic stimulation and is proposed to function as a tumour suppressor. Replicative 

senescence is triggered by the loss of telomeres, which are located at the ends of each 

chromosome and successively shorten with each cell division. Stress-induced senescence is 

triggered by a number of stress signals, which ultimately promote the activation of DNA 

damage responses (d’Adda di Fagagna et al., 2003; Campisi and d’Adda di Fagagna, 2007). 

For instance, chemotherapeutic drugs and ionising radiation trigger senescence by inducing 

DNA double stranded breaks (Di Leonardo et al., 1994; Robles and Adami, 1998), and 

histone deacetylase inhibitors initiate senescence by remodeling chromatin (Munro et al., 

2004). Aberrant oncogene activation also triggers senescence via DNA damage caused by 

DNA hyper-replication and replication fork instability (Di Micco et al., 2006; Bartkova et al., 

2006; Mallette et al., 2007). Senescence can also be initiated by suboptimal culture conditions 

(Sherr and DePinho, 2000) and the loss of the PTEN (phosphatase and tensin homolog) 

tumour suppressor (Alimonti et al., 2010; Chen et al., 2005).  
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Although senescence has been described as a stress response and a barrier to cancer 

development, recent work has indicated that senescence has other biological roles in embryo 

development (Munoz-Espin et al., 2013; Storer et al., 2013), tissue repair (Jun et al., 2010; 

Krizhanovsky et al., 2008) and ageing (Baker et al., 2011; Baker et al., 2012). These 

additional roles for senescence appear to contribute to tissue remodeling. For example, 

Munoz-Espin et al. (2013) showed that senescence occurs at multiple locations during 

embryo development, followed by macrophage dependent clearance of senescent cells 

allowing for tissue remodeling. The authors proposed that stress-induced senescence might be 

an evolutionary adaptation of this developmental form of programmed senescence. This 

hypothesis and the relationship between these new and canonical senescence functions 

requires further exploration to define common underlying signalling and response pathways. 

 

1.2.1 Senescence pathways 

Central to the initiation and maintenance of senescence are the p16
INK4a

/pRb and p53 tumor 

suppressor pathways. Notably, both tumor suppressors p53 and retinoblastoma protein (pRb) 

are often lost in human cancer cells (Sherr, 1996) and the loss of p16
INK4a

 is a key event in 

melanoma progression (Flores et al., 1996; Walker et al., 1998), and mutations in the p16
INK4a

 

gene (CDKN2A) are found in 20 – 57% of hereditary melanoma cases (Goldstein et al., 

2007). 

 

The retinoblastoma protein, pRb, is a critical cell-cycle regulator that controls the G1 

checkpoint of the cell-cycle that prevents the replication of damaged DNA. The active, hypo-

phosphorylated form of pRb binds to and inhibits E2F transcription factors that are essential 

for DNA replication (Dyson, 1998). Consequently, activation of pRb induces a G1 cell-cycle 
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arrest. Progression through the G1 checkpoint and entry into the DNA replication, S-phase, 

requires the hyper-phosphorylation (p-pRb) and inactivation of pRb. This permits the release 

and activation of E2F transcription factors and the initiation of DNA synthesis. The hyper-

phosphorylation of pRb is carried out by a series of cyclin-dependent kinases (CDKs), 

including the binary cyclin D/CDK(4/6) and cyclin E/CDK2 complexes. The p16
INK4a

 tumor 

suppressor binds CDK4 and CDK6 preventing their interaction with cyclin D. This inhibits 

the hyper-phosphorylation of pRb, and restricts G1-S progression. In response to cellular 

stress and DNA damage, the p53 tumor suppressor can also arrest the cell-cycle in the G1 

phase. This is mediated by the p53-dependent upregulation of the CDK inhibitor, p21
Waf1

, 

which, like p16
INK4a

, prevents pRb phosphorylation. p21
Waf1

 specifically inhibits the G1/S-

specific cyclin E/CDK2 complexes which also contribute to the phosphorylation and 

inactivation of pRb (Lin et al., 1996; Brugarolas et al., 1999). 

 

For many cell types, both the pRb and p53 pathways are necessary for senescence. However 

the relative contribution of each pathway is variable and dependent on the type of cell and 

stress signal. For example, senescence driven by PTEN loss in mouse embryonic fibroblasts 

(Chen et al., 2005) or by activated NRAS in human fibroblasts (Di Micco et al., 2006) can be 

overcome by p53 inactivation. In contrast, in the presence of functional p16
INK4a

, senescence 

cannot be circumvented irrespective of p53 status (Beausejour et al., 2003; Herbig et al., 

2004). Moreover, whereas p14ARF/p53 signalling is the dominant senescence pathway in 

murine cells, the p16
INK4a

/pRb axis plays the predominant role in many human cell types 

(reviewed in Ben-Porath and Weinburg, 2005). 
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Recently, two reports have highlighted the role of nucleotide metabolism in oncogene-

induced senescence. Mannava et al. (2013) demonstrated that senescent fibroblasts 

expressing HRAS
G12V

 underexpress thymidylate synthase and ribonucleotide reductase, two 

enzymes required for de novo deoxynucleotide biosynthesis and with this, endogenous dNTP 

pools were low. The authors suggest that the downregulation of dNTP pools contributes to 

DNA damage at stalled or collapsed replication forks and the initiation of senescence. Aird et 

al. (2013) also reported that the cellular depletion of dNTPs, via the downregulation of 

ribonucleotide reductase subunit M2 (RRM2; a rate-limiting enzyme in dNTP synthesis), was 

necessary and sufficient for inducing and maintaining senescence in melanoma cells. RRM2 

was transcriptionally repressed prior to cell-cycle exit and this correlated with the onset of 

aberrant DNA replication and the DNA damage response. Expression of ectopic RRM2 or the 

addition of exogenous nucleotides abrogated senescence-associated cell-cycle arrest (Aird et 

al., 2013). This significant finding implies that the suppression of nucleotide metabolism may 

be the underlying mechanism of senescence. 

 

1.2.2 Senescence phenotype and senescence markers 

Senescent cells remain metabolically active but they exhibit altered morphology, gene 

expression and secretory profiles. They are characterized by enlarged and flattened 

morphology in vitro (reviewed in Peacocke and Campisi, 1991) and express elevated 

senescence-associated β-galactosidase activity (SA-β-gal; Dimri et al., 1995). They also 

exhibit chromatin reorganization, which form cytologic foci (senescence-associated 

heterochromatin foci; SAHF) that are enriched for various heterochromatin proteins including 

histone H3 with methylated lysine 9 (H3K9me), heterochromatin protein 1 (HP1) and the 

non-histone chromatin protein HMGA2 (Narita et al., 2004; reviewed in Adams, 2007). 
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Chromatin compaction contributes to permanent proliferative arrest by transcriptionally 

silencing the expression of E2F targets genes (Narita et al., 2003). Other markers of 

senescence have also been described including the elevated expression of several tumor 

suppressor proteins (p16
INK4a

, p53; reviewed in Campisi, 2005) and markers of DNA damage 

(γ-H2AX; d’Adda di Fagagna et al., 2003).  

 

Collectively, these characteristics have been used as biomarkers to identify senescent cells in 

vitro and in vivo (reviewed in Campisi and d’Adda di Fagagna, 2007). However, considering 

that these markers are not always co-expressed and are not exclusive to the senescence state, 

their specificity has been disputed. For example, although SA-β-Gal expression strongly 

correlates with senescence and remains widely used, it is not required for senescence (Lee et 

al., 2006) and arises from excess β-galactosidase that can be detected at the suboptimal pH 

6.0 due to the expansion of lysosomes (Kurz et al., 2000; Lee et al., 2006). Lysosomal mass 

increase can occur in other forms of arrest, including serum starvation or induced 

differentiation (Yegorov et al., 1998).  

 

Better senescence markers may include components of the senescence-associated secretory 

phenotype (SASP; Coppe et al., 2008; Wajapeyee et al., 2008) or the nucleotide metabolic 

pathway. The SASP involves the expression of more than 40 secreted factors (reviewed in 

Davalos et al., 2010), is pro-inflammatory, pro-tumourigenic and stimulates the growth and 

angiogenesis of nearby premalignant cells (Bavik et al., 2006; Coppe et al., 2006). The dNTP 

synthesis enzyme, RRM2 may also be a useful senescence marker and it was found to be 

regulated by E2F7, a transcription factor that is upregulated by DNA damage and is p53-

dependent (Carvajal et al., 2012). 
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1.3 MAPK/ERK pathway in melanoma 

The MAPK (mitogen-activated protein kinase) pathway regulates an array of cellular 

processes in response to extracellular growth factors and is often deregulated in many cancers 

including melanoma (reviewed in Fecher et al., 2008). In normal cells, signalling begins at 

the cell surface where receptor tyrosine kinases (RTK) or G-protein coupled receptors 

(GPCR) become transiently activated upon receptor-ligand (growth-factor) binding. 

Activation of these receptors initiates a cascade of protein phosphorylation events that results 

in the activation of the extracellular signal-regulated kinases 1 and 2 (ERK1/2). In turn, 

ERK1/2 phosphorylates and activates downstream transcription factors and protein kinases 

that control differentiation, proliferation, angiogenesis, migration and survival (Figure 1.1). 

In cancer cells, activating mutations in the RAS and RAF kinases upstream of ERK1/2, lead 

to constitutive MAPK activity that is independent of growth factor stimulation. The majority 

of melanomas carry activating mutations in either NRAS or BRAF (Hodis et al., 2012). 

These mutations are mutually exclusive with NRAS mutations occurring in 10 – 20% of 

melanomas (Colombino et al., 2012) while BRAF mutations occur in 50% of melanomas 

(Davies et al., 2002; Colombino et al., 2012). 

 

Activation of the MAPK pathway is insufficient to initiate melanoma as 80% of benign 

melanocytic naevi also carry activating BRAF
V600E

 mutations (Pollock et al., 2003) and naevi 

only rarely progress to melanoma. The estimated annual transformation rate of a mole (to 

cutaneous melanoma) has been estimated to be less than 1 mole in 200000 for individuals 

younger than 40 years old. (Tsao et al 2003). This implies that additional mutations are 

necessary for malignancy. Evidence for this also comes from animal models showing that 

MAPK activation paired with tumor suppressor loss is sufficient for melanoma development.  
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Figure 1.1: Key signalling pathways in melanoma and senescence 

The classical MAPK signalling pathway (blue) responds to growth (via receptor tyrosine kinases; 

RTKs or GPCRs) and stress signals to control proliferation and survival. Often activated in melanoma 

via NRAS and BRAF mutations, constitutive MAPK signalling is thought to initiate senescence 

through the activation of the p16INK4a/pRb pathway (purple) and/or the p14ARF/p53 activity (red). 

Figure is adapted from Hocker et al. (2008). 
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Melanocyte specific expression of BRAF
V600E

 (the most common oncogenic BRAF mutation) 

leads to benign melanocytic hyperplasia (i.e. naevi) and the additional loss of p16
INK4a

 (Goel 

et al., 2009), PTEN (Dankort et al., 2009) or p53 (Patton et al., 2005) results in the formation 

of invasive melanomas in these models. Similarly, expression of BRAF
V600E 

in cultured
 

melanocytes results in oncogene-induced senescence (Wajapeyee et al., 2010), which can be 

bypassed by PTEN depletion (Vredeveld et al., 2012). 

 

1.3.1 MAPK inhibition 

Once melanoma has been initiated, constitutive MAPK activity drives proliferation and 

malignant phenotypes (i.e. angiogenesis, metastasis, immune evasion, tissue invasion and 

survival). Notably, melanoma cells exhibit oncogenic dependency and inhibition of this 

pathway results in potent cell-cycle arrest and apoptosis, a vulnerability that has been 

exploited clinically with selective inhibitors of BRAF
V600

 (Sosman et al., 2012; Hauschild et 

al., 2012) as well as the MEK inhibitor trametinib (Flaherty et al., 2012; see Section 1.1.2). 

 

Apoptosis induced by MAPK pathway inhibition relies on ERK1/2-dependent modulation of 

anti-apoptotic proteins (reviewed in Balmanno and Cook, 2009). Bean et al. (2013) have 

recently demonstrated that apoptosis induced by oncogene-inhibition in HER2-positive breast 

cancer and EGFR-positive lung cancer required the coordinated activities of the proapoptotic 

effectors Bim and PUMA. Wang et al. (2007) also found that MEK inhibition induced 

caspase-independent apoptosis in melanoma that required the upregulation of Bim and 

PUMA and the downregulation of Mcl-1.  
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1.4 p53 and melanoma 

p53 mutations and pathway alterations are among the most frequent in all cancers. Since its 

discovery thirty-five years ago, extensive investigation has generated a vast body of literature 

and p53 still remains one of the most widely studied proteins in cancer biology. A 

comprehensive review of the p53 literature is beyond the scope of this thesis. Instead, this 

section focuses on some of the critical aspects of p53 signalling and function and how they 

may pertain to melanomagenesis. 

 

p53 is a key regulator of cellular stress response and is activated by a broad range of stimuli, 

including oncogene activation, DNA damage, hypoxia and viral infection (Figure 1.2; 

reviewed in Rubbi and Milner, 2003). Upon acute cellular stress, p53 accumulates in the 

nucleus where it initiates transcriptional programs that result in apoptosis, cell-cycle arrest or 

senescence. Consequently, p53 function must be strictly regulated to prevent inappropriate 

sustained activity. Although stress-dependent transcriptional and post-transcriptional 

regulation of p53 has been reported (Liu et al., 2007; Raman et al., 2000), regulation of p53 

abundance and activity occurs primarily via post-translational modifications. Under normal 

conditions, p53 protein levels are kept low by the activity of its major negative regulator 

hdm2, an E3 ubiquitin ligase responsible for the proteasomal degradation of p53 (Haupt et 

al., 1997; Toledo and Wahl, 2006). Moreover, hdm2 hinders p53 transactivation function by 

binding p53 and preventing the recruitment of transcriptional cofactors (Lu et al., 2000; 

Rodriguez-Lopez et al., 2001). Importantly, hdm2 is transcriptionally regulated by p53 and 

this creates a critical negative feedback loop that regulates p53 activity (Wu et al., 1993).  
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Figure 1.2: p53 acts as the hub of a complex tumor suppressive signalling network 

p53 is stimulated by and integrates a multitude of stress signals. p53 activity is modulated by post-

translational modifications that determine its stability, binding capacity and consequently downstream 

transactivation targets. Tumor suppressor functions have been found to extend beyond the classical 

transcriptional programs of cell-cycle arrest, apoptosis, senescence and DNA repair to include 

metabolic reprogramming and non-autonomous cell processes, such as invasion and metastasis 

(reviewed in Bieging et al., 2014). Figure is adapted from Bekerman and Prives (2010). RE, Response 

Element. 

 

1.4.1 p53 activation 

Cellular stress induces p53 stabilisation and activation through two well-characterized 

pathways that converge on the hdm2/p53 autoregulatory loop. The first involves the p14ARF 

tumor suppressor that is upregulated by the E2F1 transcription factor (Bates et al., 1998; 

Parisi et al., 2002) in response to oncogenic activity (Berkovich et al., 2003; Damalas et al., 

2001). The primary function of p14ARF is to bind and inhibit hdm2 (Tao and Levine,1999; 

Zhang et al., 1998) thereby stabilising p53. Second, p53 can also accumulate in response to 



17 

 

DNA damage via the DNA damage response kinases, ataxia telangiectasia mutated (ATM) 

and ataxia telangiectasia and Rad3 related (ATR). These sensor kinases are among the first to 

be recruited to sites of DNA damage, and they phosphorylate several key proteins including 

the downstream CHK1 and CHK2 kinases, which subsequently phosphorylate p53 on serine-

15 and serine-20 (Sheih et al., 2000; Banin et al., 1998; Tibbets et al., 1999; Hekmat-Nejad., 

2000). These modifications interfere with the binding of hdm2 to p53, resulting in p53 

stabilisation. 

 

In addition to hdm2, a significant and related regulator of p53 function has emerged. Mdm4 

(also known as hdmx or mdmx) is a paralog of hdm2 that also inhibits p53 transactivation 

function through direct binding. Unlike hdm2, mdm4 has no independent ubiquitin ligase 

activity (Stad et al., 2000; Jackson et al., 2000) and a negative autoregulatory feedback loop 

between p53 and mdm4 has not been clearly established, as mdm4 does not appear to be 

transactivated by p53. However, the mdm4 locus has been found to carry a second promoter 

in its first intron with a p53-RE that is responsive to stress and generates a specific isoform of 

mdm4 in some cell types (Phillips et al., 2010).  

 

Critically, mdm4 has been shown to cooperate with hdm2 via their respective RING domains 

to form oligomers. Hdm2-mdm4 hetero-oligomers exhibit greater p53 ubiquitin ligase 

activity than hdm2 homo-oligomers in vitro (Linares et al., 2003). Furthermore, in vivo 

homozygous expression of mdm4
C462A

 mutant protein (that cannot heterodimerise with hdm2 

but is otherwise functional) results in embryonic lethality due to deregulated p53 activity 

(Huang et al., 2011). This suggests that hdm2 and mdm4 functions are non-redundant and, for 

some cell types, hetero-oligomerisation is integral to governing p53 abundance and activity. 
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The differential contribution of hdm2 and mdm4 to p53 regulation has been observed in 

different tissue types. For example, loss of mdm4 had no effect in smooth muscle, while its 

loss promoted apoptosis or reduced proliferation in the central nervous system (see Wade et 

al., 2010). Mdm4 is overexpressed in 65% of Stage I-IV melanomas (Gembarska et al., 

2012). 

 

Along with ubiquitination and phosphorylation, p53 function can be modulated by other post-

translational modifications including acetylation, neddylation, methylation and sumoylation 

(reviewed in Meek and Anderson, 2009). These modifications occur at specific residues and 

are often mutually exclusive (e.g. specific acetylation of p53 prevents its ubiquitination by 

hdm2; Ito et al., 2001) and it is the balance of these modifications that ultimately determine 

the specificity of cofactor binding and the subsequent transactivation of target genes.  

 

1.4.2 p53 targets and transactivation 

Activated p53 forms tetramers that recognise response elements (RE) with the consensus 

target sequence of two decamers (RRRCWWGYYY) separated by a variable spacer 

(reviewed in Levine, 1997). The transcriptional targets of p53 have been divided into several 

broad functional groups that regulate cell-cycle arrest (e.g. p21
Waf1

, 14-3-3α), apoptosis (e.g. 

PUMA, Bax, Fas), senescence (e.g. PML) and DNA repair (e.g. XPC, GADD45A). 

 

Other important tumour suppressive functions of p53 have also emerged including the 

prevention of metabolic reprogramming (e.g. suppression of glycolytic and/or oxidative 

phenotypes), the suppression of pluripotency, the inhibition of invasive/metastatic 
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phenotypes, induction of autophagy, and the maintenance of a non-tumorigenic cell 

microenvironment (reviewed in Bieging et al., 2014). These less characterized processes and 

their associated transcriptional programs add to the complex tumour suppressor role of p53. 

 

1.4.3 p53, the tanning response and melanoma 

p53 also plays a direct role in the control of tanning, one of the principle functions of 

melanocytes. This is an adaptive response that protects keratinocytes in the epithelium from 

genetic damage caused by UV radiation (UVR). UVR stimulates melanocytes to produce 

melanin-laden melanosomes for delivery via dendrites to adjacent keratinocytes. Here, 

melanin forms a supranuclear cap that absorbs incident UVR and also scavenges free radicals 

and thereby limits UVR-induced DNA damage (e.g. the formation of cyclobutane pyrimidine 

dimers). In melanocytes, UVR induces the p53-dependent transcription of tyrosinase 

(Nylander et al., 2000; Khlgatian et al., 2002), a key rate-limiting enzyme in melanin 

biosynthesis. In addition, UVR also stimulates keratinocytes (and fibroblasts) to release 

paracrine factors that stimulate and maintain melanocyte function. Notably, the expression of 

melanocyte growth factors such as c-kit ligand (KITLG), endothelin-1 (EDN1), α-

melanocyte-stimulating hormone (α-MSH) and others (reviewed in Costin and Hearing, 

2007) are responsive to and in some cases transactivated by p53 activity (Cui et al., 2007; 

Wei et al., 2006; Box and Terzian, 2008) and crucially, p53 loss results in the absence of a 

UVR-induced tanning response (Cui et al., 2007).  

 

Melanin biosynthesis is pro-oxidant and generates the reactive oxygen species (ROS) 

superanions and hydrogen peroxide. The resultant oxidative stress is thought to contribute to 
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melanoma initiation and progression since endogenous ROS is a major source of DNA 

damage (Jackson et al., 2001) and mutations in a number of melanoma-associated genes 

correlate strongly with increased oxidative stress. For instance, p16
INK4a

 depletion in human 

melanocytes in vitro results in significantly increased ROS levels (Jenkins et al., 2011). 

Similarly, oncogenic BRAF and NRAS mutations found in naevi and melanomas are 

associated with increased ROS (Leikam et al., 2008). Melanocytes attend to oxidative stress, 

in part, by MC1R (melnaocortin-1 receptor) signalling and p53 is stabilised by MC1R-

dependent ATR activity. Furthermore, base excision repair enzymes are upregulated and limit 

oxidative DNA damage in response to p53 transactivation (Mouret et al., 2012). Similarly, 

antioxidant enzyme activity (e.g. catalase activity that reduces UVR-induced hydrogen 

peroxide levels; Maresca et al., 2008) is modulated by p53 (Kang et al., 2013; Zhou et al., 

2001). For fibroblasts and other cell types, p53 activity can also be pro-oxidant. Under acute 

genotoxic stress p53 stabilisation leads to the inhibition of catalase activity and this results in 

apoptosis through increased intracellular ROS (Kang et al., 2013).  

 

Melanocytes are intrinsically resistant to UVR-induced apoptosis. This is reflected in their 

biological function and in their rate of turnover in the epidermis. Accordingly, melanocytes 

have been reported to express greater levels and a greater range of apoptotic inhibitors 

compared with keratinocytes and these might be expected to moderate p53-dependent 

apoptosis in response to UVR. However this may not be true of other triggers of apoptosis as 

the respective drug responses of melanocytes and keratinocytes show less consistency than 

their responses to UVR (Bowen et al., 2003). 
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1.4.4 p53 deregulation in melanoma 

Given the critical and diverse functions of p53, it is no coincidence that p53 is mutated in half 

of all cancers (Hollstein et al., 1991) and yet loss-of-function p53 alterations occur in only 

20% of melanoma (Hodis et al., 2012; Soto et al., 2005; Zerp et al., 1999). Although the 

majority of melanomas overexpress wild-type p53 protein, it lacks full transactivation 

potential (Houben et al., 2011), possibly because of alterations in p53 regulators. For 

instance, the p14ARF tumour suppressor protein, which stabilises p53, is altered in up to a 

quarter of sporadic melanomas (Hodis et al., 2012; Flores et al., 1996) and is nearly always 

mutated or lost in metastatic melanoma cell lines (Walker et al., 1998; Castellano et al., 

1997). p14ARF is encoded by the CDKN2A locus, a familial melanoma risk locus 

(Hussussian et al., 1994). The CDKN2A locus utilizes two independent promoters and two 

distinct first exons to encode the unrelated p16
INK4a

 and p14ARF proteins. Hence, mutations 

or loss of this locus frequently affects the cell-cycle via deregulation of both the p16
INK4a

/pRb 

and the p14ARF/p53 pathways. p53 function in melanoma is also dampened by the 

overexpression of the E3 ubiquitin ligases hdm2 and mdm4, which are commonly 

overexpressed in melanoma (Polsky et al., 2001; Gembarska et al., 2012).  

 

Nevertheless, melanoma cells are able to respond to genotoxic stress (Kichina et al., 2003, 

Avery-Kiedja et al., 2008) and the majority of melanomas respond to the small molecule 

hdm2 antagonist, nutlin-3 by undergoing p53-dependent cell-cycle arrest (Terzian et al., 

2010). These observations imply that residual wild-type p53 function is present in some 

melanomas and may be amenable to therapeutic targeting of p53. Various approaches to 

reinstate p53 function have been investigated including gene therapy with wild-type p53 as 

well as RNA silencing strategies targeting the negative regulators of p53 such as hdm2 
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(reviewed in Lane et al., 2010). Small molecules that can modulate p53 function have also 

been developed, and those targeting the hdm2-p53 interaction, including the nutlins that 

inhibit hdm2, are most advanced (Vassilev et al., 2004). For tumour cells with mutant p53, 

direct pharmacological reactivation of p53 is also possible. Yu et al. (2012) have identified 

two compounds that show specific restoration of wild-type p53 activity in tumour cells 

carrying dominant negative p53
R175

 missense mutations.   

 

There has been renewed interest in restoring p53 function in melanoma as a means of 

augmenting targeted therapeutic responses. Encouragingly, several recent investigations have 

found preclinical evidence for potentiation and synergism of MAPK inhibitors with p53 

reactivation. Gembarska et al. (2012) demonstrated mdm4 inhibition enhanced the apoptotic 

response of melanoma cell lines to BRAF
V600

 inhibition. Similarly, Ji and co-workers have 

reported nutlin-3-enhanced responses to MEK inhibition (Ji et al., 2012) and BRAF
V600

 

inhibition (Ji et al., 2013). The suppression of the inhibitor of apoptosis stimulating protein of 

p53 (iASPP) in combination with nutlin-3 also enhanced vemurafenib-induced apoptosis (Lu 

et al., 2013). 
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1.5 Scope of thesis 

The critical contribution of oncogenic MAPK activity in melanomagenesis is clearly 

established, and selective MAPK inhibitors are the standard of care for patients with BRAF-

mutant late-stage melanoma. In contrast, the contribution of p53 in melanoma progression 

and melanoma responses to targeted therapies requires further investigation. The rapid 

acquisition of resistance to MAPK inhibition has renewed interest in concurrently targeting 

independent pathways as a means of circumventing drug resistance. For instance, MAPK 

inhibitors (MEK and BRAF inhibitors) are currently being trialed with cell-cycle inhibitors 

(LEE011; inhibitor of CDK4/6) in NRAS and BRAF mutant melanoma patients 

(NCT01781572, NCT01777776). Considering the integral role of p53 signalling in stress 

response and its wild-type status in melanoma, p53 may be an attractive therapeutic target 

and predictive biomarker.  

 

The aim of this research was to explore the interaction of p53 and MAPK signalling and the 

role of p53 in MAPK inhibitor melanoma cell responses. Initially, we focused on BRAF
V600E

-

induced melanocyte senescence and the impact on p53 signalling. In Chapter 2 we used 

immunohistological staining to examine eight common markers of senescence and their 

ability to distinguish human naevus cells, epidermal melanocytes and primary and metastatic 

melanoma tissue. Our analysis showed that this panel of makers was unable to conclusively 

define naevi as senescent lesions, as senescence marker positivity was not exclusive to 

naevus cells. Thus, we suggest that it is premature to define naevi as senescent lesions, based 

on the limited and non-specific markers currently available. This work was published in the 

Journal of Investigative Dermatology in 2012, and published as an editorial in Aging in 2013 

(Appendix 6.2). 
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In our analyses of human naevi, we modeled BRAF
V600E

-induced senescence in vitro and 

found that ectopic expression of mutant BRAF in primary human melanocytes induced the 

rapid loss of p53 protein. In Chapter 3 we explored the potential mechanisms of BRAF
V600E

-

mediated p53 downregulation. Utilising a combination of whole genome microarray 

expression assays in combination with p53 transcript and protein analyses we showed that 

p53 transcription was rapidly inhibited and that p53 protein stability was not altered by 

oncogenic BRAF. A candidate analysis approach was used to identify potential transcription 

regulators mediating p53 transcript inhibition, including c-jun, but we were not able to 

validate the role of these candidates.  

 

In Chapter 4, we extended our analysis of the MAPK-p53 network to determine the influence 

of MAPK inhibition on p53 function in a panel of BRAF-mutant melanoma cells. We 

explored the potential contribution of functional p53 on cell responses to the MEK inhibitor, 

trametinib. We initially confirmed that p53 function enhanced MEK inhibitor-induced 

proliferative arrest and apoptosis in a KRAS-driven colorectal cell model. We also confirmed 

that p53 signalling was weakly induced by trametinib in a panel of melanoma cell lines, that 

the transcriptional target p21
Waf1

 was a useful biomarker of trametinib-induced p53 function, 

and that the level of p53 activation was insufficient to dramatically enhance trametinib 

activity in melanoma cells. Our data suggest that functional p53 can enhance MAPK inhibitor 

responses, but activation of p53 requires exogenous activators to enable sufficient p53 

function. Our work highlights the value in exploring combination therapies that include p53 

activators, such as hdm2 inhibitors and MAPK inhibitors, in the treatment of p53-functional 

melanomas.
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2.1 Supplementary information: 

Absence of distinguishing senescence traits in human melanocytic nevi  

 

 

Supplementary Figure 1 (legend next page)
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Chapter 3. Oncogenic BRAF
V600E

 expression in 

melanocytes and the regulation of p53 

 

3.1 Introduction 

In the previous chapter we confirmed that expression of oncogenic BRAF
V600E

 rapidly 

induced senescence in cultured primary human melanocytes, and although we challenged the 

prevailing view that human naevi are senescent lesions, it is clear that naevus formation is 

driven by oncogenic BRAF, as the expression of BRAF
V600E 

in the melanocytes of murine 

models promoted the appearance of naevi composed of cells with features of senescence, 

including senescence-associated β-galactosidase activity and absence of mitotic figures 

(Dankort et al., 2009; Dhomen et al., 2009). It is also evident that additional genetic 

alterations are required for melanoma development. For example, Dankort et al. (2009) 

demonstrated that the conditional expression of BRAF
V600E

 in PTEN-null mouse models 

resulted in the development of aggressive melanoma with 100% penetrance whereas 

BRAF
V600E

 expression alone resulted in melanocytic hyperplasia with no progression (over 

15 - 20 months). Similarly, abrogation of the CDKN2A locus (which encodes the p16
INK4a 

and 

p14ARF melanoma tumour suppressors) enhanced melanoma formation and decreased 

tumour latency in mice with melanocyte-specific BRAF
V600E

 expression (Dhomen et al., 

2009) and oncogenic BRAF cooperated with p53-loss to drive the development of invasive 

melanomas in zebrafish (Patton et al., 2005).  

 

The mechanistic detail of how oncogenic BRAF
V600E

 initially interacts with these tumour 

suppressor genes and their subsequent mutation to overcome arrest or senescence remains 

poorly described. Considering this, the potential role of p53 in BRAF
V600E

-mediated 
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oncogenic activity was of particular interest as we observed p53 downregulation in response 

to BRAF
V600E

 expression in human melanocytes (see Chapter 2). The significance of this 

downregulation is unknown and this observation contrasts with many previous studies that 

found oncogenes, including BRAF
V600E

, induce p53 (Serrano et al., 1997; Lin et al., 1998; 

Haferkamp et al., 2009; Yu et al., 2009; Wajapeyee et al., 2008; see Table 3.1).  However It 

appears that p53 is not required for oncogene-induced melanocyte senescence, as 

melanocytes depleted of p53 entered senescence in response to oncogenic NRAS
Q61K/R

 

(Zhuang et al., 2008; Haferkamp et al., 2009) and silencing of p53 in human melanocytes 

expressing BRAF
V600E 

had no effect on the development of senescence (Denoyelle et al., 

2006; Zhuang et al., 2008). Consistent with these data, arrested naevus cells in vivo show 

little or no p53 expression (Lassam et al., 1993; Cui et al., 2010; Tran et al., 2012; Mackenzie 

Ross et al., 2013) and no evidence of p53 upregulation (Michaloglou et al., 2005). These 

results are not always consistent however as Wajapeyee et al. (2008) found that p53 silencing 

bypassed BRAF
V600E

-induced senescence in human melanocytes.  

 

Table 3.1: Regulation of p53 in oncogene-induced senescence models 

Cell Model Oncogene p53 upregulated
a
 Reference 

Primary human fibroblasts  
RAS

V12
 Yes 

Lin et al., 1998 
MEK

Q56P
 Yes 

Primary human fibroblasts ∆RAF1:ER No Zhu et al., 1998 

Primary human melanocytes  NRAS
Q61K

 Yes Haferkamp et al., 2009 

Primary human fibroblasts  
RASV12

 Yes 
Wang et al., 2002 

MEKCA
 Yes 

Primary human fibroblasts RASV12
 Yes Di Micco et al., 2006 

Normal human keratinocytes RASV12 No Harada et al., 2003 

Human mammary epithelial cells RASV12
 No Cipriano et al., 2011 

Primary human melanocytes 
NRAS

Q61K
 Yes 

Zhuang et al., 2008 
BRAF 

V600E
 No 

Primary human melanocytes BRAF 
V600E

 Yes Yu et al., 2009 

Primary human melanocytes  BRAF 
V600E

 Yes Wajapeyee et al., 2008 

Primary human fibroblasts Mos Yes Bartkova et al., 2006 

a
p53 expression was assessed by western immunoblot 
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The variable influence of p53 on BRAF-mediated melanocyte senescence is difficult to 

resolve as differing melanocytic isolates, growth medium and viral delivery systems were 

used in each study.  In this chapter we sought to thoroughly examine the relationship between 

oncogenic BRAF
 
activity and p53 signalling. We performed whole genome transcriptome 

analyses in BRAF
V600E

-transduced melanocytes to determine the precise impact of oncogenic 

BRAF on p53 pathway activity. We also examined the mechanisms of BRAF-mediated p53 

deregulation using a series of melanoma cell models. This work confirmed that BRAF 

activity dampens p53 accumulation in melanocytes and the therapeutic implication of this 

finding was tested in a panel of melanoma cell models with defined p53 function.  
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3.2 Materials and Methods 

 

3.2.1 Cell lines and culture  

Human epidermal melanocytes (HEM1455, HEM556) and human neonatal dermal fibroblasts 

(HDF1314) were obtained from Cell Applications (San Diego, CA). These cells were 

cultured as described previously (Tran and Rizos, 2013; Appendix 6.1). The human 

osteosarcoma cell line, U2OS_ARF, carries a stably integrated construct of p14ARF cDNA 

under the control of an IPTG-inducible promoter (Gallagher et al., 2005). SK-MEL-28 and 

A375 melanoma cells were obtained from Prof. P. Hersey (Kolling Institute, University of 

Sydney). StemElite ID system (Promega, Madison, WI) was used to authenticate cell lines. 

The short-term melanoma cell culture, WMD013, was established from a 71-year-old male 

with BRAF
V600E

 metastatic melanoma after progression on trametinib (Carlino et al., 2013); 

Informed consent was obtained for this patient under approved Human Research Ethics 

Committee protocols). BRAF
V600

 genotype of melanoma cultures was confirmed using PCR-

based capillary sequencing (data not shown). All cells were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) with 10% FBS and glutamine (Gibco BRL) at 37°C with 5% CO2. 

The inhibitors dabrafenib (Selleck Chemicals, Houston, TX), trametinib (Selleck Chemicals), 

MG132 (Calbiochem), cycloheximide (Sigma) and SP600125 (Selleck Chemicals) were 

prepared as stock solutions in DMSO.  
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3.2.2 Monitoring of Senescence  

The onset of senescence was monitored using the proliferative marker Ki67 (MIB-1; Dako, 

Glostrup, Denmark), the development of heterochromatin foci using nuclear staining with 

4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) and the appearance of DNA damage 

foci containing γ-H2AX (#9718; Cell Signaling, Boston, MA). Viability of detached cells in 

culture was assessed by trypan blue exclusion. Markers of senescence were also examined by 

western blot as detailed in Section 3.2.3 and SA-β-Gal staining as outlined in Tran and Rizos 

(2013; Appendix 6.1).  

 

3.2.3 Western blotting 

Total cellular proteins were extracted at 4°C using RIPA lysis buffer containing protease 

inhibitors (Roche, Basel, Switzerland) and phosphatase inhibitors (Roche). Proteins (30-50 

µg) were resolved on 12% SDS-polyacrylamide gels and transferred to Immobilon-P 

membranes (Millipore, Bedford, MA). Western blots were probed with the following 

antibodies: β-actin (A5316; Sigma-Aldrich), KLF4 (#4038; Cell Signaling), γ-H2AX (#9718; 

Cell Signaling), p16
INK4a

 (sc-56330; Santa Cruz), p21
Waf1

 (#2947; Cell Signaling; 

alternatively, sc-397; Santa Cruz), p53 (sc-126; Santa Cruz), phosphorylated CHK2 (thr68; 

#12812; Cell Signaling), phosphorylated c-jun (ser63; sc-822; Santa Cruz), phosphorylated 

ERK (tyr204; sc-7383; Santa Cruz), phosphorylated MEK (ser217/221; #9154; Cell 

Signaling), phosphorylated p53 (ser15; #9284; Cell Signaling), phosphorylated pRb 

(ser807/811; #9308; Cell Signaling), total Rb (554136; Becton Dickinson), total ERK 

(#4695; Cell Signaling). 
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3.2.4 Quantitative RT-PCR 

Total RNA was extracted from cells using Trizol (Invitrogen Life Technologies, Carlsbad, 

CA) with an additional RNeasy column purification (Qiagen). The quality of the RNA 

preparations was assessed using an Agilent 2100® Bioanalyser (Agilent Technologies, Palo 

Alto, CA) to ensure high integrity (RNA integrity number: 8-10). Samples were collected 

from two separate experiments and each sample amplified in duplicate at least twice 

independently. 1 µg RNA was used for cDNA synthesis using SuperScript First-Strand 

Synthesis System for RT-PCR (Invitrogen) with the supplied Oligo(dT)20 primer. qRT-PCR 

products were amplified in 25 µl from 2 µl cDNA with SYBR-Green incorporation (Power 

SYBR-Green PCR Master Mix, Applied Biosystems) using a Corbett Rotorgene 3000 and a 

final concentration of 0.3 µM of qRT-PCR primers. Melting curve analysis and agarose gel 

separation ensured product specificity. The relative expression of each gene was determined 

from a standard curve included in each run that used cDNA generated from the melanoma 

cell line NM39. 

 

Table 3.2: qRT-PCR primers used in this Chapter 

Primer Target sequence Accession no. Nucleotides 

p53 forward 5’-TAACAGTTCCTGCATGGGCGGC-3’  NM_001276760.1 916 - 937 

p53 reverse 5’-AGGACAGGCACAAACACGCACC-3’  NM_001276760.1 1036 - 1015 

TBP (TATA box 

protein) forward 
5’-TGCACAGGAGCCAAGAGTGAA-3’ NM_003194.4 940 - 960 

TBP reverse 5’-CACATCACAGCTCCCCACCA-3’ NM_003194.4 1071 - 1052 

GAPDH forward 5’-CTCTCTGCTCCTCCTGTTCGAC-3’ NM_002046.4 100 - 121 

GAPDH reverse 5’-TGAGCGATGTGGCTCGGCT-3’ NM_002046.4 168 - 150 
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3.2.5 Lentiviral constructs 

Lentivirus was produced in HEK293T cells as described previously (Tran and Rizos, 2013; 

Appendix 6.1). The wild-type and mutant BRAF cDNAs were kindly provided by Professor 

R. Marais (The Institute of Cancer Research, UK). An additional missense mutation in the 

wild-type BRAF clone (C>G at nucleotide 634; NM_004333) was repaired using PCR 

overlap mutagenesis. The MYC-tagged wild-type and mutant BRAF cDNAs were each 

cloned into the pCDH-CMV-MCS-EF1-copGFP lentiviral vector, which coexpresses copGFP 

(System Biosciences, Mountain View, CA, USA). Mutant NRAS was cloned into the pCDH-

CMV-MCS-EF1-copGFP lentiviral vector. 

 

Table 3.3: shRNA sequences used in the construction of silencing constructs 

shRNA Molecule Target sequence Accession no. Nucleotides 

c-jun shRNA v1 5’-AACAGGTGGCACAGCTTAAA-3’ NM_002228.3 1951 - 1970  

c-jun shRNA v2 5’-AGTCATGAACCACGTTAAC-3’ NM_002228.3 1976 - 1994  

KLF4 shRNA v1
c
 5’-GCTCCATTACCAAGAGCTCAT-3’ NM_004235.4 1680 - 1700  

KLF4 shRNA v2
c
 5’-CTGGACTTTATTCTCTCCAAT-3’ NM_004235.4 907 - 927  

control shRNA  5’-TTAGAGGCGAGCAAGACTA-3’ N/A N/A 

c
Moon et al., 2011; N/A, not applicable 

 

shRNAs were cloned into the pSIH-H1-EF1-copGFP lentiviral vector, which co-expresses 

copepod green fluorescent protein (copGFP; System BioSciences). The non-silencing 

negative control shRNA did not show complete homology to any known human transcript.  
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3.2.6 RNA extraction and microarray gene expression analysis 

cRNA amplification and labelling with biotin were performed using the Illumina TotalPrep 

RNA amplification kit (Ambion, Austin, TX) according to the manufacturer’s directions 

starting with 250 ng total RNA. Gene expression analysis was performed using the Sentrix 

HumanRef-6 v.3.0 Expression BeadChip (Illumina, San Diego, CA) and kindly performed by 

Dr Gulietta Pupo, University of Sydney.  

 

Gene expression data was normalised using the cubic spline function. Rank ordering of gene 

expression data was carried out using the linear model for microarray module (LimmaGP) in 

GenePattern and analyses was performed using gene set enrichment analysis in pre-ranked 

mode (GSEA pre-ranked; Reich et al., 2006; Subramanian et al., 2007). Analysis of genes 

differentially expressed (false discovery rate, FDR q<0.05 determined using LimmaGP) in 

BRAF
V600E

 versus control-transduced melanocytes (harvested at three days post-transduction) 

were analysed using the Metacore™ software suite (https://portal.genego.com). Specifically, 

Interactome analysis was used to identify regulators of p53 transcription. Transcription 

factors that were overconnected in our dataset were identified and the Metacore Significant 

Interactions within Set(s) tool was used to identify genes that interact with p53. For the 

analysis of melanoma cell lines, an established transcriptional signature of MAPK activation 

(Pratilas et al., 2009) was included and analyzed as part of the c6.all.v4.0 oncogenic gene set. 

Box-plots were used to illustrate the distribution of MAPK activation scores (mean log2-

transformed expression of MAPK activation gene transcripts). Medians and interquartile 

ranges were applied to summarize the distributions, and the Mann-Whitney U test was used 

to determine the differences between cell lines. 
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3.3 Results 
 

3.3.1 Ectopic BRAF
V600E

 induces rapid senescence in human melanocytes 

To examine the influence of oncogenic BRAF on p53 expression and function, we introduced 

BRAF
V600E

 into low passage, human epidermal melanocytes (HEM1455) using lentiviral-

mediated transduction. To ensure that ectopic BRAF
V600E

 produced near physiologic levels of 

phosphorylated ERK (p-ERK), we initially compared ERK phosphorylation in transduced 

melanocytes to the NM39 and WMM1175, melanoma cell lines that harbour endogenous 

BRAF
V600E

. As shown in Figure 3.1, ERK phosphorylation levels in BRAF
V600E

-transduced 

melanocytes were comparable to ERK phosphorylation in NM39 and WMM1175 cells.  

 

 

 

Figure 3.1: Ectopic expression of BRAF
V600E

 in HEM1455 cells results in physiologic levels of 

ERK1/2 phosphorylation 

Human epidermal melanocytes were transduced with control vector (-) or myc-tagged BRAF
V600E

 (+) 

at a multiplicity of infection (MOI) of 5. Protein expression was evaluated four days post-transduction 

and compared with the BRAF
V600E

 positive NM39 and WMM1175 melanoma cell lines.  
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The effects of ectopic BRAF
V600E

 in transduced melanocytes were analysed over a seven-day 

time course. Cells were counted and monitored daily for proliferation (Ki67), substrate 

adhesion and senescence-associated heterochromatin foci (SAHF via DAPI staining). 

Senescence-associated β-galactosidase (SA-β-Gal) was assayed six days post-transduction. 

BRAF
V600E

-transduced cells showed many hallmarks of senescence (Figure 3.2) with a 

progressive decrease in the proportion of Ki67 positive cells, indicative of proliferative arrest 

(Figure 3.2B). BRAF
V600E

-transduced cells also became less organised morphologically with 

retracted dendrites and eventually rounded up (Figure 3.2A), and detached from the culture 

flask during the seven-day period (Figure 3.2C). The detached melanocytes remained viable 

in culture as assessed by trypan blue exclusion (Figure 3.2C). The BRAF
V600E

-transduced 

melanocytes also displayed evidence of SAHF (Figure 3.2A) and stained positive for SA-β-

Gal activity (Figure 3.3).  

 

Protein analyses of transduced melanocytes revealed a gradual increase in the accumulation 

of ectopic BRAF
V600E

 and MAPK pathway activation, as indicated by ERK phosphorylation. 

Although the phosphorylation of ERK was evident prior to the detection of ectopic 

BRAF
V600E

, (p-ERK evident at 24 hours post-transduction), no ERK phosphorylation was 

detected in control-transduced melanocytes. Phosphorylated ERK and oncogenic BRAF
V600E

 

expression were maintained over the seven-day experimental time course (Figure 3.4A and 

3.4B). Ectopic BRAF
V600E

 expression in melanocytes led to the rapid (within 48 hours) 

downregulation of phosphorylated pRb and the upregulation of the cyclin dependent kinase 

(CDK) inhibitor p16
INK4a

, both consistent with proliferative arrest (Figure 3.4A). We also 

noted that the tumour suppressor p53 was downregulated in response to BRAF
V600E

, although 

its downstream transcription target and cyclin-dependent kinase inhibitor, p21
Waf1

 was 

upregulated with maximum expression observed at day four post-transduction (Figure 3.4B). 
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Figure 3.2: Ectopic expression of BRAF
V600E

 in HEM1455 cells results in loss of proliferative 

capacity, cell adhesion and the formation of heterochromatin 

A. Cultured neonatal melanocytes (HEM1455) were transduced with control or BRAF
V600E

 lentiviral 

constructs and were analysed four days post-transduction. CopGFP expression was used to determine 

transduction efficiency, Ki67 staining was used to estimate proliferative potential and DAPI staining 

revealed heterochromatin foci (SAHF). 

B. Percentage of transduced melanocytes expressing the proliferative marker Ki67 over seven days 

post-transduction. 

C. Percentage of live, transduced melanocytes found in culture suspension over seven days post-

transduction. Live cells were assessed by trypan blue exclusion. 

D. Percentage of melanocytes displaying SAHF (adhered) over seven days post-transduction. 

Means±sd of three independent experiments shown. 
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Figure 3.3: Ectopic expression of BRAF
V600E

 and NRAS
Q61K

 in HEM1455 results in senescence-

associated β-galactosidase activity 

Melanocytes were transduced with Control, BRAFV600E, or NRASQ61K lentiviral constructs and were 

assayed for SA-β-Gal activity six days post-transduction. 

 

Several studies have shown that oncogene-induced senescence is a DNA damage response 

triggered by DNA hyper-replication (Bartkova et al., 2006; Di Micco et al., 2006) and we 

examined two common markers of the DNA damage response, γ-H2AX and phosphorylated 

CHK2 (p-CHK2
T68

). Significant levels of γ-H2AX and p-CHK2
T68

 were detected in 

melanocytes expressing BRAF
V600E

 (Figures 3.5 and 3.6). γ-H2AX foci were also prevalent 

in BRAF
V600E

-transduced melanocytes with more than 30% of cells exhibiting four or more γ-

H2AX nuclear foci compared with 15% of control-transduced cells (Figure 3.5B).  
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A 

 

B 

 

 

 

Figure 3.4: Expression of p53 is downregulated in melanocytes expressing ectopic BRAF
V600E

 

Melanocytes were transduced with control (-) or BRAFV600E (+) lentiviral constructs and were 

sampled over seven days to assess the expression of BRAFV600E (myc) and the indicated cell cycle and 

MAPK pathway markers. A. Total ERK1/2, p-ERK1/2
Y204

, p-pRb
S807/811

, p53, p16
INK4a

 and B. p21
Waf1

. 

A. and B. are independent experiments. 
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Figure 3.5: Ectopic expression of BRAF
V600E

 is associated with the marker of DNA damage 

response (DDR), γ-H2AX 

Cultured neonatal melanocytes (HEM1455) were transduced with control or BRAFV600E lentiviral 

constructs and were analysed four days post-transduction. CopGFP expression was used to determine 

transduction efficiency, DNA damage foci were detected using γ-H2AX staining and DAPI staining 

revealed heterochromatin foci (senescence-associated heterochromatin foci; SAHF). 

A. Immunostaining of γ-H2AX and detection of SAHF with DAPI 

B. Percentage of cells with greater than four γ-H2AX foci (Mean±sd of two independent experiments 

depicted). 

 

3.3.2 Oncogenic BRAF
V600E

-induced senescence is associated with diminished p53 

expression levels 

The BRAF
V600E

-mediated downregulation of p53 in HEM1455 melanocytes was unexpected 

given previous reports that oncogenes induce p53 (Haferkamp et al., 2009; Yu et al., 2009;

Wajapeyee et al., 2008) and our own data confirming that BRAF
V600E

 induced a DNA 

damage response in melanocytes. To ensure that the impact of oncogenic BRAF on p53 

expression was not restricted to this melanocytic cell model, we introduced BRAF
V600E
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Figure 3.6: Ectopic expression of BRAF
V600E

 downregulates p53 in primary human melanocytes 

(HEM1455 and HEM556) and primary human fibroblasts (HDF1314) 

Cells isolates were transduced with control (-) or BRAF
V600E

 (+) lentiviral constructs and were 

sampled at the indicated days for western blot analysis of BRAFV600E (myc), ERK1/2 phosphorylation 

(p-ERK1/2Y204), p53 and the DDR markers, γ-H2AX and phosphorylated CHK2T68. 

 

into a second human primary melanocyte isolate (HEM556) and into a human primary 

fibroblast isolate (HDF 1314). In both cell types oncogenic BRAF
V600E

 induced ERK 

phosphorylation and led to the downregulation of p53 (Figure 3.6). Consistent with our 

analysis of γ-H2AX foci, western blot analysis confirmed upregulation of the DNA damage  

markers γ-H2AX and p-CHK2
T68

 in melanocytes, however the fibroblast cells did not show 

upregulation of these markers (Figure 3.6). 

 

We subsequently examined p53 regulation in response to the melanoma-associated 

NRAS
Q61K

 oncogene. This oncogene has previously been shown to induce senescence and 
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promote p53 stability in the HEM1455 cells (Haferkamp et al., 2009). As shown in Figure 

3.7, the ectopic expression of NRAS
Q61K

 was associated with markers of senescence, 

including p53 and p21
Waf1 

induction, the appearance of heterochromatic foci and SA-β-Gal 

activity (Figure 3.3). 

 

 

 

Figure 3.7: Ectopic expression of NRAS
Q61K

 does not downregulate p53 

Cultured neonatal melanocytes (HEM1455) were transduced with control or NRASQ61K lentiviral 

constructs and were analysed four days post-transduction. CopGFP expression was used to determine 

transduction efficiency and DAPI staining revealed heterochromatin foci (SAHF). 

A. Immunostaining for the proliferative marker Ki67 and SAHF at seven days post-transduction. 

B. Western blot was used to assess the expression of NRASQ61K (myc), p-ERK1/2Y204, p53 and 

p21
Waf1

. 
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3.3.3 Oncogenic BRAF does not promote the ubquitination or degradation of p53 

Having shown that ectopic BRAF
V600E

 induced the rapid downregulation of p53 in multiple 

cell types, we examined potential mechanisms of p53 suppression. Post-transcriptional 

modifications of p53, including p53 phosphorylation and ubiquitination are critical for the 

stability and degradation of p53, respectively (reviewed in Bode and Dong, 2004). We 

initially examined whether p53 ubiquitination was enhanced by BRAF
V600E

 activity in 

melanocytes. The proteasome inhibitor MG132 was added to BRAF
V600E

-transduced 

melanocytes and the accumulation of ubiquitinated forms of p53 was monitored by western 

blot. Addition of the proteasome inhibitor MG132 stabilised p53 in both the control- and 

BRAF
V600E

-transduced melanocytes, although the levels of p53 in the BRAF
V600E

-expressing 

cells were not restored to control levels (Figure 3.8). More importantly, MG132 treatment 

stabilised higher molecular weight, ubiquitin-conjugated forms of p53, but there was no 

detectable difference in the degree of p53 ubiquitination in BRAF
V600E

- vs control-transduced 

melanocytes (Figure 3.8).  

 

 

 

Figure 3.8: BRAF
V600E

 does not promote p53 ubiquitination 

A. p53 expression in BRAFV600E transduced melanocytes was examined after 16 hours exposure to the 

proteasomal inhibitor MG132. Melanocytes were transduced 16 hours prior to MG132 treatment. 

B. Comparison of p53 ubiquitination (p53-Ub; high molecular weight p53 products) in BRAFV600E- 

and control-transduced cells treated with MG132. Protein loading was adjusted to equalise total p53. 
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We also assessed the stability of p53 protein by treating transduced melanocytes with the 

translation inhibitor cycloheximide. Approximately 16 hours post-transduction, 10 µg/ml 

cycloheximide was added to the culture media and cells harvested at 0, 2, 4, 6 and 8 hours 

post-cycloheximide addition. As shown in Figure 3.9, in the absence of new protein 

synthesis, p53 protein decayed rapidly over the 8h time course, but the rate of p53 decay was 

not altered by ectopic BRAF
V600E

 expression. These data suggest that oncogenic BRAF does 

not induce ubiquitin-dependent p53 degradation. 

 

 

Figure 3.9: p53 protein turnover is unaltered in BRAF
V600E

-transduced melanocytes 

Cells were transduced with control or BRAF
V600E

 lentiviral constructs. At 16 hours post-transduction, 

cells were exposed to cycloheximide (10 ug/ml) and harvested at 0, 2, 4, 6 and 8 hours after 

cycloheximide addition. Relative protein expression levels were estimated by densitometry. Mean±sd 

of at least three independent experiments. 

 

To further investigate p53 protein stability, BRAF
V600E 

expression was examined in a 

transgenic U20S osteosarcoma cell line that carries an IPTG inducible form of p14ARF 

(U2OS_ARF). p14ARF is a critical inducer of p53 activity and mediates p53 stabilisation by 

inhibiting the E3 ubiquitin ligase hdm2 (Sherr 2006). We reasoned that if BRAF
V600E

 was 

promoting proteasomal degradation of p53, induced p14ARF expression may counteract this 
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activity. As expected, p14ARF induction promoted p53 accumulation in both control and 

BRAF-transduced cells, but the levels of p53 were not restored to control levels, in the 

BRAF
V600E

-expressing cells (Figure 3.10). It is also worth noting that oncogenic BRAF 

downregulated p53, without inducing γ-H2AX in the U20S_ARF cells (Figure 3.10). 

 

Figure 3.10: p14ARF induction does not rescue BRAF
V600E

 dependent loss of p53 

p14ARF inducible, U2OS_ARF cells were treated with IPTG for three days before transduction with 

BRAF
V600E

. Expression of p14ARF, BRAF
V600E

 (myc), p53, p21
Waf1

, ERK phosphorylation (p-

ERK1/2
Y204

), and γ-H2AX were assessed by western blot. 

 

3.3.4 BRAF
V600E

 expression suppresses p53 mRNA levels  

Since, p53 protein stability was not altered by oncogenic BRAF
V600E

, we examined whether 

p53 was transcriptionally downregulated. The relative expression of p53 mRNA was 

examined in control- versus BRAF
V600E

-transduced melanocytes using quantitative RT-PCR. 

After normalization to the GAPDH and TBP housekeeping genes, p53 mRNA was greatly 

diminished in BRAF
V600E

-transduced cells compared to control cells. The p53 transcript 

abundance in BRAF
V600E

 cells was less than half the p53 levels detected in control-

transduced cells (Figure 3.11).  
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Figure 3.11: Downregulation of p53 in BRAF
V600E

 transduced melanocytes is associated with 

lower p53 mRNA expression 

RT-PCR was used to quantify the levels of p53 transcripts in control- and BRAFV600E-transduced 

melanocytes at three days post-transduction. Relative expression (to control-transduced melanocytes, 

y-axis) was normalised to the housekeeping genes GAPDH (black bar) and TBP (grey bar). Mean±sd 

of two independent experiments is depicted. 

 

3.3.5 Assessment of transcriptional modulators of p53 expression 

To identify potential mediators of BRAF
V600E

-mediated inhibition of p53 transcription, whole 

genome microarray analyses was used to compare control- and BRAF
V600E

-transduced 

melanocytes. It is worth noting that these array data also confirmed that p53 transcript levels 

were significantly diminished in the BRAF-transduced melanocytes compared to control-

transduced melanocytes (data not shown). We applied Metacore™ Interactome analysis using 

1126 genes differentially expressed in BRAF
V600E

 vs control-transduced melanocytes (FDR, 

q<0.05 based on LimmaGP ranking; see Section 3.2.6). From these 1126 genes, we generated 

a list of 39 transcription factors and a second list of 39 genes associated with p53. Only five 

genes (i.e transcription regulators of p53) were common to both gene lists (BRCA1, CBFB, 

FOS, JUN, KLF4; Figure 3.12 and Table 3.4). These genes were cross-referenced with 

literature relating to p53 regulation and only two transcription factors (JUN and KLF4) were 
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Figure 3.12: Flowchart summarizing the ranking and Metacore™ analysis of potential p53 

transcription factors  

Microarray expression data from two experiments comparing melanocyte expression of BRAFV600E vs 

control were screened for upregulated transcription factors that may regulate p53 expression. 

 

confirmed transcription regulators of p53, and both were shown to repress p53 transcription 

(Schreiber et al., 1997; Rowland et al., 2005). Microarray analysis of KLF4 and c-jun 

indicated significant upregulation in response to BRAF
V600E

 expression (BRAF
V600E

 induced 

c-jun and KLF4 mRNA by 10.7- and 64.7-fold, respectively). Western blot analyses of the 

KLF4 transcription factor did not confirm induction by BRAF
V600E

 (Figure 3.13), however 

phosphorylated c-jun showed a rapid induction in response to oncogenic BRAF
V600E 

(Figure 

3.14). We focused on the role of c-jun in mediating BRAF
V600E

-driven suppression of p53.
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Table 3.4: Identified lead transcription factors and their expression levels in melanocytes 

expressing BRAF
V600E

. Transcription factors identified through interactome analysis using 

Metacore™ software suite (Reuters-Thompson; see Figure 3.12) FC, fold-change relative to control 

transduced melanocytes (BRAF
V600E

-transduced/control-transduced). 

 

Gene Symbol Protein name FC 

BRCA1 breast cancer 1, early onset  0.2 

CBFB Core-binding factor subunit beta   0.8 

FOS Proto-oncogene c-Fos 5.0 

JUN Transcription factor c-jun 10.7 

KLF4 Krueppel-like factor 4 64.7 

 

 

 

 

 

 

Figure 3.13: BRAF
V600E

 does not induce KLF4 protein levels 

U2OS cells were transduced with control or BRAFV600E lentiviral constructs. Cells were harvested 

three days later for western blot analysis of KLF4, BRAF
V600E

 (myc), p53, p21
Waf1

, total ERK and 

ERK phosphorylation (p-ERK1/2Y204). 
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We generated two independent c-jun shRNA constructs but were unable to achieve sufficient 

gene silencing in the background of BRAF
V600E

-mediated c-jun stimulation (Figure 3.15). 

Although c-jun silencing with the version 2 shRNA showed marginal recovery of p53, in the 

presence of BRAF
V600E

, this c-jun silencer was also associated with reduced BRAF
V600E 

expression (Figure 3.15B). We also attempted to inhibit c-jun, by pharmacologically 

inhibiting its upstream regulator c-jun N-terminal kinase (JNK) using the small molecule 

inhibitor SP600125. We noted a minor decrease in c-jun phosphorylation in response to high 

dose of SP600125, and this was associated with a slight, increase in p53 expression (Figure 

3.16). Unfortunately, we could not achieve adequate c-jun inhibition or suppression to make 

any conclusions regarding the role of c-jun on p53 regulation by oncogenic BRAF.  

 

 

 

 

Figure 3.14: Ectopic BRAF
V600E

 promotes accumulation of phosphorylated c-jun 

Melanocytes were transduced with control (-) or BRAFV600E (+) lentiviral constructs and were 

sampled over seven days to assess the expression of BRAF
V600E

 (myc), total ERK1/2, p-ERK1/2
Y204

 

and phosphorylated c-jun (p-c-junS63). 
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A 

 

B 

 

 

Figure 3.15: Assessment of the efficacy of c-jun shRNA constructs in melanocytes 

Melanocytes (HEM1455) were transduced with c-jun-specific short hairpin RNA (shRNA) or control 

shRNA and 72 hours later transduced with control (-) or BRAFV600E (+) lentiviral constructs. Cells 

were harvested six days later for western blot analysis of indicated markers. 

A. Assessment of c-jun specific shRNA v1 for rescue of p53 downregulation by BRAFV600E 

expression. 

B. Assessment of c-jun specific shRNA v2 for rescue of p53 downregulation by BRAFV600E. Cell 

lysate of melanoma cell line NM39 was used to assess relative expression levels. 
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Figure 3.16: Assessment of the JNK inhibitor SP600125 for inhibiting p-c-jun 

U2OS cells were treated with SP600125 at the indicated doses for 16 hours prior to transduction with 

control (-) or BRAF
V600E

 (+) lentiviral constructs. Cells were harvested at three days post-

transduction. Expression of the indicated markers was assessed by western blot. 

 

3.3.6 p53 signalling is enhanced in melanoma cells upon MAPK inhibition 

The transcription suppression of p53 by oncogenic BRAF, suggested that melanoma cells 

may respond to MAPK inhibition by upregulating p53 activity. To explore the impact of 

MAPK inhibition on p53 signalling we compared the transcript profiles of five p53-intact 

(A375, MM200, NM39, NM182, WMD033) and five p53-inactivated melanoma cell lines 

(501Mel, MelRMu, SK-MEL-28, NM176, ME1042). The p53 functional status of these cell 

lines was identified by their cell cycle inhibitory response to the hdm2-inhibitor nutlin-3 and 

is described in detail in Section 4.3.2. These cells were treated with either the BRAF inhibitor 

dabrafenib and/or the MEK inhibitor trametinib, for 24 hours and compared using whole 

genome microarray analyses. Nine cell lines where treated with dabrafenib and only one cell 

line (WMD033) treated with combination dabrafenib/trametinib. The combination treated, 
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p53-positive WMD033 cell line behaved as expected, i.e it was indistinguishable from the 

p53-positive dabrafenib-treated cells. Initially, we confirmed equivalent MAPK inhibition in 

both the p53-intact and p53-null melanoma subgroups using a MEK/ERK transcriptome 

signature indicative of persistent MEK/ERK activation (Figure 3.17A). This MAPK gene set 

includes many known transcription targets of ERK signalling, including MYC, ETV5 and the 

negative feedback regulators DUSP4/6 and SPRY1/2 (Pratilas et al., 2009; Appendix 6.3).    

 

Figure 3.17: Impact of MAPK inhibition on MAPK and p53 activity scores of melanoma cell 

lines 

Box plots showing: A. MAPK activity (mean log2-transformed expression of MAPK activation gene 

transcripts) and B. p53 activity score in p53-functional and p53-defective melanoma cell lines (n=10) 

that were treated for 24 hours with DMSO (-) or a MAPK inhibitor (+). MAPK activity scores were 

derived from Pratilas et al., 2009. p53
+/+

 cells include A375, MM200, NM39, NM182, WMD033. 

p53-inactive cells include 501Mel, MelRMU8, SK-MEL-28, NM176 and ME1042. NS, not 

significant  

 

We then explored p53 signalling in these melanoma cell subgroups using transcriptome 

signatures. Although there are many reported gene sets associated with wild-type p53 

activity, these signatures have very few genes in common. For instance, a comparison of four 

p53-dependent transcriptome signatures derived from the GSEA Molecular Signature 
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Database (http://www.broadinstitute.org/gsea/msigdb/index.jsp) confirmed that there was 

almost no overlap between these gene sets, and only four genes, including CDKN1A, were 

common to three of the four p53 transcriptome signatures (Table 3.5 and Figure 3.18).  

 

Table 3.5: Summary of GSEA-derived p53-dependent gene signatures  

GSEA genesets obtained from: http://www.broadinstitute.org/gsea/index.jsp 

GSEA Gene Set Name 
Number of 

Genes 

Number of 

Unique Genes 

REACTOME_P53_DEPENDENT_G1_DNA_DAMAGE_RESPONSE 57 51 

PID_P53REGULATIONPATHWAY 
59 48 

PID_P53DOWNSTREAMPATHWAY 
137 119 

P53_DN.V1_DN 
192 181 

 

 

Figure 3.18: Venn diagram showing intersections between four GSEA-derived p53-dependent 

transcriptome signatures in Table 3.5 

Venn diagram was generated using: http://bioinformatics.psb.ugent.be/webtools/Venn/ 

 

Consequently, we re-derived a modified p53-transcriptome signature that included genes 

previously associated with p53-activity (i.e. found in several GSEA p53-transcriptome 

signatures) that were also upregulated in our established inducible-p53, U20S_ARF 

osteosarcoma cell model (Gallagher et al., 2005). The derived 29-gene signature included 

well-established p53 transcription targets such as CDKN1A, GADD45A, BAX, MDM2 and 
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CCNG1 (Table 3.6), and as expected, was significantly upregulated in IPTG-treated 

U2OS_ARF cells. This 29-gene p53 signature was also significantly upregulated in p53-

intact melanoma cells after treatment with a MAPK inhibitor (Figure 3.17B). In contrast, p53 

signalling was not upregulated by MAPK inhibition in melanoma cells lacking functional p53 

(Figure 3.17B). These results confirm that p53 transcriptional activity is elevated in p53-

intact BRAF-mutant melanoma cells upon MAPK inhibition. 

 

Table 3.6: p53 activation signature 

This signature was derived from the set of genes that were upregulated in IPTG-induced U2OS_ARF 

cells that matched p53-activity signature genes from four GSEA transcriptome datasets (Table 3.5). 

Symbol Gene name 

ACTA2 Actin, Alpha 2, Smooth Muscle, Aorta 

ATF3 Activating Transcription Factor 3 

BAK1 BCL2-antagonist/killer 1 

BAX BCL2-associated X protein 

BBC3 BCL2 binding component 3 

BCL6 B-cell CLL/lymphoma 6 

BTG2 BTG family, member 2 

CASP1 caspase 1, apoptosis-related cysteine peptidase 

CCNG1 cyclin G1 

CDKN1A cyclin-dependent kinase inhibitor 1A (p21, Cip1) 

CTSD cathepsin D 

DDB2 damage-specific DNA binding protein 2, 48kDa 

DDIT4 DNA-damage-inducible transcript 4 

DGKA diacylglycerol kinase, alpha 80kDa 

FAS Fas cell surface death receptor 

GADD45A growth arrest and DNA-damage-inducible, alpha 

GDF15 growth differentiation factor 15 

LIF leukemia inhibitory factor 

MDM2 MDM2 oncogene, E3 ubiquitin protein ligase 

NEFL neurofilament, light polypeptide 

NINJ1 ninjurin 1 

PHLDA3 pleckstrin homology-like domain, family A, member 3 

PLK3 polo-like kinase 3 

PMAIP1 phorbol-12-myristate-13-acetate-induced protein 1 

PPM1D protein phosphatase, Mg
2+/

Mn
2+

 dependent, 1D 

PRKAB1 protein kinase, AMP-activated, beta 1 non-catalytic subunit 

TAP1 transporter 1, ATP-binding cassette, sub-family B (MDR/TAP) 

TNFSF9 tumor necrosis factor (ligand) superfamily, member 9 

TRIM22 tripartite motif containing 22 
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3.4 Discussion 

 

In this chapter, BRAF
V600E

-induced senescence in human melanocytes was examined to 

explore the timing and regulation of key signalling pathways. We report that p53 is rapidly 

downregulated in human melanocytes and fibroblasts in response to BRAF
V600E

 expression, 

and that suppression of p53 is due to diminished p53 transcript levels, and does not reflect 

changes in p53 protein ubiquitination or decay. In contrast we, and others, have shown that 

oncogenic NRAS
Q61K

 promotes p53 expression in human melanocytes (Haferkamp et al., 

2009). This is an important functional difference between the oncogenic forms of NRAS and 

BRAF, which was also observed, but not discussed, in a report by Zhuang et al. (2008). 

Although the mechanism underlying the impact of BRAF
V600E

 on p53 was not defined in this 

thesis, our data highlight the fact that oncogenic BRAF signalling can diminish the activity of 

the p53 tumour suppressor pathway.  

 

The relationship between p53 and BRAF
V600E

 and the role of p53 in BRAF-induced 

melanocyte senescence and melanoma is complex and remains unclear. For instance, the 

requirement for functional p53 in BRAF-mediated melanocyte senescence remains 

controversial (Wajapeyee et al., 2010) but most studies report that p53 suppression alone 

does not overcome BRAF-mediated senescence in human melanocytes (Zhuang et al., 2008; 

Denoyelle et al., 2006; Yu et al., 2009). Human melanomas also lack any tendency for the co-

occurrence of BRAF and p53 mutations, although NRAS mutations tend to co-exist with 

TP53 alterations in melanoma (Table 3.7). It is also worth noting that we have previously 

shown a trend towards reduced p53 transcript levels in microarray analyses of BRAF-mutant 

metastatic melanomas (n=39) compared to BRAF wild-type metastatic melanomas (n=60; 

Scurr et al., 2010).  In mouse and fish models, however, the loss of p53 co-operates with 
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oncogenic BRAF to overcome senescence and promote naevi and invasive melanoma (Patton 

et al., 2005; Goel et al., 2009). BRAF
V600E

-driven naevogenesis and melanomagenesis were 

also accelerated in mice exposed to low-dose UVR, but UVR-accelerated melanoma involved 

gain-of-function p53 mutations (Viros et al., 2014). Intriguingly, p53 protein was only 

detected in the UVR-treated skin keratinocytes, and was not evident in the BRAF
V600E

-

positive and UVR-exposed murine melanocytes (Viros et al., 2014) and it is tempting to 

speculate this may be due to BRAF
V600E

-mediated p53 suppression.  

 

Table 3.7: TP53 mutations are more likely to occur with oncogenic NRAS than with 

oncogenic BRAF 

Analysis of TCGA data from 374 melanomas (cbioportal.org). 

Pairing of 

mutated genes 

Odds 

Ratio (OR) 

Confidence 

interval (95%) 
p-value Tendency 

BRAF +NRAS 0.08 0.03 – 0.18 1.0 ×10
-6

 mutually exclusive (0 < OR < 0.1) 

BRAF +TP53 1.82 0.99 – 3.34 3.8 ×10-2 no association (0.5 < OR < 2) 

NRAS +TP53 3.06 1.63 – 5.76 6.0 ×10-4 co-occurrence (2 < OR < 10) 

p-values are derived from Fisher’s Exact test and are not adjusted for FDR 

 

Collectively, these data suggest that p53 alterations contribute to melanomagenesis and the 

low frequency of p53 mutations in melanoma (approximately 20%; Hodis et al., 2012) may 

reflect the deregulation of upstream regulators such as mdm2, mdm4 and p14ARF. Our data 

suggest that oncogenic BRAF, which occurs in over 50% of melanomas, may also act to 

dampen p53 signalling. In this case, concurrent therapy inhibiting oncogenic BRAF and 

stabilising p53 may show clinical activity in BRAF-mutant melanoma patients. This 

combination showed synergistic pre-clinical activity and promoted potent apoptosis and 

suppressed melanoma growth in vivo (Ji et al., 2012). Similarly, the combination of other 

kinase inhibitors (AZD6244, Dasatinib, Sorafenib) with the mdm2 inhibitor nutlin-3 induced 

synergistic cell death in acute myeloid leukemia (AML) and B-cell chronic lymphocytic 
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leukemia (B-CLL; Zhang et al., 2010; Zauli et al., 2011). Thus, efficacy of p53-based 

therapies is currently being trialed in various cancers, but the design of these clinical trials 

will be critical in demonstrating clinical activity. Our results and previous data suggest that 

the combination of BRAF inhibitors and mdm2 antagonists should be considered as first-line 

therapy in patients with advanced BRAF-mutant, p53 wild-type melanoma. 

 

The specific transcriptional downregulation p53 has been noted in several contexts where p53 

activity might hinder rapid cell proliferation. For instance, Schreiber et al. (1999) 

demonstrated that c-jun regulated cell-cycle progression in fibroblasts by transcriptionally 

repressing p53, a process that was critical for liver regeneration (Stepniak et al., 2006). B-

cells in germinal centres also show p53 downregulation via BCL6 to permit clonal expansion 

and somatic hypermutation to generate clonal and antibody diversity (Phan and Della-Favera, 

2004). Both c-jun and BCL6 are downstream effectors of ERK (Vial et al., 2003; Niu et al., 

1998) and both were upregulated in our microarray dataset (11- and 2-fold respectively). 

Although BCL6 was not a lead generated from our Metacore™ analysis and its significance 

in melanoma is unclear, it remains a possible candidate for study as one report has 

demonstrated that BCL6 expression is strongly associated with poor prognosis in a small 

(8%) subset of patients (Alonso et al., 2004). Unfortunately, our attempts at silencing c-jun 

expression were not successful and we are unable to explore alternative methods of c-jun 

suppression due to time constraints. Nevertheless, c-jun remains a priority target for future 

work, and the implementation of the new CRISPR gene editing system (reviewed in Mali et 

al., 2013) may prove more effective in knocking out wild-type JUN. 
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Chapter 4. Contribution of the p53 pathway in 

modulating melanoma responses to MEK 

inhibition  

 

4.1 Introduction 

Inhibition of the mitogen-activated protein kinase (MAPK) pathway with combination BRAF 

and MEK inhibitors was recently approved by Australia’s TGA for the treatment of 

BRAF
V600

-mutant metastatic melanoma patients. Despite significant improvements in clinical 

outcomes and reports of long-term responders (Menzies and Long, 2014), 50% of patients 

treated with the BRAF inhibitor dabrafenib combined with the MEK inhibitor trametinib 

progress within 9-10 months (Flaherty et al., 2012).  Multiple mechanisms of acquired 

resistance to BRAF inhibitor therapy have been described, including elevated expression of 

the kinases CRAF, COT1 or mutant BRAF (Montagut et al., 2008; Johannessen et al., 2010; 

Shi et al., 2012), aberrant splicing of BRAF (Poulikakos et al., 2011), activating mutations in 

NRAS (Nazarian et al., 2010), loss of NF1 (Whittaker et al., 2013), persistent activation of 

receptor tyrosine kinases (Nazarian et al., 2010; Villanueva et al., 2010; Girotti et al., 2013) 

and amplification of the downstream effector MITF (Van Allen et al., 2014) (see Table 1.2). 

Activation of the phosphoinositide 3-kinase (PI3K) pathway has also been implicated in 

BRAF inhibitor resistance with acquired mutations that activate the AKT and PIK3CA 

kinases detected in BRAF inhibitor-resistant melanomas (Shi et al., 2014; Van Allen et al., 

2014). 
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Genetic alterations identified in pre-therapy BRAF
V600

 mutant tumours can also modulate 

initial responses to BRAF inhibitors. For instance, loss of the phosphatase and tensin 

homolog (PTEN), deletions encompassing the p16
INK4a

 cyclin dependent kinase inhibitor 

gene (CDKN2A) and cyclin D1 (CCND1) gene amplification are each associated with the 

reduced duration of progression-free survival (PFS) in BRAF
V600

-mutant melanoma patients 

treated with BRAF inhibitors (Nathanson et al., 2013). These genetic markers do not 

necessarily confer intrinsic resistance or preclude clinical response to BRAF inhibition but 

appear to function as predictive markers of response duration. Consequently, PTEN-deficient 

and p16
INK4a

-null BRAF
V600

-mutant melanoma cells can remain exquisitely sensitive to 

BRAF inhibition (Sondergaard et al., 2010) and PTEN-null BRAF
V600

-mutant tumours can 

show dramatic responses to BRAF inhibitors (Trunzer et al., 2013).  

 

In this report, we explored the potential role of p53 in modulating responses to the MEK 

inhibitor trametinib. p53 inactivation occurs in the majority of melanoma tumours via 

multiple mechanisms including (a) loss-of-function p53 mutations (10% of melanomas), (b) 

deletions involving the CDKN2A locus, which lead to the loss of the p53 regulatory protein 

p14ARF (50% of melanomas; Zhang et al., 1998) or (c) overexpression of the E3 ubiquitin 

ligases of p53, hdm2 or the related mdm4 (up to 65% of melanomas; Polsky et al., 2001; 

Muthusamy et al., 2006; Gembarska et al., 2012). The functional role of p53 in melanoma 

pathogenesis has also been confirmed in animal models. In particular, the loss of p53 co-

operated with oncogenic HRAS, NRAS or BRAF to promote melanomas in transgenic mouse 

and zebrafish models (Bardeesy et al., 2001; Dovey et al., 2009; Goel et al., 2009). Further 

evidence has been reported recently, UVR induced p53 mutations, acquired during the 

tanning response, have been shown to accelerate the development of BRAF
V600E

-dependent 

melanoma (Viros et al., 2014).  



73 

 

 

The p53-signalling cascade is induced by stress-related and DNA damage response pathways 

that are activated by commonly used chemotoxic agents, including radiotherapy, 5-

fluorouracil, etoposide, cisplatin and topoisomerase II inhibitors. Induction of DNA damage 

response pathways and activation of functional p53 are important determinants of tumour 

sensitivity to these cytotoxic agents (Lowe et al., 1993; Pan et al., 2013). Consequently, loss-

of-function p53 mutations are significantly associated with therapy resistance and poor 

outcomes in ovarian and breast cancer patients treated with cisplatin, paclitaxel or epirubicin 

monotherapy (Reles et al., 2001; Chrisanthar et al., 2011). p53 expression also correlated 

with radiosensitivity in NCI-60 cancer cell lines (Kim et al., 2012). 

 

The contribution of p53 activity to the efficacy of targeted therapies, including BRAF and 

MEK inhibitors is not well established. To the best of our knowledge, there is no evidence 

that MAPK inhibitors directly damage DNA (Kirkpatrick et al., 2013) or induce p53 via 

DNA damage response pathways. Nevertheless, MAPK signalling can trigger ERK1/2-

mediated p53 phosphorylation and stabilisation (Persons et al., 2000; Yeh et al., 2001). 

Conversely, MAPK activity can promote p53 degradation by transcriptionally inducing the 

p53 antagonist and ubiquitin ligase hdm2 (Ries et al., 2000). p53 can also regulate the MAPK 

pathway through transcriptional control of the dual specificity protein phosphatases, DUSP1, 

DUSP2 and DUSP5, which inhibit ERK1/2 to suppress MAPK activity (reviewed in Wu 

2004). Induction of p53 may also activate MAPK signalling in response to DNA damaging 

agents possibly via p53-induced autocrine or paracrine growth factors (Lee et al., 2000), such 

as the heparin-binding epidermal growth factor-like growth factor (Fang et al., 2001). 
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We previously demonstrated that constitutive expression of oncogenic BRAF
V600E

 in human 

epidermal melanocytes promoted the rapid down-regulation of p53 mRNA and protein (see 

Chapter 3). Thus, it was important to explore whether the pharmacological inhibition of 

MAPK activity restored p53 protein levels and stimulated p53 signalling. The impact of p53 

on cell responses to selective MAPK inhibition was also examined. Although, recent reports 

investigated the co-operative effects of BRAF inhibitors with p53 activating compounds (i.e. 

nutlin-3 and SAH-p53-8; Ji et al., 2012; Gembarska et al., 2012), we were interested in the 

role of endogenous p53 as a predictive biomarker of cell responses to MAPK inhibition.  

Baseline predictors of clinical response are critical in defining patients that will respond to 

current therapies and also to help identify patients who may benefit from alternative first-line 

combination treatments. 

 

Throughout this Chapter we applied the MEK inhibitor trametinib to inhibit MAPK 

signalling. This use of trametinib permitted the parallel examination of BRAF wild type 

HCT116 colorectal, BRAF wild type melanoma and BRAF mutant melanoma cell lines. 

Significantly, we have also previously confirmed that inhibition at the BRAF or MEK node, 

results in equivalent proliferative arrest and apoptosis in BRAF-mutant melanoma cell lines 

(Gowrishankar et al., 2010). 
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4.2 Materials and Methods 

 

4.2.1 Cell lines and culture  

SK-MEL-28 and A375 melanoma cells were obtained from Prof. P. Hersey (Kolling Institute, 

University of Sydney). Cell authentication was confirmed using the StemElite ID system 

(Promega, Madison, WI). WMD013 melanoma cells were described previously (Section 

3.2.1; Carlino et al., 2013). BRAF
V600

 genotype of melanoma cultures was confirmed using 

PCR-based capillary sequencing (data not shown). All melanoma cell lines were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) with 10% FBS and glutamine (Life 

Technologies, Waltham, MA) at 37°C with 5% CO2. Stocks of trametinib (Selleck 

Chemicals) and nutlin-3 (Selleck Chemicals) were made in dimethyl sulfoxide (DMSO). 

Neonatal epidermal melanocytes (HEM1455) were obtained from Cell Applications and were 

cultured as described in Tran and Rizos (2013), Appendix 6.1. 

 

4.2.2 Cell cycle Analysis  

Cells were harvested and fixed in 70% ethanol for at least 60 min at 4ºC, washed in PBS and 

incubated with propidium iodide (50 µg/mL) and RNase A (50 µg/mL) in PBS at 37ºC for 20 

min. Nuclear DNA content was measured using a FACSCalibur flow cytometer (Becton 

Dickinson, Franklin Lakes, NJ) and cell cycle modeled using ModFit software (Verity 

Software, Topsham, ME). Sub-G1 content was estimated using CellQuest software (Becton 

Dickinson).  
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4.2.3 Annexin V staining 

Adhered and suspended cells were harvested and pooled (Gallagher et al., 2005) and 

apoptotic fractions analysed by annexin V staining as detailed by the manufacturer (Becton 

Dickinson).  

 

4.2.4 Western Blotting 

Western blotting procedures and antibodies used are detailed in Section 3.2.3. Densitometry 

was performed using ImageJ software (NIH). Values for p-p53
S15

 and p21
Waf1 

were 

normalized to untreated control and β-actin. 

 

4.2.5 Pharmacological growth inhibition assays  

Cultured cells were seeded into 96-well plates (1000 cells per well) and 24 hours after 

seeding, serial dilutions of trametinib, prepared in media, were added to cells. Treated cells 

were incubated for 72 hours at 37°C following drug exposure. Cell viability was determined 

using the Cell Proliferation Aqueous MTS assay (Promega) on a VICTOR
2
 Multilabel 

counter (Perkin Elmer, Waltham, MA). Viability was calculated as a percentage of control 

(DMSO-treated cells) after background (no cells) subtraction. Unless otherwise stated, a 

minimum of two independent viability assays, each performed in triplicate, were carried out 

for each cell line and drug combination. IC50 values were generated from dose-response 

curves fitted using a four-parameter regression fit in GraphPad PRISM 5 software 

(GraphPad, San Diego, CA).  
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4.2.6 Cell proliferation assay 

Cells were seeded onto 6-well plates at a densities between 2×10
4
 and 3×10

4
 cells per well 

for 24 hours and then cultured in the presence of inhibitor or DMSO control for nine days 

with media change and drug replenishment every three days. Cell proliferation was 

monitored by the IncuCyte Kinetic Imaging system (Essen Biosciences, Ann Arbor, MI, 

USA) at 37°C and 5% CO2. Proliferation was measured as increase in confluence relative to 

initial scan. Assays were performed at least twice in duplicate. 

 

4.2.7 Indirect immunofluorescence for BrdU incorporation 

Cells were seeded onto glass coverslips in 12-well plates at densities between 2×10
4
 and 

4×10
4
 cells per well for 24 hours and then cultured in the presence of inhibitor or DMSO 

control for 72 hours. Cells were treated with 2 µl/mL Cell Proliferating Labeling Reagent 

(GE Healthcare, Buckinghamshire, UK) for 2-8 hours (time dependent on cell proliferation 

rate). After fixing with 4% paraformaldehyde for 15 min cells were permeabilised in 0.2% 

Triton X-100 for 10 min. Cells were subsequently treated with 7 units of RQ1 DNase 

(Promega) for 30 min and then incubated with anti-BrdU (BU-1; GE Healthcare) for 50 min, 

washed, then incubated for 50 min with Alexa Fluor 594-conjugated secondary IgG 

(Molecular Probes, Carlsbad, CA). Nuclear DNA was stained with 1 mg/ml
 
DAPI (4’,6-

diamidino-2-phenylindole) for 10-15 min. At least 400 cells were counted from at least two 

independent experiments. 
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4.2.8 Clonogenic Assay 

Cells were cultured in six well culture plates seeded at a density of 2×10
4
 cells per well. After 

24 hours at 37°C, cultures were treated with 5 nM (MM200) or 10 nM (A375) trametinib and 

drug was replenished with a media change every three days for fifteen days. Wells were 

washed with cold (4°C) PBS and cells fixed with cold methanol for sixty seconds, washed 

with PBS, and then stained with crystal violet (0.1% solution; ScienceLab, Humble, TX) for 

20 min. Wells were then washed thoroughly with water to remove excess stain, dried then 

photographed. For quantitation, stained colonies (cells) were destained with 33% acetic acid 

for 5 min. The resulting extract was diluted (1 in 4) and absorbance measured at 590 nm. All 

assays were performed at least twice in duplicate. 

 

4.2.9 Lentivirus mediated p53 silencing  

Lentiviruses were produced in HEK293T cells as described in Section 3.2.5 (see also Tran 

and Rizos, 2013; Appendix 6.1). The p53 shRNA v1 (5’-GACTCCAGTGGTAATCTAC-3’) 

corresponds to nucleotides 977-995 (NM_000546; Brummelkamp et al., 2002). p53 shRNA 

v2 (5’-CCACCATCCACTACAACTACAT-3’) corresponds to nucleotides 891-912 

(NM_000546).  
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4.3 Results 

 

4.3.1 p53 contributes to trametinib sensitivity of HCT116 colorectal cells 

To initially examine the role of p53 in modulating cell responses to the MEK inhibitor 

trametinib, we examined the isogenically matched p53
+/+

 and p53
-/-

 HCT116 colorectal 

cancer cells. p53 had been deleted from parental HCT116 cells (p53
+/+

) via homologous-

targeted recombination and the sequential replacement of both alleles with genes conferring 

geneticin and hygromycin resistance (Bunz et al., 1998). The p53
+/+

 and p53-null (p53
-/-

) 

HCT116 cancer cells carry an activating KRAS
G13D

 mutation and depend on MAPK activity 

for proliferation and survival (Hatzivassiliou et al., 2013). Consequently, p53
+/+

 HCT116 

cells were sensitive to trametinib (half maximal inhibitory concentration, IC50 = 0.8 nM) and 

responded by undergoing rapid and potent G1 cell-cycle arrest followed by apoptosis within 

72 hours of drug exposure (Figure 4.1).  

 

The p53-null HCT116 cells were significantly less sensitive to trametinib when compared to 

the p53
+/+

 HCT116 cells (IC50 = 24 nM vs. 0.8 nM, p = 0.003; Figure 4.2).  Trametinib 

induced weaker G1 cell-cycle arrest in the absence of functional p53, and this diminished 

proliferative arrest was evident 24 and 72 hours post addition of trametinib at several 

concentrations (10, 25 and 50 nM; Figures 4.3 and 4.4). The amount of cell death induced 

after 72 hours exposure to 10 nM and 25 nM trametinib was also slightly, but consistently 

weaker in the p53-null HCT116 cells, when compared to the p53
+/+

 cells. At the highest dose 

of trametinib (50 nM), p53-status did not influence the apoptotic activity of trametinib and 

both p53
+/+

 and p53-null HCT116 cells showed comparable levels of cell death (34 ± 4 vs. 32 

± 3% annexin V-positive apoptotic cells in the p53
+/+

 vs. p53
-/-

 HCT116 cells; Figure 4.4). 
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Figure 4.1: Response of HCT116 p53
+/+

 colorectal cells to the MEK inhibitor trametinib 

HCT116 p53
+/+

 cells were exposed to the indicated concentrations of the MEK inhibitor trametinib for 

72 hours.  

A. Viability curve for HCT116 p53
+/+

 cells treated with increasing concentrations of trametinib for 72 

hours (relative to DMSO-treated controls; mean±sd of at least two independent experiments). 

B. Cell-cycle distribution of HCT116 p53
+/+

 cells treated with either DMSO or trametinib (25 nM) for 

72 hours. Mean±sd of two independent experiments depicted. 

C. Dual-colour flow cytometric annexin V analysis for apoptosis of HCT116 p53
+/+

 cells treated with 

DMSO or trametinib (25 nM) for 72 hours. Mean±sd of two independent experiments shown. PI, 

propidium iodide.  
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Figure 4.2: Sensitivity of p53
+/+

 and p53
-/-

 HCT116 colorectal cells to the MEK inhibitor 

trametinib 

Viability curve for p53+/+ and p53-/- HCT116 cell lines exposed to increasing concentrations of 

trametinib for 72 hours (relative to DMSO-treated control populations; mean±sd of three independent 

experiments). 

 

 

 

Figure 4.3: Trametinib-induced proliferative arrest is diminished by the loss of p53 in the 

colorectal cell line HCT116 (legend next page) 
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 (Figure 4.3, previous page) 

Figure 4.3: Trametinib-induced proliferative arrest is diminished by the loss of p53 in the 

colorectal cell line HCT116  

Cell-cycle distribution of p53
+/+

 and p53
-/-

 HCT116 cells treated with either DMSO (0) or trametinib 

at the indicated doses for 24 hours. Values depicted are mean±sd of at least two independent 

experiments. PI, propidium iodide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Figure 4.4, next page) 

Figure 4.4: p53
-/-

 HCT116 colorectal cells show diminished sensitivity to MEK inhibition, 

compared to p53
+/+

 cells 

A. Cell-cycle distribution of p53+/+ and p53-/- HCT116 cells treated with either DMSO (0) or 

trametinib at the indicated doses for 72 hours. Values depicted are mean±sd of at least two 

independent experiments. 

B. Dual-colour flow cytometric annexin V analysis for apoptosis of p53
+/+

 and p53
-/-

 HCT116 cells 

treated with DMSO (0) or trametinib at the indicated doses for 72 hours. Values depicted are mean±sd 

of at least two independent experiments. PI, propidium iodide.  
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Figure 4.4: p53
-/-

 HCT116 colorectal cells show diminished sensitivity to MEK inhibition, 

compared to p53
+/+

 cells (legend previous page) 
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Analyses of MAPK signalling revealed that trametinib potently inhibited the phosphorylation 

of the MEK targets ERK1 and ERK2 in both HCT116 cell models (Figure 4.5). Trametinib 

also induced activation of the retinoblastoma protein (pRb; indicated by a loss of hyper 

phosphorylated pRb), a marker of cell cycle inhibition (Figure 4.5). As expected, pRb 

activation was more pronounced in the p53
+/+

 cells and this coincided with the greater 

proliferative arrest induced by trametinib in the p53
+/+

 HCT116 cells (Figures 4.3 and 4.4). 

Notably, although p53 levels (and p53 phosphorylation) displayed only modest upregulation 

in the p53
+/+

 HCT116 cells exposed to trametinib, the expression of the p53 transcriptional 

target and cyclin-dependent kinase inhibitor, p21
Waf1

, was markedly elevated in a dose-

dependent manner in these cells (Figure 4.5). Importantly, p21
Waf1

 was undetectable in the 

p53-null model and showed minimal upregulation in response to trametinib (Figure 4.5).  

 

To confirm that p21
Waf1

 upregulation in response to trametinib was dependent on functional 

p53, we silenced the expression of p53 in the p53
+/+

 HCT116 cells using two highly specific 

shRNA molecules. In the absence of trametinib, the suppression of p53 in the p53
+/+

 HCT116 

cells diminished ERK phosphorylation and dramatically reduced the baseline levels of 

p21
Waf1

. In the presence of 5 nM trametinib, ERK phosphorylation was inhibited and the 

stable suppression of p53 expression prevented p21
Waf1 

induction and partially restored 

phosphorylated pRb levels (an indicator of cell proliferation; Figure 4.6). These data confirm 

that in response to trametinib, p53 induces p21
Waf1

 accumulation and contributes to 

proliferative arrest in p53
+/+

 HCT116 cells. 
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Figure 4.5: Activity of trametinib in p53
+/+

 and p53
-/-

 HCT116 colorectal cells 

HCT116 cells were treated with DMSO (0) or trametinib at the indicated doses for 24 hours. The 

effects on ERK activation and cell-cycle regulators were determined by immunoblotting. 

Representative relative expression of p-p53S15 and p21Waf1 was estimated by densitometry (depicted 

values beneath lanes were normalized to β-actin and untreated control).  
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Figure 4.6: Effect of trametinib on p53-silenced HCT116 colorectal cells 

HCT116 (p53
+/+

) cells were stably transduced with p53 specific short hairpin RNA (shRNA) or 

control shRNA. At three days post-transduction, cells were treated with DMSO (-) or 5 nM trametinib 

for 24 hours. The effects on ERK phosphorylation, p21
Waf1

 expression and cell-cycle regulators were 

assessed by immunoblotting. 
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4.3.2 MAPK inhibition upregulates p53 signalling in p53-intact, BRAF mutant  

melanoma cells  

To examine the contribution of p53 in modulating melanoma cell sensitivity to trametinib we 

initially screened a panel of fifteen human melanoma cell lines for p53 expression by 

immunoblot analyses. As shown in Figure 4.7, we detected p53 expression in proliferating 

primary human epidermal melanocytes (HEM) and 13/15 melanoma cell lines. To determine 

whether p53 was functional in these melanoma cell lines, we examined the proliferative 

responses of melanoma cells to nutlin-3, a small molecule inhibitor of hdm2.

 

Figure 4.7: p53 protein expression in a panel of human melanoma cell lines 

Expression of p53, its downstream transcription target p21
Waf1

, and indicated cell-cycle regulators was 

examined in a panel of human melanoma cell lines and primary human epidermal melanocytes 

(HEM1455). The responsiveness of each cell line to 10 µM nutlin-3 is shown below (nutlin-3 binds to 

the p53 antagonist hdm2 and activates p53 signalling; -, no change in cell proliferation; +, cells 

undergo cell-cycle arrest as determined by flow cytometric analyses of propidium iodide-stained cell 

nuclei; nd, not determined). 



88 

 

Binding of nutlin-3 to hdm2 leads to the non-genotoxic stabilization of p53 and p53-

dependent proliferative arrest (reviewed in Secchiero et al., 2011; also Figure 4.8). Ten of 17 

melanoma cell lines underwent potent G1 cell-cycle arrest in response to 10 µM nutlin-3 at 24 

hours post inhibitor addition (i.e. % S-phase inhibition >70%; Table 4.1). Five of nine nutlin-

3 responsive melanoma cell lines accumulated expression of the p53 downstream target 

p21
Waf1

 whereas none of the six melanoma cell lines that did not respond to nutlin-3 showed 

p21
Waf1

Figure 4.8: Nutlin-3 promotes cell-cycle arrest in a p53-dependent manner 

Cell-cycle distribution of p53
+/+

 and p53
-/-

 HCT116 cells treated with either DMSO (0) or nutlin-3 (10 

µM) for 24 hours. Values depicted are mean±sd of at least two independent experiments. 

 

accumulation (Figure 4.7). Furthermore, the melanoma-associated tumour suppressor and p53 

regulator p14ARF was expressed in half (3/6) of melanoma cell lines that were resistant to 

nutlin-3, compared to p14ARF expression in only two of nine nutlin-3-responsive cell lines 

(M230 and NM179).  Analysis of trametinib responses in a subset of these melanoma cells 

revealed that functional p53 was not required for trametinib-induced melanoma cell cycle 
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arrest or cell death (Table 4.1). For instance, the SK-MEL-28 cells carry a homozygous p53 

inactivating mutation (L145R; Haapajarvi, 1999), fail to arrest in response to nutlin-3 but are 

exquisitely sensitive to tramentib (IC50 = 1 nM; Table 4.1).  

 

Table 4.1: Melanoma genotypes and cell responses to trametinib and nutlin-3 

   
Nutlin 

Response 
Trametinib Responses 

 

Melanoma 

cell line  
Genotype

a
 

p53 

status
b
 

% S-phase 

inhibition
d
 

Trametinib 

IC50 (nM)
e
  

% 

subG1 

%  

AnnV
+
 

Dose 

MelRM NRAS
Q61R

 + 95 1 nd nd nd 

WMD033 BRAF
V600E

 + 72 1 nd 81±1 nd 

WMD013 BRAF
V600E

 + 93 7 3±3 11±4 10 nM 

A375 BRAFV600E + 93 6 nd 9±2 nd 

NM182 BRAF
V600E

 +
c
 88 1 33±6 nd 10 nM 

NM177 NRAS
Q61R

 + 86 10 nd nd nd 

NM39 
BRAF

V600E
 

HRASQ61K 
+ 83 4 3±1 10±5 10 nM 

MM200 BRAF
V600E

 + 83 1 26±7 68±3 10 nM 

WMD031 BRAF
V600E

 + 78 11 13±2 41±6 10 nM 

MelMS c-KitW557-K558∆ + 88 74 3±1 17±1 10 nM 

NM179 NRAS
Q61K

 + 23 32 4±0 7±3 10 nM 

M230 c-KIT
L576P

 +
c
 12 15 nd 14±2 5 nM 

NM176 
BRAFV600E 

CDK4
R24H

 
-c 6 1 4±2 17±2f 10 nM 

SK-MEL-28 

BRAF
V600E 

CDK4
R24C

 

EGFRP753S 

+
c
 2 1 28±5 51±2 10 nM 

ME1042 BRAF
V600E

 + 0 2 nd nd nd 

WMM1175 NRAS
G13R

 - -11 25 1±1 6±1 10 nM 

501Mel BRAF
V600E

 + -17 23 nd nd nd 

WM009 BRAF
V600E

 + nd 4 1±0 27±5 10 nM 

nd, not determined
  

aCells were genotyped as part of the Sequenom Oncocarta Assay Panel v1.0 
bp53 status determined by western immunoblot analyses 
c
SK-MEL-28 cells carry homozygous p53

L145R
 mutation, M230 cells carry homozygous p53

L130F
, 

NM182 is heterozygous for partially functional p53P177S (http://www-

p53.iarc.fr/MutationValidation.asp?Mutant=P177S), NM176 is homozygous for p53
R213X 

d
Cells were treated with DMSO or 10 µM nutlin for 24 hours. The percentage of S-phase inhibition 

was calculated using the following formula: (% DMSO-treated cells in S-phase - % nutlin-treated 

cells in S- phase) / (% DMSO-treated cells in S-phase) x 100. The results (mean±sd) are derived from 

single experiments 
eA minimum of two independent viability assays each performed in triplicate was carried out for each 

cell line and drug combination. IC50 data were generated from dose-response curves fitted in 

GraphPad PRISM 5 software 
fvariance was calculated from a single experiment performed in triplicate
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4.3.3 Contribution of p53 signalling in melanoma cell responses to MEK inhibition 

To explore the role of p53 in modulating trametinib sensitivity, six melanoma cell lines were 

selected for further study. These included five p53-intact melanoma cells (A375, NM39, 

MM200, NM182 and WMD013) and the p53-null NM176 cells. Importantly, the p53-

positive cells varied in trametinib sensitivity and p53 activation; the A375, MM200 and 

NM182 cells responded to trametinib by undergoing potent proliferative arrest and/or cell 

death (Figures 4.9 and 4.10). These cells also resembled the p53
+/+

 HCT116 colorectal cell 

line, in showing substantial upregulation of the p53 transcriptional target p21
Waf1

 that was 

sometimes associated with increased p53 phosphorylation (Figures 4.5 and 4.10). The 

upregulation of p21
Waf1

 by trametinib was confirmed to be dependent on p53 in these 

melanoma cell lines. The downregulation of p53 expression using shRNA molecules 

diminished baseline levels of p21
Waf1

 (in the absence of trametinib) and prevented p21
Waf1

 

upregulation in the presence of trametinib (Figures 4.11 to 4.13). Importantly, we did not 

observe a consistent decrease in p-ERK levels when p53 expression was suppressed in these 

melanoma cells (Figures 4.11 to 4.13), as was noted in the p53
+/+

 HCT116 cells (Figure 4.6).  

 

Another two p53-positive cells (NM39 and WMD013) showed diminished responses to 

trametinib. Although the NM39 cells show p53-dependent p21
Waf1 

upregulation in response 

to trametinib (Figure 4.14), they fail to undergo cell death in response to trametinib, 

presumably because they carry the oncogenic HRAS
Q61K

 variant (Figure 4.9; Table 4.1). The 

p53-positive WMD013 short-term culture is also resistant to trametinib, showing minimal 

proliferative arrest and cell death (Figure 4.9).  This short-term culture was generated from a 

biopsy derived from a 71-year-old male with BRAF
V600E

-mutant metastatic melanoma after 

progression on trametinib (Carlino et al., 2013), and shows no evidence of p53 induction in 

response to trametinib (Figure 4.10). The mechanism of trametinib resistance in the
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Figure 4.9: Trametinib response in a panel of melanoma cell lines (legend next page)
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(Figure 4.9, previous page) 

Figure 4.9: Trametinib response in a panel of melanoma cell lines 

A. Cell-cycle distribution of indicated melanoma cell lines treated with either DMSO (0) or trametinib 

(10 nM) for 72 hours. Values depicted are mean±sd of at least two independent experiments. 

B. Dual-colour flow cytometric annexin V analysis of indicated melanoma cell lines treated with 

either DMSO (0) or trametinib (10 nM) for 72 hours. Values depicted are mean±sd of at least two 

independent experiments. PI, propidium iodide. 
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Figure 4.10: Analyses of melanoma cell responses to trametinib  

Melanoma cells lines were treated with DMSO (0) or the indicated doses of trametinib for 24 hours. The effects on ERK phosphorylation, p21Waf1 expression 

and indicated cell-cycle regulators were assessed by immunoblotting. Representative relative expression of p-p53
S15

 and p21
Waf1

 was estimated by 

densitometry (depicted values beneath lanes were normalized to β-actin and untreated control). 
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Figure 4.11: Effect of trametinib on p53-silenced A375 melanoma cells 

A375 cells were stably transduced with p53-specific short hairpin RNA (shRNA) or control shRNA. 

At three days post-transduction, cells were treated with DMSO (-) or 5 nM trametinib for 24 hours. 

The effects on ERK phosphorylation, p21Waf1 expression and indicated cell-cycle regulators were 

assessed by immunoblotting. 

 

WMD013 cell line has yet to be identified. Finally, the p53-null NM176 cell line is also 

BRAF
V600E

 mutant, carries a mutation in CDK4
R24H

 that renders it resistant to p16
INK4a

 

inhibition (Wolfel et al., 1995; Rizos et al., 1999), and undergoes cell cycle arrest, with no 

cell death, in response to MEK inhibition (Figures 4.9 and 4.10).  
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To thoroughly examine the influence of p53 on the trametinib sensitivity we selected the p53-

positive MM200 and A375 melanoma cells. These cell lines are sensitive to trametinib and 

display activated p53-dependent p21
Waf1

 induction in response to MAPK inhibition (see 

Figures 4.9, 4.11 and 4.12).  

 

 

Figure 4.12: Effect of trametinib on p53-silenced MM200 melanoma cells 

MM200 cells were stably transduced with p53-specific short hairpin RNA (shRNA) or control 

shRNA. At three days post-transduction, cells were treated with DMSO (-) or 5 nM trametinib for 24 

hours. The effects on ERK phosphorylation, p21
Waf1

 expression and indicated cell-cycle regulators 

were assessed by immunoblotting. 
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Figure 4.13: Effect of trametinib on p53-silenced NM182 melanoma cells 

NM182 cells were stably transduced with p53-specific short hairpin RNA (shRNA) or control 

shRNA. At three days post-transduction, cells were treated with DMSO (-) or 5 nM trametinib for 24 

hours. The effects on ERK phosphorylation, p21
Waf1

 expression and indicated cell-cycle regulators 

were assessed by immunoblotting. 

 

The expression of p53 was suppressed in both cell lines using highly specific shRNA 

molecules, and the impact of p53-depletion on trametinib sensitivity was assessed using 

BrdU incorporation assays, MTT viability assays and long-term clonogenic and proliferation 

analyses (Figures 4.15 to 4.18). As expected, diminished p53 accumulation reduced baseline 

expression of p21
Waf1

 in control DMSO-treated cells, and suppressed the upregulation of 

p21
Waf1

 in response to trametinib in both the MM200 and A375 cells (as shown in Figures 

4.11 and 4.12).  



97 

 

 

 

Figure 4.14: Effect of trametinib on p53-silenced NM39 melanoma cells 

NM39 cells were stably transduced with p53-specific short hairpin RNA (shRNA) or control shRNA. 

At three days post-transduction, cells were treated with DMSO (-) or 5 nM trametinib for 24 hours. 

The effects on ERK phosphorylation, p21Waf1 expression and indicated cell-cycle regulators were 

assessed by immunoblotting. 

 

Significantly, the suppression of p53 increased the baseline phosphorylation of pRb and cells 

retained elevated levels of p-pRb (a marker of cell cycle progression) in the presence of 

trametinib (Figures 4.11 and 4.12). Nevertheless, the increase in p-pRb did not coincide with 

increased cell proliferation in untreated or treated cells, as determined by BrdU incorporation. 

In fact, melanoma cells lacking p53 showed only a slight increase in BrdU incorporation that 
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reached significance only in the MM200 cells transduced with a single p53 silencing 

molecule (p53 shRNA v2; Figure 4.15). The MTT viability assays and clonogenic data 

paralleled the BrdU results; p53-suppression did not consistently alter the colony forming 

ability (Figures 4.16 and 4.17) or proliferation (Figure 4.18) of the A375 or MM200 cells, in 

response to trametinib. Since trametinib sensitivity was not consistently affected by p53 

silencing, we hypothesized that trametinib may not adequately induce p53 function. As 

shown in Figure 4.19 although trametinib induced p53 and p21
Waf1

 in melanoma cells, it was 

a weak inducer of p53 activity when compared to the hdm2 antagonist, nutlin-3.  
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Figure 4.15: Suppression of p53 does not alter trametinib-mediated inhibition of DNA 

replication 

Stably transduced pools of (A) A375 or (B) MM200 cells were treated with trametinib (10 nM or 5 

nM respectively) for 24 hours and then incubated with BrdU for 6 hours. Cells were then fixed and 

stained for BrdU incorporation. The proportion of enumerated cells that were BrdU positive is shown. 

Repeated measures ANOVA (pairwise comparisions with Bonferroni correction) was used to 

determine statistical significance between the ratio of BrdU incorporation of trametinib-treated- to 

DMSO-treated-populations. Bars indicate mean±sd of five independent experiments. NS, not 

significant.  
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Figure 4.16: p53-silenced A375 cells show no changes to sensitivity to trametinib 

Stably transduced A375 cells were treated with 10 nM trametinib. 

A and B. Culture growth was monitored at three day intervals with the IncuCyte live cell imaging 

system. Values are mean±sd of two independent experiments. 

C. Parallel long-term cultures were stained with crystal violet after nine days. Representative photos 

are depicted. 

D. Quantitation of crystal violet staining. Stained colonies/cells were destained with 33% acetic acid 

for 5 min. The resulting extract was diluted (1 in 4) and absorbance measured at 590 nm. Values are 

mean±sd of two independent experiments. 
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Figure 4.17: p53-silenced MM200 cells show reduced sensitivity to trametinib 

Stably transduced MM200 cells were treated with 5 nM trametinib. 

A and B. Culture growth was monitored at three day intervals with the IncuCyte live cell imaging 

system. Values are mean±sd of two independent experiments. 

C. Parallel long-term cultures were stained with crystal violet after nine days. Representative photos 

are depicted. 

D. Quantitation of crystal violet staining. Stained colonies/cells were destained with 33% acetic acid 

for 5 min. The resulting extract was diluted (1 in 4) and absorbance measured at 590 nm. Values are 

mean±sd of two independent experiments. 
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Figure 4.18: p53-silenced MM200 is less sensitive to trametinib 

Stably transduced melanoma cell lines A375 and MM200 were exposed to various concentrations of 

trametinib for 72 hours. Relative viability was determined by MTT assay and normalized to DMSO-

treated cells. IC50 values were calculated using fitted curve functions generated with GraphPad 

PRISM 5 software. Denoted values are mean±sd of two independent experiments. 

A. Dose response curves of A375 stably transduced with Control shRNA, p53 shRNA v1 or p53 

shRNA v2. 

B. Dose response curves of MM200 stably transduced with Control shRNA, p53 shRNA v1 or p53 

shRNA v2. 



103 

 

 

 

Figure 4.19 Trametinib is a weak inducer of p53 activity  

The colorectal cell line HCT116 and the melanoma cell lines MM200, NM182 and WMD013 were 

treated with the 10 nM trametinib and/or 10 µM nutlin-3 for 24 hours. Expression of p53 and p21
Waf1

 

was assessed by western blot analysis.   
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4.4 Discussion 

 

In this chapter we show that the MEK inhibitor trametinib activated the p53 pathway in 

colorectal and melanoma cells carrying functional p53. Activation of p53 was associated with 

the rapid accumulation of the p53 transcriptional target and CDK inhibitor p21
Waf1

. 

Nevertheless, activation of p53 was not required for trametinib-induced proliferative arrest or 

apoptosis, as many p53-null cell lines were exquisitely sensitive to MAPK inhibition. Our 

data also confirm that although loss of p53 diminished the sensitivity of the p53
+/+

 HCT116 

colorectal cells to trametinib, it did not consistently influence the response of a panel of p53-

positive melanoma cells to trametinib. The diminished trametinib response of MM200 

melanoma cells transduced with p53 shRNA v2 is likely due to off-target gene effects, as 

trametinib sensitivity was not altered with p53 shRNA v1, and both shRNA molecules 

showed equivalent p53 suppression.  

 

Although our studies did not reveal that endogenous p53 potentiates MEK inhibitor responses 

in melanoma, p53 signalling has been shown to influence cell responses to targeted therapies 

in other cancers. For instance, acquired resistance of colorectal cancer to EGFR inhibition is 

mediated by p53 loss (Huether et al., 2005; Huang et al., 2011) and p53 suppression 

diminished the activity of MEK inhibitors in leukemias (McCubrey et al., 2008). Similarly, 

p53 activity enhanced the sensitivity of non-small cell lung cancers to EGFR inhibition (Rho 

et al., 2007) and inactivation of p53 impeded the response of chronic myelogenous leukemia 

to the kinase inhibitor imatinib (Wendel et al., 2006).  
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The central role of p53 in drug sensitivity has promoted research into the restoration of p53 

function as a potential therapeutic approach in cancers, like melanoma, that retain wild-type 

p53. The pharmacological activation of p53 using hdm2 or mdm4 antagonists, promoted 

robust p53 signalling that potentiated or synergised with MAPK inhibitors in p53 wild-type 

melanoma cells (Gembarska et al., 2012; Ji et al., 2012; Ji et al., 2013; Lu et al., 2013). 

Activation of p53 may modulate MAPK inhibition via shared effectors. For instance, the 

negative regulator of apoptosis, survivin (Piras et al., 2008), is cooperatively suppressed by 

dual p53 activation and MAPK pathway inhibition (Ji et al., 2013). Importantly, MAPK 

inhibition only partially suppressed survivin levels, suggesting that p53 activity was required 

for full inhibition of survivin. It is also possible that modulation of MAPK inhibitor 

sensitivity involves p53 functions that are independent of the MAPK pathway. For instance, 

p53 enhanced the growth inhibition and apoptosis induced by EGFR inhibition by up-

regulating FAS and restoring caspase activation (Rho et al., 2007).  

 

Taken together these data suggest that the level of p53 activation may be an important 

determinant of p53 function. Certainly, we confirmed that the level of p53 activation induced 

by trametinib is low compared to p53 levels induced by the hdm2 antagonist nutlin-3. 

Predictably, nutlin-3 also promoted much higher levels of p21
Waf1

 in melanoma cells, 

compared to trametinib-treated cells (Figure 4.19). Considering that nutlin-3 synergises with 

BRAF and MEK inhibitors to promote melanoma cell cycle arrest and apoptosis, we predict 

that the level of endogenous p53 function induced by trametinib in melanoma was not 

sufficient to modulate and enhance trametinib activity. This is not surprising considering that 

melanomas frequently harbor alterations that promote p53 degradation, including loss of 

p14ARF and overexpression of the p53 ubiquitin ligases, hdm2 and mdm4. A recent report 

also demonstrated that mutant p53 accelerated BRAF
V600E

-driven murine melanoma in 



106 

 

response to UVR, confirming the tumour suppressor function of activated p53 (Viros et al., 

2014). Further studies dissecting the regulation of p53 levels, impact of p53 accumulation on 

specific tumour suppressor functions and the mechanism of trametinib induced-p53 activation 

are required. 

 

It is also worth noting that the impact of nutlin-3 and MAPK inhibition is not always co-

operative and a significant subset of melanoma cells show diminished MEK inhibitor activity 

in the presence of p53 re-activation (Ji et al., 2012; Ji et al., 2013). The genetic effectors that 

predict response to combination MAPK inhibitors and p53 activators remain unknown, but as 

clinical trials combining these combinatorial treatments begin it will become increasingly 

important to stratify responders from non-responders.  
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Chapter 5. Conclusions and future directions 

 

With the contemporary realisation of molecular therapy, strategies to improve drug efficacy 

and to pre-empt drug resistance are being intensely investigated. The reactivation of p53 in 

tumour cells as a means of improving treatment response has been long sought after. The loss 

of p53 occurs in more than half of all cancers and there is high incidence of p53 pathway 

dysregulation in the remaining cancers with wild-type p53. Restoration of p53 is an attractive 

complementary therapeutic strategy for advanced melanoma, as most overexpress wild-type 

p53. 

 

The focus of this thesis was to examine interactions between p53 signalling and the MAPK 

pathway. MAPK signalling is constitutively activated in nearly all melanomas, usually via 

activating mutations in BRAF or its upstream activator NRAS. Our work investigating 

melanocyte senescence showed that mutant BRAF
V600E

 promoted the transcriptional 

repression of p53 and this project explored the mechanism and significance of this 

suppression. We subsequently extended this work and examined the role of p53 in 

modulating melanoma cell sensitivity to MAPK pathway inhibition. 

 

In the study presented in Chapter 2, we examined a panel of markers for their capacity to 

identify senescent cells in vivo. Our finding that eight predictive markers of senescence do 

not discriminate between growth-arrested naevus cells, epidermal melanocytes and 

melanomas indicates that there is insufficient evidence to classify naevi as senescence 
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lesions, although this classification is now generally accepted (Michaloglou et al., 2005; 

Gray-Schopfer et al., 2006). Investigating senescence in vivo is critical in understanding the 

role of naevi and BRAF
V600E

 in melanoma development. Current models suggest that 

activating BRAF mutations are initiating events driving the clonal expansion of melanocytes 

into naevi (Yeh et al., 2013), but whether these oncogenic events ultimately protect naevus 

cells from malignant transformation via senescence remains speculative. Certainly, the 

majority of naevi do not develop into melanoma, although up to 40% of melanomas occur in 

contiguity with naevi and these melanomas usually carry the naevus-initiating BRAF 

mutation (Tschandl et al., 2013). Naevi can also be stimulated to proliferate by various 

mitogens, (Glatz et al., 2010; Ruhoy et al., 2011) suggesting that oncogenic BRAF does not 

permanently arrest naevus cells, nor does it increase the likelihood of malignant 

transformation of a naevus into a melanoma (Tschandl et al., 2013). Our analyses of 

senescence markers in human naevi found no compelling evidence that naevus cells are 

senescent, and perhaps the absence of SAHF, which are markers of chromatin compaction 

and global transcription inhibition, indicates that naevi undergo a potent, but reversible 

growth arrest. 

 

The eight senescence biomarkers we selected have been verified in vitro and are commonly 

applied to detect senescent cells. These markers are not exclusive to the senescence program, 

and are only predictive in aggregate. Specific markers for the definitive identification of 

senescent cells are needed, but identifying new markers will be challenging as the senescent 

phenotype varies depending on cell type and initiating stimulus. Currently, there is no single 

marker that is necessary and sufficient for the identification of senescent cells, and this is 

partly because the mechanisms underlying senescence are not well defined. Promising recent 

work investigating the metabolic functions of senescent cells may help clarify the senescence 
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phenotype (Aird et al., 2013; Mannava et al., 2003; Coppe et al., 2008; Wajapeyee et al., 

2008) and more research into the pathways involved in senescence is necessary to provide a 

framework for potential therapeutic exploitation. 

 

In Chapter 3, we examined the regulation of p53 in a BRAF
V600E

-induced melanocytic model 

of senescence. p53 activity can be an essential component of oncogene-induced senescence, 

although most studies suggest that p53 is not required for BRAF
V600E

-induced senescence in 

human melanocytes. Our studies show that oncogenic BRAF actively suppresses p53 

transcription, and this has significant implications for therapeutic intervention and the 

oncogenic activity of BRAF.  

 

In several animal models of oncogenic BRAF- and NRAS-driven melanoma, the 

simultaneous loss of p53 and constitutive activation of MAPK signalling was sufficient to 

induce melanomas (Dovey et al., 2009; Patton et al., 2005) suggesting that p53 function 

restrains the proliferative and survival activity of the MAPK pathway. The corollary of p53 

downregulation by oncogenic BRAF is that growth arrest in BRAF
V600E

-mutant melanocytes 

must occur through p53-independent pathways such as p16
INK4a

/pRb. Also corroborating this, 

we noted that BRAF
V600E

 expression upregulated p21
Waf1

, a CDK inhibitor and well-known 

transcription target of p53. Although its expression is regulated by p53 activity, this CDK 

inhibitor is also regulated by multiple other transcription factors including KLF4 (Rowland et 

al., 2005), STAT3 (Sinibaldi et al., 2000), and BRCA1 (Somasundaram et al., 1997). The 

interaction between these transcription factors and MAPK signalling also needs additional 

analyses. 
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In Chapter 4, we sought to determine whether baseline p53 function modulates melanoma 

cell sensitivity to trametinib. Although transcriptome and protein analyses showed that 

exposure to trametinib activates p53 signalling in p53-intact melanoma cell lines, we were 

unable to confirm that p53 function modulated trametinib sensitivity in a panel of melanoma 

cells. This study investigated a limited number of cells and thus no statistical conclusions can 

be made. However, the clear attenuation of trametinib sensitivity seen in the p53-null 

HCT116 cells compared to their paired, isogenic p53-intact counterpart demonstrates proof-

of-principle and warrants further investigation. 

 

HCT116 cells carry an oncogenic KRAS mutation that constitutively activates both the 

MAPK and AKT pathways. It is possible that trametinib response modulation by p53 in this 

cell line occurs via the AKT pathway as p53 has been shown to regulate PTEN (Stambolic et 

al., 2001) and PI3KCA, the catalytic subunit of PI3K (Singh et al., 2002) Thus, loss of p53 

would be expected to derepress AKT signalling and promote survival. We noted that of the 

panel of melanoma cells we investigated, those that carried oncogenic NRAS or c-Kit 

mutations (AKT constitutively activated) appeared more resistant (high IC50) to trametinib 

(Table 4.1). AKT/PI3K signalling is known to mediate resistance to MAPK inhibitors (Table 

1.2; Paraiso et al., 2011; Shi et al., 2014) however the impact of p53 function in this context 

has not been thoroughly evaluated. 

 

The focus of future studies should be on defining modulators and predictors of treatment 

response, and this requires thorough analyses of larger panels of genetically defined 

melanoma cell models. Investigating the role of p53 in NRAS mutant melanoma cell lines 

will also be particularly interesting, as current clinical trials in NRAS-mutant melanoma 

involve the concurrent inhibition of MEK and CDK4/6 (NCT01781572). The activation of 
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p53 in this setting may prove beneficial as p53 signalling induces the accumulation of the 

CDK inhibitor p21
Waf1

. The investigation of mutant p53 is another important extension of our 

work. Our p53-silencing experiments necessarily omitted the investigation of gain-of-

function and dominant negative mutations that can occur in TP53. These may have subtle 

effects on p53 function and, potentially, cell sensitivity to MAPK inhibition. Viros et al. 

(2014) found that there appears to be some selective pressure to maintain TP53/p53 during 

melanoma progression. 

 

Finally, our work highlights that the complex interactions between oncogenic signalling 

pathways can influence therapeutic activity and patient outcomes. Just as MAPK inhibition 

can promote the feedback activation of the compensatory PI3K survival pathway in a subset 

of melanoma tumours (Shi et al., 2014), so too activated BRAF signalling may diminish the 

efficacy or therapies aimed at reactivating the p53 tumour suppressor network. Future studies 

need to examine tumour responses early during therapy, to enable the identification of 

patients that are responding and those that need alternate treatment strategies. For instance, 

we have shown the p21
Waf1

 induction is a robust marker of p53 activity, and 

immunohistochemistry/RT-PCR analyses of p21
Waf1

 and additional p53 targets in tumours 

excised pre-treatment and early during therapy may reveal patients that are responding to p53 

inducing therapies. It is becoming increasingly evident that personalised therapy requires a 

detailed understanding of pathway interactions as well as the ongoing analyses of tumour 

responses to therapy.  

 

The selection of patients with p53-intact tumours also requires some consideration. In this 

work, we applied a functional test for p53 activity by exposing cell lines to the small 

molecule hdm2 inhibitor nutlin-3. p53 genotyping may not be sufficient to reveal p53 
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deregulation, which can occur via multiple mechanisms, including mdm2, mdm4 and 

p14ARF alterations.  
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Appendix 6.1 Monitoring oncogenic B-RAF-induced 

senescence in melanocytes 

 

Sieu L. Tran and Helen Rizos 

Westmead Institute for Cancer Research, University of Sydney at Westmead Millennium 

Institute and Melanoma Institute Australia, Westmead Hospital, Westmead NSW 2145, 

Australia 

 

Summary 

The B-RAF kinase is a downstream effector of the RAS family of proto-

oncogenes and is constitutively activated in the majority of human melanomas. 

The common oncogenic B-RAF
V600E

 mutant co-operates with additional genetic 

lesions to transform immortal murine and human cells. In primary cells, however, 

B-RAF
V600E

 triggers a rapid cell cycle arrest that is phenotypically 

indistinguishable from cellular senescence. Here we describe the analyses of B-

RAF-induced senescence in primary human melanocytes using recombinant 

lentiviruses. 

 

Keywords: melanocytes; B-RAF
V600E

; senescence; immunostaining; markers 

 

1. Introduction 

Activating mutations in the B-RAF kinase are found in approximately 60% 

of human melanomas (1) and in up to 80% of benign melanocytic nevi (2). Nevi 

are benign tumors of melanocytes that remain growth arrested for decades and 
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rarely develop into melanomas (3, 4), presumably because aberrant B-RAF 

signalling induces a potent senescence response (2, 5-8). Human nevi display 

some features of oncogene-induced senescence, including intact telomeres, 

increased p16
INK4a

 expression and positive senescence-associated β-galactosidase 

(SA-β-Gal) activity (8-10), although the expression of this enzyme in human 

nevus cells in vivo remains controversial (11-13). 

Senescent cells display a combination of markers that are not exclusive to 

the senescence program but in combination represent powerful predictors of this 

form of arrest. Senescence markers include the upregulation of p16
INK4a

, 

induction of SA-β-Gal activity, the formation of senescence-associated 

heterochromatin foci (SAHF) and the accumulation of DNA damage foci 

(reviewed in 14, 15).  

This chapter focuses on the analysis of senescence in primary human 

melanocytes expressing the oncogenic B-RAF
V600E

 mutant.  Using this model, 

senescent melanocytes can be detected using a series of well-established 

senescence markers and features (Table 1). These markers are easy to monitor 

and quantitate over time and provide a robust assessment of senescence in 

cultured human cells.  

 

Table 1 Predictive markers of oncogene-induced senescence 

Senescence markers Assay 

Proliferative arrest Ki67 and BrdU staining 

Changes in cell morphology and size Microscopy with DAPI stain 

Accumulation of cell cycle regulators Detection of p16
INK4a

, p21
Waf1

 

Alterations in chromatin structure DAPI stain 

Expression of SA-β-Gal activity SA-β-Gal stain 

Accumulation of DNA damage  Detection of γ-H2AX 
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Activation of the DNA damage response Detection of p-CHK1, p-CHK2 

 

The following section outlines some important considerations required to 

optimise and control senescence experiments in human melanocytes. 

 

1. Human melanocyte model 

Culture conditions are clearly important in the growth and replicative 

lifespan of human melanocytes (16). As with many investigators we use common 

supplements, including 12-O-tetradecanoylphorbol-13-acetate (TPA), cholera 

toxin and 3-isobutyl-1-methyxanthine (IBMX) to stimulate the growth of these 

cells. Upon gene transduction using recombinant lentiviruses (17), we add stem 

cell factor to the culture media to assist cell recovery. It is also critical to replace 

the virus and polybrene containing media, 16–24h post-transduction to minimise 

toxicity. 

 

2. Transgene expression 

An important consideration when ectopically expressing oncogenes is to 

ensure that any effects caused by transgene expression do not simply reflect 

supra-physiological oncogene activity. We monitor B-RAF
V600E

 activity by 

assessing the downstream activation of the MAPK cascade. In particular, the 

phosphorylation of the B-RAF kinase targets MEK and ERK (p-MEK and p-

ERK) are measured using western analysis and compared to their phosphorylation 

in human melanoma cell lines expressing endogenous B-RAF
V600E

. We only 

accept transgenic melanocyte data when the levels p-MEK and/or p-ERK are 

comparable to levels found in melanoma cell lines expressing endogenous B-

RAF
V600E

 (see Figure 2). 
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3. Conducting experiments 

Optimising the experimental time-course is also critical and depends on 

many factors including cell proliferation, passage number and oncogene activity. 

Figure 1 outlines our typical 7-day protocol for studying the impact of activated 

B-RAF in human melanocytes. In order to examine multiple senescence markers 

(see Table 1) we recommend that at least 1×10
6
 (6.7×10

6
 cells/cm

2
) melanocytes 

be harvested per time-point and per viral construct. At each time-point, adhered 

and suspension cells are harvested separately and enumerated. Trypan blue 

exclusion is used to determine the proportion of viable cells and a small fraction 

of the adhered cells is re-seeded onto coverslips overnight for immunostaining 

(one coverslip per marker with DAPI nuclear staining to visualise chromatin 

condensation see Figure 3). The remaining adhered and suspension cells are 

pooled and analysed by immunoblotting. Cell pellets are stored at -70°C until all 

samples are collected and are then lysed in RIPA buffer. Equal amounts of 

protein (35–50 µg) per sample are resolved on 12% SDS-PAGE, electroblotted 

on to PVDF membranes and probed. B-RAF
V600E

 transduced melanocytes are 

always compared to vector transduced cells (Control) and ideally to wild-type B-

RAF transduced cells. 

 

4. Assays 

Fixed coverslips can be kept at 4°C in PBS until all samples have been 

collected. Ideally coverslips are stained for each marker in parallel to minimize 

staining variation. At least three coverslips should be seeded at days 3 and 6 

(Figure 1) to screen for i. Ki67 expression (or BrdU incorporation), ii. SA-β-Gal 
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activity and iii. γ-H2AX DNA damage foci. We also include DAPI stain in all 

immunostaining to reveal SAHF. Additional immunostaining markers can be 

included, and we often stain for common markers of heterochromatin, including 

histone H3 methylated at lysine 9 (H3K9Me) and nonhistone chromatin protein 

HMGA2 (reviewed in 18). 

Cell pellets (adhered and suspension cells) are also collected at days 3 and 6 

for western analyses of MAPK activity (p-ERK, total ERK, p-MEK and total 

MEK), expression of the B-RAF transgene and senescence markers (p16
INK4a

, 

p21
Waf1

, p-CHK1, p-CHK2, γ-H2AX). 

Analysis of cell morphology with particular attention to cell shape and size 

is routinely examined throughout the experimental time course.  Senescent cells 

tend to be flat and larger in volume and we often measure the size of DAPI-

stained nuclei as a surrogate for volume changes. Nuclear area can be accurately 

determined with image analysis software such as ImageJ 

(http://rsbweb.nih.gov/ij) or CellProfiler (www.cellprofiler.org). It is important to 

note that melanocytes induced to senescence with oncogenic B-RAF do not 

appear flattened or larger in size. In fact, a large proportion of B-RAF
V600E

-

transduced melanocytes become spheroidal and detach from the flask to remain 

viable in suspension (19).  
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2. Materials 

 

2.1. Culturing dermal melanocytes (modified from 20) 

Neonatal epidermal melanocytes (HEM1455; Cell Applications) are cultured in 

HAM’S F10 (Sigma, St Louis, MO) supplemented with various growth factors 

that stimulate growth rate. We use the combination of cholera toxin and IBMX to 

increase cellular cAMP levels and TPA to activate the protein kinase C family of 

enzymes (Table 2). 

 

Table 2  Supplemented HAM’S F10 melanocyte media 

To 500 ml HAM’S F10 base media add:  

Volume 

(ml) 

Supplement Final 

concentration 

135  Fetal calf serum (FCS; Sigma) 20% 

13.5  Glutamine (200 mM stock; Sigma) 4 mM 

6.7 ITS (Becton Dickinson, Franklin Lakes, NJ) 1× 

15  IBMX (4.5mM stock; Sigma) 100µM 

3.6 Cholera toxin (25µg/ml stock; List Biological 

Laboratories, Campbell, CA) 

135ng/ml 

** TPA (27µg/ml stock; Sigma) 108nM 

IBMX, 3-isobutyl-1-methyxanthine 

**TPA is labile and should be added to media immediately prior to use. Add 500µl TPA stock 

per 200ml supplemented HAM’S F10 

 

2.2. Lentivirus production 

1. 0.9% NaCl in water. 
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2. Polyethyleneimine (PEI; 40000 nominal MW; Polysciences, Warrington, 

PA):  

1 mg/ml in water. 

3. Third generation lentivirus packaging system with compatible expression 

plasmid carrying B-RAF
V600E

 (see Notes 1 and 2). 

4. Optimem/2%FCS: Optimem (Invitrogen, Grand Island, NY) supplemented 

with 2% FCS. 

5. DMEM/10%FCS: DMEM (Lonza Group, Basel, Switzerland) supplemented 

with 10% FCS.  

6. Centricon Plus-70 centrifugal filter units (Millipore, Billerica, MA); 100kDa 

membrane nominal molecular weight limit. 

7. HEK293T cells (ATCC HEK293T/17). 

8. U2OS cells (ATCC U-2 OS). 

 

2.3. Lentiviral transductions 

1. Polybrene (Sigma) stock at 80 mg/ml in water. Dilute this stock 1 in 10 with 

sterile PBS to make working stock aliquots (8 mg/ml). Store all stocks at -

20°C. 

2. Stem cell factor (SCF; R&D systems, Minneapolis, MN) at stock 

concentration of 50 µg/ml (10 ng/ml final concentration in media). Store 

frozen aliquots at -80°C. 

3. Lentivirus preparations (see Subheading 3.2). 

4. Supplemented HAM’S F10 melanocyte media (Table 2). 

5. Neonatal epidermal melanocytes: low passage (< 10). 

 



121 

 

2.4. Indirect immunostaining 

1. PBS: Prepared as a 10× stock and diluted 1 in 10 for use. 

2. 3.7% formaldehyde fix solution: Make fresh before use by diluting 

concentrated formaldehyde (37%) 1 in 10 with PBS. 

3. Permeabilisation solution: 0.1% Triton X-100 (Sigma) in PBS. 

4. Blocking solution and antibody diluent: 10% FCS in PBS. 

5. Mounting medium: 3% N-propyl gallate (Fluka Chemie, Buchs, Switzerland) 

dissolved in 80% glycerol in PBS. 

6. DNase for BrdU staining: 2500 U of DNase I/ml of 1×DNase buffer 

(Promega, Madison, WI). 

7. 5-Bromo-2-deoxyuridine (BrdU; Cell proliferation labelling reagent, GE 

Healthcare, Piscataway, NJ): Store at 4°C; for in vitro labelling, dilute 1/1000 

in prewarmed (37°C) culture medium. 

8. Glass coverslips (18 mm diameter). 

9. 12-well culture dishes. 

10. Antibodies (Table 3). 

11. 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen): 2 mg/ml; dilute to 1 

µg/ml for staining.  

 

2.5. SA-β-Galactosidase assay (21) 

1. SA-β-Gal fixative: 2% formaldehyde, 0.2% glutaraldehyde, 7.4 mM 

Na2HPO4, 1.47 mM KH2PO4, 137 mM NaCl and 2.68 mM KCl. 

2. Reaction buffer: 40 mM citric acid/sodium phosphate buffer pH 6.0, 5 mM 

potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, 2 mM 

MgCl2. Store in the dark at 4°C. 
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3. Substrate: 5-bromo-4-chloro-indolyl-galactopyranoside (X-Gal; Astral 

Scientific, Australia) stock: 20 mg/ml in dimethylformamide. Store aliquots 

at -20°C. Dilute X-Gal stock 1 in 20 in prewarmed reaction buffer (37°C) 

and filter sterilize before use (1 mg/ml final concentration). 

4. 4’,6-diamidino-2-phenylindole (DAPI): 2 mg/ml; dilute to 1 µg/ml for 

staining. 

 

3. Methods 

 

3.1. Culture primary melanocytes 

HEM1455 melanocytes are cultured in supplemented HAM’S F10 media (Table 

2) and seeded between 1.2–1.5×10
6
 cells/T150 (0.8–1×10

4
 cells/cm

2
) for optimal 

growth. Cells will require passaging every 72–96 hours (yielding approximately 

one population doubling per passage). All cells are incubated and maintained at 

37°C with 5% CO2 atmosphere. Cells are routinely used for experiments prior to 

passage 10.  

 

3.2. Lentiviral production 

The third generation lentiviral packaging system is a split-genome, conditional 

packaging system that when combined with a self-inactivating vector construct 

carrying a major deletion in the 3’LTR offers the highest predictable biosafety 

features (17); (see Note 1). Nonetheless, it is important to adhere to strict 

biosafety guidelines when working with lentivirus. Please refer to your workplace 

safety personnel for appropriate practices and training. 
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1. Seed eight T150 vented flasks with 1×10
7
 low passage HEK293T cells in 

DMEM/10%FCS and incubate under culture conditions for 16 h. 

2. Make up the follow two solutions:  

1. Dilute 640 µl stock PEI in 8 ml of 0.9% NaCl.  

2. DNA mix: 32 µg pRSV-Rev + 32 µg pMD.G/VSV.G + 32 µg 

pMDLg/pRRE + 64 µg pCDH-copGFP construct carrying B-

RAF
V600E

 (see Note 2) in 8 ml of 0.9% NaCl. 

3. Incubate the separate mixes at room temperature for 10 minutes. 

4. Combine diluted PEI with the DNA mix and then incubate the resulting 

transfection mix at room temperature for 10 min to allow the formation of 

PEI-DNA complexes. 

5. Replace media on HEK293T cells with 15 ml prewarmed (37°C) 

Optimem/2% FCS. 

6. Add 2 ml of the transfection mix to each flask of HEK293T, gently mix and 

incubate the flasks under culture conditions for 72 h. 

7. Collect and pool the supernatants from the flasks and prefilter the supernatant 

pool through a 0.45 µm filter.  

8. Concentrate the filtrate at 3000 rpm (1400g) for approximately 30 min using 

the Centricon Plus-70 centrifugal filter units according to the manufacturer’s 

instructions. Dilute retentate with filtrate to a final volume of ~12 ml (see 

Note 3). 

9. Sterilize the concentrated supernatant with a syringe filter (0.2 µm). 

10. Aliquot 200 µl – 1 ml volumes in labelled screw capped tubes. 

11. Store virus aliquots at -70°C (see Note 4). 
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12. Titre virus stocks by transducing U2OS cells with dilutions of virus (see 

Note 5). 

 

3.3. Lentiviral titering 

1. In a 12-well culture dish, serially dilute 50 µl of virus in 500 µl volumes of 

DMEM /10%FCS supplemented with 16 µg/ml polybrene. Serially dilute 

two-fold from 1/2
0 

to 1/2
10

. 

2. Harvest and dilute U2OS cells to 6×10
4
 cells/ml in DMEM/10%FCS. 

3. Pipette 500 µl of the U2OS dilution (3×10
4
 cells) on to each dilution of virus 

(final concentration of 8 µg/ml polybrene). 

4. Mix thoroughly by carefully swirling the culture dish. 

5. Incubate the culture dish under culture conditions for 72h. 

6. Harvest each transduced culture, fix suspended cells with paraformaldehyde 

for 15 min (final concentration of 1% formaldehyde). 

7. Quantitate the proportion of GFP-positive transduced cells from each 

infection by FACS analysis (see Note 5). For constructs harbouring selective 

markers, determine the greatest dilution of virus at which 100% of the seeded 

cells are resistant to the selective marker at 3 and 4 days post selection. 

8. Viral titre can be calculated using the following formula: 

Viral particles/ml  =  % transduced cells × cells per well × 1/dilution factor 

 

3.4. Lentiviral transductions 

Seed and simultaneously transduce melanocytes with lentiviral constructs at a 

multiplicity of infection (MOI) to yield > 80% of cells transduced. In general, 

MOI of 5 is sufficient. 
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1. Prepare the following transduction cocktail in a 15 ml tube: For 1×10
6
 

melanocytes use: 17 µl polybrene stock, 3.4 µl SCF stock, 5×10
6 

lentivirus 

particles (MOI 5) and melanocyte supplement media (Table 2) to a final 

volume of 2 ml. 

2. Dilute freshly harvested melanocytes to 1×10
6
 cells/15 ml melanocyte media 

and dispense 15 ml volumes to T150 flasks. 

3. Add 2 ml of transduction cocktail to each flask and gently mix. 

4. Incubate flasks under culture conditions for 16 h. 

5. Replace media with 20 ml melanocyte media supplemented with SCF (final 

concentration 10 ng/ml). Maintain transduced cells in media supplemented 

with SCF, replacing culture media at regular intervals twice weekly. 

Subculture cells if necessary including suspension cells. 

6. Estimate the transduction efficiency by flow cytometry at three days post 

transduction. Retain a small number of transduced melanocytes (~3×10
4
) 

during splitting/maintenance, fix sample with 1/3 volume of 4% 

paraformaldehyde (final concentration 1%), and assess the proportion of cells 

expressing GFP. Yields greater than 80 % GFP positive cells are 

recommended for experiments. 

7. Alternatively, lentiviral constructs expressing a puromycin resistance gene 

can be used to select the transduced pool by addition of 1 µg puromycin per 

ml of culture medium at 48 h after transduction. 
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3.5. Indirect immunostaining 

Because a significant proportion of B-RAF
V600E

 induced senescent cells lose 

adherence to the culture flask, coverslips should be seeded with greater than 

3×10
4
 cells/coverslip (up to 5×10

4
 cells/coverslip) to ensure enough cells remain 

adhered for staining and quantitation. It is convenient to seed coverslips for 

immunostaining during harvest at days 3 and 6 (Figure 1) as this ensures the 

cells do not become confluent in the culture dish. Alternatively, cells can be 

seeded onto coverslips a few days prior to required time point. For example the 

day 6 coverslips can be seeded when harvesting day 3 cells for western blot. 

 

1. Melanocytes are seeded at 3–5×10
4
 cells onto a coverslip in a 12-well culture 

dish with one ml of fresh media (1 ml/well) and the cells allowed to adhere to 

the coverslip for 16 h under culture conditions. 

2. After 16 h, wash coverslips gently with PBS twice then fix cells with 1 ml of 

3.7% formaldehyde for 15 min at room temperature. 

3. Remove fixative, wash coverslips with PBS and then permeabilise cells (1 ml 

permeabilisation solution) for 10 min at room temperature. 

4. Remove permeabilisation solution by aspiration and wash coverslips by 

gently pipetting 1 ml PBS into the well then removing the volume by 

aspiration. 

5. Add blocking solution and incubate cells at room temperature for 1 hour. 

6. Dilute primary antibodies (see Table 3). 

7. Remove blocking solution from coverslips by aspiration and pipette 70–100 

µl diluted antibody directly onto the coverslip ensuring an even coverage. 

8. Incubate at room temperature for 1 hour. 
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9. Wash coverslips three times with PBS. 

10. Dilute Alexa Fluor-conjugated 594 (AF-594) secondary antibody according 

to manufacturers recommendations (see Table 3) and add DAPI to co-stain 

nuclei (1µg/ml final concentration). Pipette 70–100 µl of diluted antibody 

directly onto the coverslip. 

11. Incubate in the dark for 1 h at room temperature.  

12. Wash coverslips three times with PBS and once in water. 

13. Carefully lift coverslips out of the wells by lifting one edge and then 

removing the coverslip using forceps (see Note 6). Blot excess water by 

touching the edge of the coverslip onto blotting paper. 

14. Mount inverted coverslips with a drop of mounting solution (17–20 µl) onto 

glass slides. 

15. Quantitate the proportion of stained cells using fluorescence microscopy, 

counting at least 200 cells over multiple fields. To reduce bias, counts should 

be verified by several independent investigators. 

 

Table 3  Antibodies used in immunostaining 

 

Antibody Clone Supplier Dilution 

Ki67 MIB-1 DAKO, Glostrup, Denmark 1/300 

BrdU BU-1 Amersham Biosciences, NJ 1/40 

γ-H2AX 20E3 Cell Signaling, Boston, MA 1/300 

AF-594  – Molecular Probes, Carlsbad, CA 1/1000 
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3.6. BrdU staining 

BrdU incorporation can be used to monitor proliferative capacity and can be 

added to media as recommended by the manufacturer (see Subheading 2.4, item 

7). Optimum incubation/incorporation times vary depending on cell type and 

proliferation rate (for our melanocytes a 16h BrdU pulse will result in 5–15% 

BrdU positive cells).  

 

1. Seed coverslips as described in Subheading 3.5.1, item 1, with the addition 

of BrdU as recommended by manufacturer. 

2. 12-16 h after seeding, wash coverslips with PBS then fix and permeabilise 

(see Subheading 3.5.1, items 2 and 3).  

3. Wash with PBS and then incubate the coverslips with DNase to expose the 

incorporated BrdU. To ensure even coverage to the edge of the coverslips, 

DNase treatment is performed with the coverslips face down on a 70 µl drop 

of diluted DNase. 

4. After DNase treatment for 30 min, carefully lift one edge of the coverslip and 

pipette anti-BrdU antibody directly into the DNase drop to an appropriate 

final concentration (see Table 3). Mix well by repeated pipetting but take 

care not to introduce bubbles. 

5. Incubate for 1 hour at room temperature. 

6. Transfer coverslips back into a 12-well plate and wash coverslips with PBS. 

7. Perform secondary antibody binding and mounting as set out in Subheading 

3.5.1, items 10–15. 
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3.7. SA-β-Galactosidase assay (21) 

SA-β-Galactosidase activity is detectable at suboptimal pH (pH 6.0; see Note 7) 

in senescent cells due to the expansion of lysosomes in response to senescence 

(21, 22). 

 

1. Seed 3-5×10
4
 melanocytes onto coverslips in a 12-well culture plate and 

allow cells to adhere overnight under culture conditions. 

2. Wash coverslips gently with PBS twice then fix cells with SA-β-Gal fixative 

for 7 min at room temperature. 

3. Remove fix and wash coverslips with PBS. 

4. Add prewarmed (37°C) substrate: 1 ml per well. 

5. Incubate coverslips at 37°C in the dark until blue colour develops within the 

fixed cells (up to 16 h, see Note 8). 

6. Remove substrate and wash coverslips with PBS. 

7. To stain nuclear DNA, incubate coverslips with 300 µl DAPI (final 

concentration 1 µg/ml) for several minutes, wash with PBS twice and once in 

distilled water. 

8. Mount inverted coverslips onto glass slides with mounting solution. 

9. Enumerate the proportion of blue (SA-β-Gal positive) cells with reference to 

control cells using a bright field microscope, counting at least 200 cells. 
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4. Notes 

 

1. This protocol utilises a third generation lentiviral system adapted from (17). 

This system comprises of three plasmids, which allow the packaging of the 

transfer pCDH vectors. 

 

Table 4 Third generation packaging system 

 

Vector Gene(s) Relevant details 

pRSV-Rev Rev Rev gene-product from HIV is involved in post-

transcriptional regulation of RRE elements 

pMD.G/VSV.G VSV.G Structural envelop protein (G protein) from the 

vesicular stomatitis virus (VSV) 

pMDLg/pRRE RRE, 

gag, pol 

Harbours the REV response element (RRE) and 

the structural genes, gag and pol from HIV 

pCDH vectors Gene of 

Interest 

Transfer plasmid harbouring gene of interest 

cDNA  

 

2. The lentiviral expression vectors pCDH-CMV-MCS-EF1-copGFP and 

pCDH-CMV-MCS-EF1-PURO (referred to in this article as pCDH-copGFP 

and pCDH-PURO respectively; System Biosciences, Mountain View, CA) 

constitutively express cloned cDNAs under the control of the efficient CMV 

promoter. These vectors also encode the copepod green fluorescent protein 

(copGFP) or puromycin resistance (respectively) to facilitate the assessment 

of transduction efficiency and selection. 

3. Lentivirus harvest and concentration may take 2–3 hours. 
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4. Lentivirus preparations are labile and repeat freeze/thawing should be 

avoided. Store single use aliquots at -70°C. 

5. For accurate titres, calculate the viral titre using virus dilutions leading to 

0.1-10% transduction efficiency. Titres should be determined for each 

studied cell type, however to compare batches of virus preparations it is 

useful to calculate viral titres in an indicator cell line (e.g. U2OS). Titres 

generally range between 10
6
–10

8
 particles/ml. 

6. Coverslips can be lifted by making a hook from the tip of a standard 21 

gauge normal bevel hypodermic needle: tap the tip of the needle against a 

hard surface to curl the needle tip. Use the hook to catch and lift the edge of a 

coverslip within a well. 

7. Assay pH can be optimised between pH 5.5 to 7.0 to generate the clearest 

differential staining between proliferating and senescent cells. Normal 

lysosomes have an internal pH <  5. 

8. Optimal incubation times for maximum differential staining must be 

determined empirically for each cell type or cell line. Longer incubation 

times for this assay can result in more intense blue staining however this can 

also lead to a higher background staining. 
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Monitoring oncogenic B-RAF-induced senescence in melanocytes 

Figures 1 and 2 

 

 

Fig. 1 Experimental time frame for melanocyte transduction and senescence 

analyses. Transduced cells are harvested on reference days three and six. 

 

 

Fig. 2 Expression of the indicated proteins was determined by western blot analysis after 

infection of melanocytes with lentiviruses expressing copGFP (-) or B-RAF
V600E

 (+). Both 

the NM39 and WMM1175 melanoma cells carry the B-RAF
V600E 

oncogene. 
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Monitoring oncogenic B-RAF-induced senescence in melanocytes 

Figures 3 

 

 

Fig. 3 Human melanocytes were infected with lentiviruses encoding B-RAF
V600E

 or copGFP 

(Control). A. Cell proliferation (Ki67), chromatin condensation (DAPI) and transduction 

(copGFP) were analysed 4 days post transduction. Cells enlarged to show DAPI-stained 

chromatin foci are indicated with arrows. Transduced melanocytes were also stained for the 

DNA damage marker γ-H2AX (B) and the heterochromatin marker, H3K9Me (C). LM, light 

microscopy 
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Monitoring oncogenic B-RAF-induced senescence in melanocytes 

Figures 4 

 

 

Fig. 4 SA-β-Galactosidase activity in melanocytes infected with lentiviruses encoding B-

RAF
V600E

 or copGFP (Control) 
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Appendix 6.2 Human nevi lack distinguishing senescence traits 
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Appendix 6.3 MAPK transcriptome signature (Pratilas et al., 2009) 

Symbol  Gene name 

DUSP6  dual specificity phosphatase 6 

FOSL1  FOS-like antigen 1 

SPRY2  sprouty homolog 2 (Drosophila) 

ETV5  ets variant gene 5 (ets-related molecule)  

FOS  v-fos FBJ murine osteosarcoma viral oncogene homolog  

IER3  immediate early response 3 

DUSP4  dual specificity phosphatase 4 

LIF  leukemia inhibitory factor (cholinergic differentiation factor) 

ETV5  ets variant gene 5 (ets-related molecule) 

MAFF  v-maf musculoaponeurotic fibrosarcoma oncogene homolog F (avian) 

CCND1  cyclin D1 (PRAD1: parathyroid adenomatosis 1) 

ETV1  ets variant gene 1 

SPRY4  sprouty homolog 4 (Drosophila) 

PYCRL  pyrroline-5-carboxylate reductase-like  

TNC  tenascin C (hexabrachion) 

IL8  interleukin 8 

MYC  v-myc myelocytomatosis viral oncogene homolog (avian) 

PLK3  polo-like kinase 3 (Drosophila) 

PHLDA2  pleckstrin homology-like domain, family A, member 2 

ETV4  ets variant gene 4 (E1A enhancer binding protein, E1AF)  

GPR3  G protein-coupled receptor 3 

EGR1  early growth response 1 

LNK  SH2B adaptor protein 3 

SPRED2  sprouty-related, EVH1 domain containing 2 

RRS1  RRS1 ribosome biogenesis regulator homolog (S. cerevisiae) 

ARID5A  AT rich interactive domain 5A (MRF1-like) 

B4GALT6  UDP-Gal:betaGlcNAc beta 14- galactosyltransferase 

HMGA2  high mobility group AT-hook 2  

SLC4A7  solute carrier family 4,  sodium bicarbonate cotransporter, member 7 

TNFRSF12A  tumor necrosis factor receptor superfamily, member 12A  

MAP2K3  mitogen-activated protein kinase kinase 3 

ELOVL6  ELOVL family member 6, elongation of long chain fatty acids-like 6 

CD3EAP  CD3E antigen,  epsilon polypeptide associated protein 

CHSY1  carbohydrate (chondroitin) synthase 1 

HSPC111  hypothetical protein HSPC111 

GEMIN4  gem (nuclear organelle) associated protein 4 

YRDC  yrdC domain containing (E. coli) 

BYSL  bystin-like 

SLC1A5  solute carrier family 1 (neutral amino acid transporter), member 5  

PPAN  peter pan homolog (Drosophila) 

POLR3G  polymerase (RNA) III (DNA directed) polypeptide G (32kD)  

BXDC2  brix domain containing 2 

PPAT  phosphoribosyl pyrophosphate amidotransferase  

WDR3  WD repeat domain 3 

DDX21  DEAD (Asp-Glu-Ala-Asp) box polypeptide 21 

FLJ10534  TSR1,  20S rRNA accumulation, homolog 

GTPBP4  GTP binding protein 4  

GNL3  guanine nucleotide binding protein-like 3 (nucleolar) 

POLR1C  polymerase (RNA) I polypeptide C, 30kDa 

KIR3DL2  killer cell immunoglobulin-like receptor, three domains, long cytoplasmic tail 

SEMA6A  semaphorin 6A 

HYDIN  hydrocephalus inducing 

ALF  general transcription factor Iia,  1-like 
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